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ABBREVIATIONS OF UNITS

The following abbreviations are used in this report:

atmosphere atm
calorie cal
Coulomb C
degree Celsius o°c
equivalent eq
gram g
Joule J
degree Kelvin K
kilocalorie kcal
kilogram kg
kilogram of water kgw
kilojoule kJ
liter L
meter m
milliequivalent meq
millimole mmol
micromole pmol
mole mol
parts per million ppm
parts per billion ppb
square meter fn
Volt \Y,

Degree Celsius’C) may be converted to degree FahrenkEiX lfy using the following equation:
°F =9/5 ¢C) + 32.

Degree Fahrenheitk) may be converted to degree Celsi@) py using the following equation:
°C = 5/9 (F-32).
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Other conversions:
Absolute temperaturiK = 273.15 + {C).
1 joule = 0.239 calorie

Some constants:
Avogadro’s comstan\l
FaradayF
Gas constariR
Molar volume, ideal gas, 1 atm, 25

6.022e23 /mol
96,485 C/mol
8.314 J/mohK
24.465 driymol
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User’s Guide to PHREEQC (Version 2)—A Computer
Program for Speciation, Batch-Reaction,
One-Dimensional Transport, and Inverse Geochemical
Calculations

By David L. Parkhurst and C.A.J. Appelo

Abstract

PHREEQCversion 2 is a computer program written in the C programming language that is designed to perform
a wide variety of low-temperature agueous geochemical calcula®i®RBEQCIS based on an ion-association
aqueous model and has capabilities for (1) speciation and saturation-index calculations; (2) batch-reaction and
one-dimensional (1D) transport calculations involving reversible reactions, which include aqueous, mineral, gas,
solid-solution, surface-complexation, and ion-exchange equilibria, and irreversible reactions, which include
specified mole transfers of reactants, kinetically controlled reactions, mixing of solutions, and temperature changes;
and (3) inverse modeling, which finds sets of mineral and gas mole transfers that account for differences in
composition between waters, within specified compositional uncertainty limits.

New features iPHREEQcCversion 2 relative to version 1 include capabilities to simulate dispersion (or
diffusion) and stagnant zones in 1D-transport calculations, to model kinetic reactions with user-defined rate
expressions, to model the formation or dissolution of ideal, multicomponent or nonideal, binary solid solutions, to
model fixed-volume gas phases in addition to fixed-pressure gas phases, to allow the number of surface or exchange
sites to vary with the dissolution or precipitation of minerals or kinetic reactants, to include isotope mole balances
in inverse modeling calculations, to automatically use multiple sets of convergence parameters, to print user-defined
guantities to the primary output file and (or) to a file suitable for importation into a spreadsheet, and to define
solution compositions in a format more compatible with spreadsheet programs.

This report presents the equations that are the basis for chemical equilibrium, kinetic, transport, and
inverse-modeling calculations FHREEQG describes the input for the program; and presents examples that
demonstrate most of the program’s capabilities.

INTRODUCTION

PHREEQCversion 2 is a computer program for simulating chemical reactions and transport processes in natural
or polluted water. The program is based on equilibrium chemistry of aqueous solutions interacting with minerals,
gases, solid solutions, exchangers, and sorption surfaces, but also includes the capability to model kinetic reactions
with rate equations that are completely user-specified in the form of Basic statements. Kinetic and equilibrium
reactants can be interconnected, for example by linking the number of surface sites to the amount of a kinetic
reactant that is consumed (or produced) during the course of a model period. A 1D transport algorithm comprises
dispersion, diffusion, and various options for dual porosity media. A powerful inverse modeling capability allows
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identification of reactions that account for observed water compositions along a flowline or in the time course of
an experiment. An extensible chemical data base allows application of the reaction, transport, and
inverse-modeling capabilities to almost any chemical reaction that is recognized to influence rain-, soil-, ground-
and surface water quality.

PHREEQCIS based on the Fortran prograrREEQE(Parkhurst and others, 1980HREEQEWaS capable of
simulating a variety of geochemical reactions for a system including:

» Mixing of waters,

* Addition of net irreversible reactions to solution,

» Dissolving and precipitating phases to achieve equilibrium with the aqueous phase, and
« Effects of changing temperature.

PHREEQECcalculated concentrations of elements, molalities and activities of aqueous species, pH, pe, saturation
indices, and mole transfers of phases to achieve equilibrium as a function of specified reversible and irreversible
geochemical reactions.

PHREEQcversion 1 (Parkhurst, 1995) was a completely new program written in the C programming language
that implemented all of the capabilitiesrefREEQEand added many capabilities that were not available in
PHREEQE including:

* lon-exchange equilibria,

» Surface-complexation equilibria,

* Fixed-pressure gas-phase equilibria, and
 Advective transport.

Other improvements relative FBIREEQEiIncluded complete accounting for elements in solids and the aqueous
and gas phase, mole balance on hydrogen and oxygen to account for the mass of water in the agueous phase, id
tification of the stable phase assemblage from a list of candidate phases, use of redox couples for definition of
redox state in speciation calculations, and a more robust non-linear equation solver.

PHREEQcversion 2 is a modification @HREEQcversion 1. All of the capabilities and most of the code for
version 1 are retained in version 2 and several new capabilities have been added, including:

* Kinetically controlled reactions,

« Solid-solution equilibria,

« Fixed-volume gas-phase equilibria,

« Variation of the number of exchange or surface sites in proportion to a mineral or kinetic reactant,
« Diffusion or dispersion in 1D transport,

* 1D transport coupled with diffusion into stagnant zones, and

* Isotope mole balance in inverse modeling.

The numerical method has been modified to use several sets of convergence parameters in an attempt to avoid
convergence problems. User-defined quantities can be written to the primary output file and (or) to a file suitable
for importation into a spreadsheet, and solution compositions can be defined in a format that is more compatible
with spreadsheet programs.

2  User's Guide to PHREEQC (Version 2)



Program Capabilities

PHREEQCcan be used as a speciation program to calculate saturation indices and the distribution of aqueous
species. Analytical data for mole balances can be defined for any valence state or combination of valence states for
an element. Distribution of redox elements among their valence states can be based on a specified pe or any redox
couple for which data are availabkeiREEQcCallows the concentration of an element to be adjusted to obtain
equilibrium (or a specified saturation index or gas partial pressure) with a specified phase. Solution compositions
can be specified with a variety of concentration units.

In batch-reaction calculationsiHREEQCIS oriented toward system equilibrium rather than just aqueous
equilibrium. For a purely equilibrium calculation, all of the moles of each element in the system are distributed
among the aqueous phase, pure phases, solid solutions, gas phase, exchange sites, and surface sites to attain system
equilibrium. Non-equilibrium reactions can also be modeled, including aqueous-phase mixing, user-specified
changes in the elemental totals of the system, kinetically controlled solid-liquid heterogeneous reactions, and to a
limited extent kinetically controlled aqueous homogeneous reactions. Mole balances on hydrogen and oxygen allow
the calculation of pe and the mass of water in the aqueous phase, which allows water-producing or -consuming
reactions to be modeled correctly.

The generalized two-layer model of Dzombak and Morel (1990), a model with an explicitly calculated diffuse
layer (Borkovec and Westall, 1983), and a non-electrostatic model (Davis and Kent, 1990) have been incorporated
for modeling surface-complexation reactions. Surface complexation constants for two of the databases distributed
with the programghreeqc.daandwateqg4f.datare taken from Dzombak and Morel (1990); surface complexation
constants for the other database distributed with the progname(y.da) are taken fronMINTEQAZ2 (Allison and
others, 1990). lon-exchange reactions are modeled with the Gaines-Thomas convention and equilibrium constants
derived from Appelo and Postma (1993) are included in two of the databases distributed with the program
(phreeqc.daandwateq4f.dat

New modeling capabilities in version 2 include kinetically controlled reactions, solid solutions, and
fixed-volume gases. Kinetically controlled reactions can be defined in a general way by using an embedded Basic
interpreter. Rate expressions written in the Basic language are included in the input file, and the program uses the
Basic interpreter to calculate rates. Formulations for ideal, multicomponent and nonideal, binary solid solutions
have been added. The program is capable of determining the equilibrium compositions of nonideal, binary solid
solutions even if miscibility gaps exist and of determining the equilibrium composition of ideal solid solutions that
have two or more components. It is possible to precipitate solid solutions from supersaturated conditions with no
pre-existing solid, and to dissolve solid solutions completely. In addition to the fixed-pressure gas phase of version
1 (fixed-pressure gas bubbles), version 2 allows for a fixed-volume gas phase.

It is possible to define independently any number of solution compositions, gas phases, or pure-phase,
solid-solution, exchange, or surface-complexation assemblages. Batch reactions allow any combination of solution
(or mixture of solutions), gas phase, and assemblages to be brought together, any irreversible reactions are added,
and the resulting system is brought to equilibrium. If kinetic reactions are defined, then the kinetic reactions are
integrated with an automatic time-stepping algorithm and system equilibrium is calculated after each time step.

The capability to define multiple solutions and multiple assemblages combined with the capability to
determine the stable phase assemblage, provides a framework for 1D transport nrogatiagcprovides a
numerically efficient method for simulating the movement of solutions through a column or 1D flow path with or
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without the effects of dispersion. The initial composition of the aqueous, gas, and solid phases within the column
are specified and the changes in composition due to advection and dispersion (Appelo and Postma, 1993) couple
with reversible and irreversible chemical reactions within the column can be modeled. A very simple advective-

reactive transport simulation option with reversible and irreversible chemical reactions is retained from version 1.

Inverse modeling attempts to account for the chemical changes that occur as a water evolves along a flow
path. Assuming two water analyses which represent starting and ending water compositions along a flow path,
inverse modeling is used to calculate the moles of minerals and gases that must enter or leave solution to accout
for the differences in composition. Inverse models that mix two or more waters to form a final water can also be
calculatedPHREEQcallows uncertainty limits to be defined for all analytical data, such that inverse models are
constrained to satisfy mole balance for each element and valence state as well as charge balance for each solutic
but only within these specified uncertainty limits. With version 2, isotope mole-balance equations with associated
uncertainty limits can be specified, but Rayleigh fractionation processes can not be modeled explicitly.

The input toPHREEQCIiS completely free format and is based on chemical symbolism. Balanced equations,
written in chemical symbols, are used to define aqueous species, exchange species, surface-complexation speci
solid solutions, and pure phases, which eliminates all use of index numbers to identify elements or species. At
present, a graphical user interface is available for version 1 (Charlton and others, 1997), and a graphical user
interface with charting options has been released for versiemrREEQCfor Windows, V.E.A. Post, written
commun., 199%ttp://www.geo.vu.nl/users/posv/phreeqc.htimhe free-format structure of the data, the use of
order-independent keyword data blocks, and the relatively simple syntax facilitate the generation of input data sets
with a standard editor. The C programing language allows dynamic allocation of computer memory, so there are
very few limitations on array sizes, string lengths, or numbers of entities, such as solutions, phases, sets of phase
exchangers, solid solutions, or surfaces that can be defined to the program.

Program Limitations

PHREEQCIS a general geochemical program and is applicable to many hydrogeochemical environments.
However, several limitations need to be considered.

Aqueous Model

PHREEQCUSeS ion-association and Debye Hulckel expressions to account for the non-ideality of aqueous
solutions. This type of aqueous model is adequate at low ionic strength but may break down at higher ionic
strengths (in the range of seawater and above). An attempt has been made to extend the range of applicability «
the aqueous model through the use of an ionic-strength term in the Debye Hiickel expressions. These terms ha
been fit for the major ions using chloride mean-salt activity-coefficient data (Truesdell and Jones, 1974). Thus, in
sodium chloride dominated systems, the model may be reliable at higher ionic strengths. For high ionic strength
waters, the specific interaction approach to thermodynamic properties of aqueous solutions should be used (for
example, Pitzer, 1979, Harvie and Weare, 1980, Harvie and others, 1984, Plummer and others, 1988), but this
approach is not incorporatedRAREEQC

The other limitation of the aqueous model is lack of internal consistency in the data in the databases. Two of
the databases distributed with the cqueeeqc.daandwateq4f.datare consistent with the aqueous model of
WATEQ4F (Ball and Nordstrom, 1991) and the compilation of Nordstrom and others (1990), the other database,
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minteq.datis taken frommMINTEQAZ2 (Allison and others, 1990). However, in these compendia, th€'daand

enthalpies of reaction have been taken from various literature sources. No systematic attempt has been made to
determine the aqueous model that was used to develop the individdéslogwhether the aqueous models defined

by the current database files are consistent with the original experimental data. The database files provided with the
program should be considered to be preliminary. Careful selection of aqueous species and thermodynamic data is
left to the users of the program.

lon Exchange

The ion-exchange model assumes that the thermodynamic activity of an exchange species is equal to its
equivalent fraction. Optionally, the equivalent fraction can be multiplied by a Debye-Huickel activity coefficient to
define the activity of an exchange species (Appelo, 1994a). Other formulations use other definitions of activity (mole
fraction instead of equivalent fraction, for example) and may be included in the database with appropriate rewriting
of species or solid solutions. No attempt has been made to include other or more complicated exchange models. In
many field studies, ion-exchange modeling requires experimental data on material from the study site for appropriate
model application.

Surface Complexation

PHREEQCIincorporates the Dzombak and Morel (1990) generalized two-layer model, a two-layer model that
explicitly calculates the diffuse-layer composition (Borkovec and Westall, 1983), and a non-electrostatic
surface-complexation model (Davis and Kent, 1990). Other models, including triple- and quadruple-layer models
have not been implemented®RREEQC Sorption according to Langmuir or Freundlich isotherms can be modeled
as special cases of the non-electrostatic model.

Davis and Kent (1990) reviewed surface-complexation modeling and note theoretical problems with the use
of molarity as the standard state for sorbed speeigREEQCversion 2 uses mole fraction for the activity of surface
species instead of molarity. This change in standard state has no effect on monodentate surface species, but does
affect multidentate species significantly. Other uncertainties occur in determining the number of sites, the surface
area, the composition of sorbed species, and the appropridt&s lég many field studies, surface-complexation
modeling requires experimental data on material from the study site for appropriate model application.

The capability oPHREEQCtO calculate explicitly the composition of the diffuse layatiffuse_layeroption
SURFACE data block) isad hocand should be used only as a preliminary sensitivity analysis.

Solid Solutions

PHREEQcuses a Guggenheim approach for determining activities of components in nonideal, binary solid
solutions (Glynn and Reardon, 1990). Ternary nonideal solid solutions are not implemented. It is possible to model
two or more component solid solutions by assuming ideality. However, the assumption of ideality is usually an
oversimplification except possibly for isotopes of the same element.
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Transport Modeling

An explicit finite difference algorithm is included for calculations of 1D advective-dispersive transport and
optionally diffusion in stagnant zones. The algorithm may show numerical dispersion when the grid is coarse. The
magnitude of numerical dispersion also depends on the nature of the modeled reactions; numerical dispersion ma
be large in the many cases--linear exchange, surface complexation, diffusion into stagnant zones, among
others--but may be small when chemical reactions counteract the effects of dispersion. It is recommended that
modeling be performed stepwise, starting with a coarse grid to obtain results rapidly and to investigate the
hydrochemical reactions, and finishing with a finer grid to assess the effects of numerical dispersion on both
reactive and conservative species.

Convergence Problems

PHREEQCtries to identify input errors, but it is not capable of detecting some physical impossibilities in the
chemical system that is modeled. For exanmp&EEQCallows a solution to be charge balanced by addition or
removal of an element. If this element has no charged species or if charge imbalance remains even after the
concentration of the element has been reduced to zero, then the numerical method will fail to converge. Other
physical impossibilities that have been encountered are (1) when a base is added to attain a fixed pH, but in fact a
acid is needed (orice versaand (2) when noncarbonate alkalinity exceeds the total alkalinity given on input.

At present, the numerical method has proved to be relatively robust. All known convergence problems--cases
when the numerical method fails to find a solution to the non-linear algebraic equations--have been resolved.
Occasionally it has been necessary to use the scaling feature k@RS keyword. The scaling features appear
to be necessary when total dissolved concentrations fall below approximatElyrid/kgw (moles per kilogram
of water).

Inverse Modeling

Inclusion of uncertainties in the process of identifying inverse models is a major advance over previous
inverse modeling programs. However, the numerical method has shown some inconsistencies in results due to th
way the solver handles small numbers. The option to change the tolerance used by théosatver (
INVERSE_MODELING data block) is an attempt to remedy this problem. In addition, the inability to make
Rayleigh fractionation calculations for isotopes in precipitating minerals is a limitation.

How to Obtain the Software and Manual

Win32 and Unix versions of the software described in this report, including this manual in Postscript and
PDF formats, can be obtained from the webHityg://water.usgs.gov/softwaréfhe most current version and
additional bibliographies and information files are availabletgt://wwwhbrr.cr.usgs.gov/projects/GWC_coupled

An interactive user interface for Windows can be obtained from the web site
http://www.geo.vu.nl/users/posv/phreeqc.hm.expanded interactive user interface for Windows is currently
under development (1999) and will be made available through the web sites noted in the previous paragraph.

Win32 and Unix versions ¢fHREEQG may be obtained by anonymous ftp from the Internet address:
brrerftp.cr.usgs.GOV. For ftp access, the files reside in directgeeshem/pc/phreegmd
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/geochem/unix/phreegBe sure to use “type binary” for transferring the tar file by ftp. A typical anonymous ftp
session follows:

% ftp brrerftp.cr.usgs.GOV
Name:anonymous

Passworduserid@computer (replaced with your userid and computer name)
ftp> cd geochem/pc/phreeqc (change directory)

ftp> Is (list files in directory)

phrgc2xx.exe XX represents version number)

ftp> type binary (eliminate any ascii translation for binary files)
ftp> get phrgc2xx.exe (transfer the filexx represents version number)
ftp> quit (quit ftp)

Alternatively, the documentation and Win32 or Unix versions of the software can be ordered from the
following address:

U.S. Geological Survey
NWIS Program Office
437 National Center
Reston, VA 22092
(703) 648-5695

Additional copies of this report are available from:

U.S. Geological Survey
Branch of Information Services
Box 25286

Denver Federal Center
Denver, CO 80225-0286

For additional information, write to the address on page ii of this report.

Installation and Execution of the Win32 Version

The Win32 version oPHREEQCrequires Windows 9x or Windows NT. The installation fileqc2xx.exe
(wherexxis the version humber), obtained by downloading from a web page or anonymous ftp, will install the
necessary files to rllHREEQC Optionally, the installation program will modify the user’s path to aHewEEQC
to run from any directory. The installation will install all of the files of the program distribution into a user-supplied
directory name (defautt\usgs\phreedc The executable filphreeqgc.exewill be installed in the subdirectory
src\Releaseelative to the installation directory. A batch fifghfeeqc.batwill be installed in the installation
directory along with the database filgdh(eeqc.datwateq4f.datandminteq.dat. The source code is installed in the
subdirectorysrcrelative to the installation directory. An example file for each problem described in the “Examples”
section of this manual is copied into the subdirecéxampleselative to the installation directory.

The version oPHREEQCdescribed here is a batch-oriented program that requires an input file that describes
the calculations to be made, an output file name to store results, and a database file. To run any of the input files in
theexamplesubdirectory, change directory to tseampleglirectory in a DOS window. Note that example 14
requires the database filmteg4f.datwhich is in the installation directory, and example 15 requires the database
file ex15.datwhichis in theexamplesubdirectory. All other examples can be run with the databagahiteqc.dat
Invoke PHREEQcCwith any of the following commands.
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phreeqc (The program will query for each of the needed files.)

phreeqcinput (The input file is nameihput, the output file will be
namednput.outand the default database file
will be used.)

phreeqcinput output (The input file is nameihput, the output file is
namedoutput and the default database file
will be used.)

phreeqcinput output database (All file names are specified explicitly.)

phreeqcinput output database screen_output (All file names are specified explicitly, and screen output
is directed to the filscreen_outpu}

The environmental variabRHREEQC _DATABASE can be used to specify the default database fora DOS
window session. This environmental variable can be set with the command:
set PHREEQC_DATABASE=c:\mydirectory\myproject\imydata.dat

If the environmental variable is not set, the default database fiitedeqc.datn the installation directory.
If PHREEQCIs invoked with at least three arguments, the third argument is the database file and it supersedes an
of the default databases. When specifying the database file, it may be necessary to give a relative pathname. F
instance, example 14 requires the databaseg4f.datind this example could be run from the@mples
subdirectory with the following command:
phreeqc ex14 ex14.out ..\wateg4f.dat

The results of this calculation will be found in the &kl4.ouin theexamplegirectory.

Installation and Execution of the Unix Version

The Unix source code is almost identical to the Win32 source code, the only difference being one statement
in the fileglobal.h(“#define DOS” is absent). A script to run the program in batch mode and a makefile are
included in the Unix distribution. The following steps should be used to transfer, compile, and install the program
on a Unix computer. Compiled executables are available at the web sites for SunOS and Linux operating systems
which eliminates the need for the compilation step on these operating systems.

(1) Transfer the compressed tar files to your home computer with a browser or by ftp. Be sure to use “type
binary” for transferring the tar file by ftp.

(2) Uncompress the compressed tar file and extract the files with tar. The files will automatically extract into
subdirectories namdaln, databasedoc src, andexamplesHere, “2.x” represents a version number.

% uncompress phreeqc.2.x.tar.Z
% tar -xvof phreeqc.2.x.tar

(3) Versions for Linux and Sun are available with precompiled executables. If the program is to be used on
another type of computer, then change directorysnt@and compile the programs using make. By default the
makefile (namedrc/Makefilg uses gcc as the compiler. Change the variables “CC” and “CCFLAGS” in the
makefile to be consistent with the C compiler on your system if necessary. The following commands will create an
executable file named/bin/phreeqc
% cd src
% make

8  User's Guide to PHREEQC (Version 2)



(4) Install the script to ruRHREEQC The makefile edits a template of the scripin{phreeqc.orijjto contain
the complete pathname to the installation directory and places the edited script in the installation directory. A
symbolic link that points to the script is then placed in a directory specified by the user (fretusefitiy). The
directory in which the symbolic link is installed is assumed to be included in your PATH environmental variable, so
that thepHREEQCwill run regardless of the directory from which it is invoked. The default directory in which the
symbolic link is installed i$(HOME)/bin

The following command installs a symbolic link$tHOME)/bin
% make install

The following command installs the script in the specified directory:

% make install BINDIR=/ustr/local/bin

(5) The environmental variabRHREEQC _DATABASE can be used to specify the default database. In the

shellcsh this variable can be set with the command:

% setenv PHREEQC_DATABASE/home/jdoe/local/project/mydata.dat

In the Bourne or Korn shell, this variable can be set with the command:

% export PHREEQC_ DATABASE=/home/jdoe/local/project/mydata.dat

The environmental variable can be set permanently by including the appropriate command in a file that is read
when the shell is initiated, frequengyHOME)/.loginor $(HOME)/.profile If this environmental variable is not

set, the default database is set in the script (in the installation directdatpatiase/phreeqc.daglative to the
installation directory. It is possible to specify a different default database by editing the script.

After PHREEQCIS installed, it can be executed from any directory with any of the commands described in the
Win32 installation section with the understanding that Unix is case sensitive and that most Unix commands and file
names are lower case. The examples from this manual can be run from the subdaratopjesn the installation
directory. Note that example 14 requires the databasedileg4f.datwhich isdatabase/wateq4f.dat the
installation directory, and example 15 requires the databasxfifedatwhich is in theexamplesubdirectory.

Purpose and Scope

The purpose of this report is to describe the theory and operation of the pregraBQC The reportincludes
the definition of the constituent equations, explanation of the transformation of these equations into a numerical
method, description of the organization of the computer code that implements the numerical method, description of
the input for the program, and presentation of a series of examples of input data sets and model results that
demonstrate many of the capabilities of the program.

EQUATIONS FOR SPECIATION AND FORWARD MODELING

In this section of the report, the algebraic equations used to define thermodynamic activities of aqueous
species, ion-exchange species, surface-complexation species, gas-phase components, solid solutions, and pure
phases are presented. First, thermodynamic activities and mass-action equations are described for aqueous,
exchange, and surface species. Then, a set of functions, dénoted , are defined that must be solved simultaneously
to determine equilibrium for a given set of conditions. Many of these functions are derived from mole-balance
equations for each element or element valence state, exchange site, and surface site or from mass-action equations
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for pure phases and solid solutions. Additional functions are derived for alkalinity, activity of water, aqueous
charge balance, gas-phase equilibria, ionic strength, and surface-complexation equilibria. Each function is reduce
to contain a minimum number of variables, such that the number of functions equals the number of variables. The
program uses a modified Newton-Raphson method to solve the simultaneous nonlinear equations. This methoc
uses the residuals of the functions and an array of partial derivatives of each function with respect to the set of
master unknowns or master unknowns. For clarity, the set of variables used in partial differentiation are referred to
as “master unknowns”. The total derivatives of each funcfion, , will be presented without derivation. In the
following equations, lack of a subscript or the subscript “(aq)” will refer to entities in the aqueous phase, “(e)”
refers to exchangers, “(g)” refers to gases, “(s)” refers to surfaces, “(ss)” refers to solid solutions, and “(p)” refers
to phases.

Activities and Mass-Action Equations

In this section the activities of aqueous, exchange, and surface species are defined and the mass-action
relations for each species are presented. Equations are derived from the mass-action expression for the moles
each species in the chemical system in terms of the master unknowns. These equations are then differentiated wi
respect to the master unknowns. Later, these equations for the moles of a species and the partial derivatives will b
substituted into the constituent mole-balance, charge-balance, and phase-equilibria functions.

Aqueous Species

PHREEQcallows speciation or equilibration with respect to a single aqueous phase. However, multiple
agueous phases may be defined in the course of a run and an aqueous phase may be defined as a mixture of one
more aqueous phases (84X keyword in “Description of Data Input”). The dissolved species in the aqueous
phase are assumed to be in thermodynamic equilibrium, with one exception; in initial solution calculations,
disequilibrium among valence states of redox elements is allowed. The unknowns for each aqueousispecies
the activity,a;, activity coefficienty; , molalitymn, and moles in solutiom;.

PHREEQCrewrites all chemical equations in terms of master species. There is one master aqueous species
associated with each element (for example*?@ar calcium) or element valence state (for examplé*?ﬁer ferric
iron) plus the activity of the hydrogen ion, the activity of the aqueous electron, and the activity of water. Some
programs, for exampl@iNTEQA2 (Allison and others, 1990) andiNEQL* (Schecher and McAvoy, 1991) use the
term “component” for these species, but that terminology is not used here because of confusion with the definition
of component for the Gibbs’ phase rule. FBIREEQG the identity of each aqueous master species is defined with
SOLUTION_MASTER_SPECIES data block (see “Description of Data Input”). The numerical method reduces
the number of unknowns to be a minimum number of master unknowns, and iteratively refines the values of these
master unknowns until a solution to the set of algebraic equations is found. The master unknowns for agueous
solutions are the natural log of the activities of master species, the natural log of the activity cst,_yleéter, , the
ionic strengthp , and the mass of solvent water in an aqueous soWifjon,

The following relationships apply to all aqueous species (except aqueous electrons and water itself):
a = y;m andn, = miWaq . Equilibrium among aqueous species in an ion-association model requires that all
mass-action equations for aqueous species are satisfied. For example, the association reaction for the agueous
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speciesCanj ica’’ + soﬁ' = CaSCﬁ . The lol for this reaction at & is 2.3, which results in the
mass-action equation:

a
1023 = casq )

a_ ,a_ .,
ca”"'sq,

In general, mass-action equations can be written as

Ma
_ ’ _Cm,i
K, = ail_lam , )
m

wherek; is a temperature-dependent equilibrium constgptis the stoichiometric coefficient of master species

in species and Maq is the total number of aqueous master species. The valags miay be positive or negative.

For PHREEQG terms on the right-hand side of an association reaction are assigned negative coefficients and terms
on the left-hand side are assignedepositive coefficients. The same formalism applies to master species, where the
mass-action equation is simply= a_m

m
The total moles of an aqueous speciean be derived from the mass-action expression:

Maq
Cm,i
[13m
— — m
n = miWaq - KiWaq : : (3)

The Newton-Raphson method uses the total derivative of moles with respect to the master unknowns. The total
derivative is

Maq
0
dn =n|din(W_ )+ ) c., .din(a,)—=—In(y.)du|. 4
i =y din(W,) %m,. (am) o (v.)u} 4)
Activity coefficients of aqueous species are defined with the Davies equation:
J 0
logy;, = —~Az2ZL2H_ _0.3,8 (5)
i 4 Dl+ ,\/rl O
or the extended awATEQ Debye-Huckel equation:
AZ
logy; = ——O"‘bill, (6)
1+Ba .

wherez is the ionic charge of aqueous specjesidA andB are constants dependent only on temperature. Equa-
tion 6 is the extended Debye-Huckel equatiob; i§ zero, or thevATEQ Debye-Hlickel equation (see Truesdell
and Jones, 1974),li is not equal to zero. In the extended Debye-Huckel equag?on, is the ion-size parameter,
whereas in thevATEQ Debye-Huickel equatioai0 arigl are ion-specific parameters fitted from mean-salt activ-
ity-coefficient data. Unless otherwise specified in the database file or the input data set, the Davies equation is used
for charged species. For uncharged species, the first term of the activity coefficient equation is zeroyvamdghe
Debye-Huckel equation reduces to the Setchenow equétipn% b; L ) (see Langmuir, 1997 for discussion).
Unless otherwise specifield,is assumed to be 0.1 for all uncharged species.

The partial derivatives of these activity coefficient equations with respect to ionic strength are
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d 1

Zny. = -In(10)| AZH——= 0.3, 7
3 = (0 AR -0 (7)
for the Davies equation and

0 1y = _In(10)0 AZ +b 8
ou ! B/uBa+1)? 0

for the extended owATEQ Debye-Hiickel equation.

For data input t®HREEQG the chemical equation for the mole-balance and mass-action expressions, the log
K and its temperature dependence, and the activity coefficient parameters for each aqueous species are define
through theSOLUTION_SPECIES data block. Master species for elements and element valence states are
defined with theSOLUTION_MASTER_SPECIES data block. Composition of a solution is defined with the
SOLUTION or SOLUTION_SPREAD data block (see “Description of Data Input”).

Exchange Species

lon-exchange equilibria are included in the model through heterogeneous mass-action equations and
mole-balance equations for exchange sitegeeQcallows multiple exchangers, termed an “exchange
assemblage”, to exist in equilibrium with the agueous phase. The approach uses mass-action expressions based
half-reactions between aqueous species and a fictive unoccupied exchange site (Appelo and Postma, 1993) for ea
exchanger. This unoccupied exchange site is the master species for the exchanger and the log of its activity is ¢
additional master unknown. Its identity is defined ViEACHANGE_MASTER_SPECIES data block (see
“Description of Data Input”). However, the master species is not included in the mole-balance equation for the
exchanger, forcing its physical concentration to be zero. Its activity is also physically meaningless, but is such that
all of the exchange sites are filled by other exchange species.

The unknowns for exchange calculations are the actigjty, , which is defined to be the equivalent fraction
in PHREEQCtimes an activity coeﬂ‘iciems/ie ,and the moleﬁe, e, of each exchange spggies, , of exahdinger
equivalent fraction is the moles of sites occupied by an exchange species divided by the total number of exchang

be i N;

sites. The activity of an exchange specie is= y; e'T—'e , Where is the number of equivalents of
e e e 1 'e

exchangere, occupied by the exchange spedigs , apd is the total number of exchange sites for the
exchanger, in equivalents. Note thigt is the total number of equivalents of the exchanger in the system, which is
not necessarily equal to the number of equivalents per kilogram of water (eg/kgw) because the mass of water ir
the system may be more or less than 1 kg. By default, the activity coefficient for an exchange species is 1.0, bu
optionally, a Davies, extended Debye-HickelwaTeQ Debye-Huickel activity coefficient can be used, which is
based on the aqueous ionic strength and the number of equivalents of exchange sites occupied by the exchang
species.

Equilibrium among aqueous and exchange species requires that all mass-action equations for the exchang
species are satisfied. The association reaction for the exchange pagigs Ca2+ 82X = CaX, Xwhere
is the exchange master species for the default database. The use of equivalent fractions for activities and this forr
for the chemical reaction is known as the Gaines-Thomas convention (Gaines and Thomas, 1953) and is the
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convention used in the databapbseeqc.daandwateqg4f.datwhich are distributed withHREEQC [It is also
possible to use the Gapon conventioRHREEQG Which also uses equivalent fraction, but writes the exchange
reaction asO.SCa2+ +X = Ca, X . See Appelo and Postma (1993) for more discussion.] THeftogalcium
exchange in the default database file is 0.8, which results in the following mass-action equation:

a
10°8 = CaX22 . )
a_ ,.a

Ca” X
In general, mass-action equations can be written as

M
_ —Cn, ie
Ki,=a []am 10
m
wherem varies over all master species, including exchange master sacies, is the stoichiometric coefficient
" e

of master species), in the association half-reaction for exchange spégiesndK; is a half-reaction selectivity

constant. The values cfn’ i, may be positive or negativePFREEQG terms on tehe right-hand side of an associ-

ation reaction are assigned negative coefficients and terms on the left-hand side are assigned positive coefficients.
For an exchange species, the equation for the total moles of spégies

The natural log of the activity of the master species of the exchanger is a master unknown in the numerical method.
The total derivative of the moles of spedigwith respect to the master unknowns is

M 5 0
dnie = nieég Cm, iedIn(am) —Wln(yie)dp% (12)

m

For data input t®HREEQG the chemical equation for the mole-balance and mass-action expressions, the log

K and its temperature dependence, and, optionally, the activity-coefficient expression for each exchange species are
defined through thEXCHANGE_SPECIES data block. Exchange master species are defined with the
EXCHANGE_MASTER_SPECIES data block. The number of exchange sites and exchanger composition are
defined with theeXCHANGE data block (see “Description of Data Input”).

Surface Species

Surface-complexation processes are included in the model through heterogeneous mass-action equations,
mole-balance equations for surface sites, and charge-potential relations for each sudaeecallows multiple
surfaces and surface-site types, termed a “surface assemblage”, to exist in equilibrium with the aqueous phase. Two
formulations of the mass-action equations for surface species are avaikdmkERDC (1) one that includes
electrostatic potential terms and (2) another that excludes all electrostatic potential terms. If the Dzombak and Morel
(1990) model, which includes electrostatic potential terms, is used, additional equations and mass-action terms
become operational because of surface charge and surface electrostatic potential.
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The two principle differences between the formulation of exchange reactions and surface reactions are that
exchange reactions are formulated as half-reactions, which causes the master species not to appear in any
mole-balance equations, and the exchange species are expected to be neutral. Surface reactions are not
half-reactions, so the master species is a physically real species and appears in mole-balance equations, and surf:
species may be anionic, cationic, or neutral.

The basic theory for surface-complexation reactions including electrostatic potentials is presented in
Dzombak and Morel (1990). The theory assumes that the number of activé.diéeg, the specific areég
(m?g), and the mass$; (g), of the surface are known. The two additional master unknowns are (1) the quantity,

FW,
_ DZRTE_ FW . et _ _
Inay, = In% 0~ 5p= whereF is the Faraday constant (96493.53 &), W, is the potential at sur-
0

2RT’
faces (volts)Ris the gas constant (8.3147 J finn'l), andT is temperature (Kelvin) and (2) the natural log of
the activity of the master surface species. Note that the quémily is defined with a 2 in the denominator of
the term on the right-hand side. This is a different master unknovsvn than that used in Dzombak and Morel (1990),
but produces the same results as their model because all equations are written to be consistent with this maste
unknown.

The activity of a surface species is assumed to be equal to the mole fraction of a given surface-site type tha
is occupied. In other words, a surface species is in the standard state (has activity of 1) when it completely covers
a given kind of surface site. This convention differs from Dzombak and Morel (1990) who assumed that activity
of a surface species (conceptually in the solid phase) is numerically equal to molarity (concentration in solution).
If only monodentate complexes are considered (as is done by Dzombak and Morel, 1990), terms cancel in the
mass-action equation and identical numerical results are obtained irrespective of the convention for standard stat
However, a notable difference in surface site concentration exists when the molarity convention is used for
multidentate complexes (bidentate, tridentate, and others, cf. Appelo and Postma, 1999). If a vessel contains a
solution in equilibrium with a surface containing multidentate species, and more of exactly the same solution is
added, the composition of solution and surface would change with the molarity convention. The molarity
convention is clearly not correct in this case.

“Hfo” (Hydrousferric oxide) is used in the default database files with “_w”, which indicates a low affinity
or weak site and “_s”, which indicates a high affinity or strong diteo “wOH' is used to represent a neutral
surface species at a weak site and the association reaction for the formation of a negatively charged weak site (it i
an association reaction in the sense that the defined species is on the right hand side of the equation) can be writte
as

Hfo_ wOH - Hfo wO +H". (13)
The mass-action expression, which includes the electrostatic potential term, is
. a a . i
I:fto . - Zfo_wo H e RT, (14)
— Hfo_wOH _FY
whereKi:ft0 wO' is the intrinsic equilibrium constant for the reaction,em%lT is a factor that accounts for the

work involved in moving a charged specieg)ldway from a charged surface. In general, the mass-action equa-
tion for surface specieigk is
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FY,
'“'(sk>D RT sy

Kint _
I(Sk) B 0 (sk)l_l m (15)

WhereK , is the intrinsic equilibrium constartgk) is thesurface species for surface-site tjg@veak or

strong in bzombak and Morell, 1990) in surfacen varies over all master specids, including surface master
spemes;cm i is the stoichiometric coefficient of master spatign, the association reaction for surface species
i(sk) : andAz:(Sk) is the net change in surface charge due to the formation of the surface species. The values of
Crm, o may be positive or negative. FEMREEQG terms on the right-hand side of an association reaction are
assigned negative coefficients and terms on the left-hand side are assigned positive coefficients.

For a surface species, the equation for the total moles of spgsies is
0 %, OM ¢
n =g Tsk “K T eD RT - (sl ac’“"<sk)
s~ Tleob T Tl X m
& m (16)
B T 20z, () Cm i(sk)
NN b. W, m
(8 6 m
whereTsk is the total number of a type of surface site,bg(ng is the number of surface sites bounded to the spe-
Sk
cies. The total derivative of the moles of sped:@3 with respect to the master unknowns is
M
dn. = n c..: dlna_—2Az dlnay |. 17
I(Sk) I(Sk) z m, I(Sk) m I(Sk) W, ( )
m

The second formulation of mass-action equations for surface species excludes the electrostatic potential term
in the mass-action expressiond_edlidentifier in theSURFACE data block). The equation for the moles of a
surface species is the same as equation 16, except the factor in\aaL\S/ing does not appear. Likewise, the total
derivative of the moles is the same as equation 17, except the final term is absent.

For data input teHREEQG the chemical equation for the mole-balance and mass-action expressions and the
log K and its temperature dependence of surface species are defined throBgiRIRGCE_ SPECIESdata block.
Surface master species or types of surface sites are defined WBRIEACE_ MASTER_SPECIESdata block.
The identity of the surfaces and the number of equivalents of each site type, the composition of the surface, the
specific surface area, and the mass of the surface are defined VBWRRACE data block (see “Description of
Data Input”).

Gas-Phase Components

Equilibrium between a multicomponent gas phase and the aqueous phase is modeled with heterogeneous
mass-action equations and an equation for total pressure (fixed-pressure gas phase only). Only one gas phase can
exist in equilibrium with the aqueous phase, but the gas phase may contain multiple components. All gas
components are assumed to behave ideally and the gas phase is assumed to be an ideal mixture of gas components.

If a gas phase is specified to have a fixed volume, then the pressure in the gas volume will vary with reaction
extent, but each gas component will always be present in the gas phase. For a fixed-volume gas phase, no additional
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master unknowns are needed, and the moles of a component in the gas phase can be calculated from the activiti
of the aqueous master species.

If a gas phase is specified to have a fixed pressure, the gas phase is a fixed-pressure bubble that will vary i
volume with reaction extent. If the sum of the partial pressures of the component gases is less than the specifie
total pressure, the fixed-pressure gas phase will not exist and none of the gas components will be present in the gz
phase. For a fixed-pressure gas phase, one additional master unknown is included in the equations, which is th
total moles of gas components in the gas phdgg,

By the assumption of ideality, the fugacity (activity) of a gas component is equal to its partial pressure.
PHREEQcuses dissolution equations, in the sense that the gas component is assumed to be on the left-hand side
the chemical reaction. For carbon dioxide, the dissolution reaction may be written as

COyy = COyg- (18)

The Henry's law constant relates the partial pressure of the gas component (numerically equal to fugacity for
ideal gases) to the activity of aqueous species. For carbon dioxide, the Henry’s law constarft&[fdlowing
the ideal gas assumption, units are atmospheres (atm)], and the following mass-action equation applies at equilit
rium:

1468,
Pco, =107 "acq, (19)
WherePCO2 is the partial pressure (atm) calculated using activities in the aqueous phase. In general, the partial
pressure of a gas component may be written in terms of aqueous phase activities as

g e
_— Cm. g
Pe = i |_| an’, (20)
g m
wherePg is the partial pressure of gas compoggecdliculated using activities in the aqueous phbi%e; is the
Henry’s law constant for the gas component; e,ng is the stoichiometric coefficient of aqueous master spe-

cies,m, in the dissolution equation. The values;:mc 9 may be positive or negativedREEQG terms on the
left-hand side of a dissolution reaction are assigned negative coefficients and terms on the right-hand side are
assigned positive coefficients.
For a fixed-volume gas phase, the total volume of the gas phase is specifi®f}, {9, et the pressure of
the gas phase is variable. At equilibrium, the number of moles of a gas component inrt@e gas is calculated a
V

P
_ Vtotal _ total Cr, )
T TRT T RTK, Z m (21)

The total derivative of the moles of a gas component in the gas phase is

Maq

Y,
_ total
= 2 NgCrm, gdlna (22)

For a fixed-pressure gas phase, the total pressure is specRigg abut the volume of the gas phase is
variable. At equilibrium, the number of moles of a gas component in the gas phase is equal to the fraction of the
total pressure for the gas times the total moles of gas in the gas phase:
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P N 2
n, =N 9 = _9% Mg (23)
g gasptotal

The total derivative of the moles of a gas component in the gas phase is

P Mag

— g

dn, = 5 dNgast Z NgCm, gdINan- (24)
total m

For data input t®’HREEQG the mass-action equations, Henry's law constant, and temperature dependence of
the constant are defined with tRéIASESdata block. The type of gas phase (fixed-volume or fixed-pressure), the
components to include in gas-phase calculations, and initial gas-phase composition are defined with the
GAS_PHASE data block (see “Description of Data Input”).

Equations for the Newton-Raphson Method

A series of functions, denoted Iby , are used to describe heterogeneous equilibrium. These equations are
derived primarily by substituting the equations for the moles of species (derived from mass-action equations in the
previous section) into mole- and charge-balance equations. When equilibrium is satisfied, all of the functions
relevant to a specific equilibrium calculation are equal to zero. The zeros of the functions are found by the
Newton-Raphson method, by which each function is differentiated with respect to each master unknown to form the
Jacobian matrix. A set of linear equations is formed from the Jacobian matrix that can be solved to approximate a
solution to the nonlinear equations. By iteratively solving successive sets of linear equations, a solution to the
nonlinear equations can be found. Each ofthe functions that is used in the numerical method is presented in this
section along with the total derivative with respect to the master unknowns that is used to form the Jacobian matrix.

Activity of Water

The activity of water is calculated from an approximation that is based on Raoult’s law (Garrels and Christ,
1965, p. 65-66):

Naq
n.
— |
aHzo = 1-0.017 E \N—aq (25)
|

The functioan o is defined as
2
Naq

I
and the total derivative of this function is

Nagq

dfiy 0 = Wageh,o0dN(ay o) + (@ 0~ DW,din(W,,) +0'017Z dn;. (27)
i

The master unknown is the natural log of the activity of whtar_lzo
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lonic Strength
The ionic strength of the aqueous solution is a master unknown and is defined as

Py

2

n=ig2 (28)
22.1W,,

|
The functionf u is defined as
1Naq
2
fu =Waq“_ézzi N, (29)
i

and the total derivative of this function is
1Naq
2
df, = pW,dIn(W,) +Waqdu—§Z Z dn;. (30)
i

Equilibrium with a Fixed-Volume Multicomponent Gas Phase

For a fixed-volume gas phase, the moles of each gas component can be calculated from the activities of the
aqueous master species, and the numerical model treats the gas phase components in the same way that it tre
aqueous species. The terms for the moles of each gas compogeapipear in the mole-balance equations for
elements and the termts);  appear in the Jacobian matrix for the mole-balance equations. No additional equatio
labeledf is required to calculate equilibrium with the fixed-volume gas phase.

For data input teHREEQG the mass-action equations, Henry’s law constant, and temperature dependence of
the constant are defined with tREIASESdata block. The type of gas phase (fixed-volume or fixed-pressure), the
components to include in gas-phase calculations, and initial gas-phase composition are defined with the
GAS_PHASE data block (see “Description of Data Input”).

Equilibrium with a Fixed-Pressure Multicomponent Gas Phase

For a fixed-volume gas phase, the number of moles of each gas component is calculated from the activities
of the aqueous master species and the total moles of gas components in the gadypiiseerms for the moles
of each gas components, appear in the mole-balance equations for elements and thedaéms appear in the
Jacobian matrix for the mole-balance equations. Equilibrium between a fixed-pressure multicomponent gas phas
and the aqueous phase requires one new equation--the sum of the partial pressures of the component gases is eg

to the total pressur@,,. The functionfPt " is defined as
NQ

me[al = I:)total - z Pg 1 (31)
g

WhereNg is the total number of gas components in the gas phase.

The total derivative off Pl with respect to the master unknowns, with the convention that piijtjye
are increases in solution concentration, is
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Ng Maq
dfp = —Z Z Cm, gPgdINan,. (32)
g m

For data input t®’HREEQG the mass-action equations, Henry's law constant, and temperature dependence of
the constant are defined with tRéllASES data block. The type of gas phase (fixed-volume or fixed-pressure), the
components to include in gas-phase calculations, and initial gas-phase composition are defined with the
GAS_PHASE data block (see “Description of Data Input”).

Equilibrium with Pure Phases

Equilibrium between the aqueous phase and pure phases, including gases with fixed partial pressures, is
included in the model through heterogeneous mass-action equatisEeQcallows multiple pure phases, termed
a pure-phase assemblage, to exist in equilibrium with the aqueous phase, subject to the limitations of the Gibbs’
Phase Rule. The activity of a pure phase is assumed to be identically 1.0. The additional master unknown for each
pure phase is the moles of the pure phase that is present in the systenerep refers to the;:)th phase. Terms
representing the changes in the moles of each pure phase occur in the mole-balance equations forelraEptS.
also allows a calculation where equilibrium with a pure phase is produced by adding or removing a specified reactant
(alternative formulaandalternative phasén EQUILIBRIUM_PHASES data block); the mole transfer of the
reactant that is necessary to produce equilibrium with the pure phase is calculated. In this type of calculation, the
terms in the mole-balance equations are derived from the stoichiometry of the reactant rather than the stoichiometry
of the pure phase, and the unknown is the number of moles of reactant that enter or leave solution.

The new function corresponding to each of the new unknowns is a mass-action expression for each pure phase.
PHREEQcuses dissolution reactions, in the sense that the pure phase is on the left-hand side of the chemical equation.
For calcite, the dissolution reaction may be written as

cacg, = ca™ +Co5, (33)
and, using loK of 10848 and activity of the pure solid of 1.0, the resulting mass-action expression is
_ . ~848 _

Kcalcite =10 - aCa2+aCO§" (34)
In general, pure-phase equilibria can be represented with the following equation:

Maq

Crm,

KID = |_|am . (35)

m
wherec,, D is the stoichiometric coefficient of master speuigsthe dissolution reaction. The valuescgf o

may be positive or negative. FBREEQG terms on the left-hand side of a dissolution reaction are assigned nega-
tive coefficients and terms on the right-hand side are assigned positive coefficients. The saturation index for the
mineral,SIp, is defined to be

Maq
Crn,
Sl = Iogl_lam P (36)
m
The function used for phase equilibrium in the numerical method is
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Magq

fp = (INK,+[IN(10)IS1, 1arged = D Cm JN(ER), (37)

whereSIp target is the target saturation index for the phase,lag#0) converts base-10 log to natural log. The
target saturation index is specified by the user; a positive, zero, or negative value specifies supersaturation, equ
librium, or undersaturation for the mineral with respect to the solution. For fixed-partial-pressure gas component,
Slp’ target is equivalent to the log of the partial pressure of the gas component. The total derivative with respect
to the master unknowns is

Maq
df, = —Z Cr, pdlnap,. (38)

For data input t’HREEQG the mass-action equations, equilibrium constant, and temperature dependence of
the constant for a pure phase are defined witPHW®SES data block. Initial composition of a pure-phase
assemblage and target saturation indices are defined wHQHH IBRIUM_PHASES data block.

Equilibrium with Solid Solutions

Modeling of ideal, multicomponent or nonideal, binary solid solutions is based on the work of Glynn (Glynn
and Reardon, 1990; Glynn and others, 1990; Glynn, 1991; Glynn and Parkhurst, 1992). Equilibrium between the
agueous phase and solid solutions is included in the model through heterogeneous mass-action egegtquas.
allows multiple solid solutions, termed a solid-solution assemblage, to exist in equilibrium with the aqueous phase,
subject to the limitations of the Gibbs’ Phase Rule. Modeling of nonideal solid solutions is limited to
two-component (binary) solid solutions; ideal solid solutions may have two or more components. The additional
master unknowns for solid solutions are the moles of each component in each solid sm)‘l) ution ssubferns
to solid solutionss Terms representing the changes in the moles of each component occur in the Jacobian matrix
of the mole-balance equations for elements.

Unlike pure phases, the activity of a component in a solid solution is not identically 1.0. The activity of a
component is defined to tmp = A, X whetg is the mole fraction of compgniarthe solid solution

pSS pSS
s§ and)\ is the activity coefﬁment The mole fraction of a component in a solid solution is defined as

n
Pss

Pss N '
> M.
pSS: 1
activity coefficient is 1.0; for nonideal, binary solid solutions, the activity coefficients for the components are
defined with the Guggenheim expressions:

whereN is the number of components in solid solw®Ffror ideal solid solutions, the

Ay = exp((ag—a,(4x, —1))x5) and (39)

A, = exp((ag+a, (4%, —1))X5), (40)

whereA; and\, are the activity coefficients of components 1 and 3and a, and are nondimensional
Guggenheim parameters. The nondimensional parameters are calculated from dimensional parameters for the
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excess free enerqy, agd  (kJ/mol) by the equatla(gls= —gﬂ agre == . The paraagetersa; and

for the excess free energy may be defined directly or by a varlety of means including the mole fractions of compo-
nent 2 delimiting the miscibility gap, the mole fractions of component 2 delimiting the spinodal gap, the mole frac-
tion of component 2 at the critical point and the critical temperature, Thompson and Waldbaum parameters,
Margules parameters, mole fraction of component 2 and the log of the total solubility product of an alyotropic
point, solid-phase activity coefficients for trace concentrations of component 1 and component 2, or two distribu-
tion coefficients for component 2 (Glynn, 1991).

The new function corresponding to each of the new unknowns is a mass-action expression for each
componentin each solid soluticPHREEQCuses dissolution reactions, in the sense that the solid-solution component
is on the left-hand side of the chemical equation. For aragonite in an aragonite-strontianite solid solution, the
dissolution reaction may be written as

caco, = ca " +Coj, (41)
and, using lok of 108-34and activity coefficient for the solid, the resulting mass-action expression is
a 2+a~ a 2+a
K prag = 107834 = cacol _ ca coy . (42)
g a
Arag O nArag 0

0
Ara
gl:nArag +Nsirondd

In general, solid-solution phase equilibria can be represented with the following equation for each component:

Maq

cm‘ pSS
am
— M
“o. T @ “
pSS
WhereKP is the equilibrium constant of componpmi pure form, ancc, m p. is the stoichiometric coefficient of
master species in the dissolution reaction for compongmin solid solutlonss The values ot may be pos-

itive or negative. FOPHREEQG terms on the left-hand side of a phase dissolution reaction are assigned negative
coefficients and terms on the right-hand side are assigned positive coefficients. The solubility quotient for a compo-
nent of the solid solution is defined to be

M
- Cm, Pss
m
— _m
sts ) Kpssapss , (44)

whereQ, is equal to 1 and Qp is equal to O at equilibrium. The functions used in the numerical method for
each component of a nonideal, binary solid solution are

Mag ny
f,= zcm1Inam—InKl—Innl+nz—ln)\1 and (45)
Ny
f, = Zcmyzlnam—InKz—Innl*_nz—ln}\z. (46)
m
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The total derivative with respect to the master unknowns is
M

ad O X 2ax 6ax+12axD
Zcmldlna +[-)——2+ 02 172 12[dnl
OMm ny+ny
2 2a,%>+6 18a,x5 + 12a,% +1
—28pX, T 280Xy + 08, Xy —1oay X, + Laay X, +
dn, (47)
and
Maq — 23X, + 2aGx3—6a, X, + 18a,X3 — 12a1x§’ +1
df, = ZCm,ZdInam+ 7 dn, +
1712
m
0 X, 2a,%x2+ 6a,x2—12a,x30
EI P 171 11EDInz . (48)
O n ny+n; O
The function used in the numerical method for each component of an ideal solid solution is
Cm szI
DZ an
0Ny O
fp, =INQ, = InB—D—In =il (49)
s s u KpSs U totall]
[l 1l
0 0

whereN, ;. = Z n. andjg, ranges over all the components in solid solsgidrhe total derivative with

JSS

respect to the master unknowns is

Maq 1 [Nt t |_n 0 Nssjss;t Pss
ota P,
df . = S, . dna,——OF—————T0n_ + dn. . (50)
Pss % m, Bss m p. Niotal O Pss Z Niotal Iss

Iss

For data input t’HREEQG the mass-action equations, equilibrium constant, and temperature dependence of
the constant for each pure phase are defined witPHWSES data block. Initial composition of a solid-solution
assemblage and Guggenheim parameters for nonideal solid solutions are defined 8@hiibeSOLUTIONS
data block (see “Description of Data Input”).

Mole Balance for Surface Sites

Mole balance for a surface site is a special case of the general mole-balance equation. The surface
assemblage is a set of one or more surfaces, each of which may have one or more site types. The total numbei
moles of a surface site type is specified by input to be one of the following: (1) fixed, (2) proportional to the moles
of a pure phase, or (3) proportional to the moles of a kinetic reactant. The sum of the moles of surface sites occupiel
by the surface species of a site type must equal the total moles of that surface site type. The following function is
derived from the mole-balance relation for a surface sitedype  of swface
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Sk
fo =To—VYb.: n 51
Sk Sk Z S I(sk) I(sk) ( )
I(s)
where the value of the functioﬁSk is zero when mole balance is achié'\gkad, is the moles of the surface site type,
NSk is the number of surface species for the site typebgKnl((j ) is the number of surface sites occupied by the
.. L . TS
surface speciegg ) . The total denva'uvefglc is
NS
k
d fSk = ATsk—Z bsk, i(sk)dni(skf (52)
Is)
If the total number of sites is proportional to the moles of a pure phaseAﬂigan —Cs, pd n, , mggq;e
is the moles of surface sites per mole of plpaskthe phase dissolves, thelrmID is positive and the number of
surface sites decreases. If the total number of sites is proportional to the moles of a kinetic télésgtmt) in

the total derivative equation. The change in the number of sites is included as part of the reaction that is integrated
with the rate equations and no term is included in the Jacobian matrix. As the kinetic reaction increases or decreases
the moles of reactant, the number of surface sites is adjusted proportionately. If the number of surface sites is fixed,
ATSk = 0.

For data input teHREEQG the number of moles of each type of surface site is defined wiBIUREACE
data block and may be a fixed quantity or it may be related to the moles of a pure phase or a kinetic reactant. Surface
site types are defined with ts&JRFACE_MASTER_SPECIESdata block and surface species are defined with
the SURFACE_SPECIESdata block (see “Description of Data Input”).

Mole Balance for Exchange Sites

Mole balance for an exchange site is a special case of the general mole-balance equation. The total number of
moles of an exchange site is specified by input to be one of the following: (1) fixed, (2) proportional to the moles of
a pure phase, or (3) proportional to the moles of a kinetic reactant. The sum of the moles of sites occupied by
exchange species must equal the total moles of the exchange site. The following function is derived from the
mole-balance relation for an exchange site:

NE‘
fe = Te_zbe, i, (53)
ie

where the value of the functidgis zero when mole balance is achievégis the total moles of exchange sites for
exchangee ,andy, ; isthe number of exchange sites occupied by the exchange species. The total defivative of
is

Ne
dfy = ATe—Zbe' ied”ie' (54)
ie

If the total number of sites is proportional to the moles of a pure phase Afigr= —Cg, IOd n, : m@%re
is the moles of exchange sites per mole of ppaHdhe phase dissolves, thelrmp is positive and the number of

exchange sites decreases. If the total number of sites is proportional to the moles of a kinetic lagtan®) in
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the total derivative equation. The change in the number of sites is included as part of the reaction that is integratec
with the rate equations and no term is included in the Jacobian matrix. As the kinetic reaction increases or decrease
the moles of the reactant, the number of exchange sites is adjusted proportionately. If the number of exchange site
is fixed, AT, = 0.

For data input t’HREEQG the moles of exchange sites are defined irBKEHANGE data block and may
be a fixed quantity or it may be related to the moles of a pure phase or a kinetic reactant. Exchanger sites are define
with theEXCHANGE_MASTER_SPECIES data block and exchange species are defined with the
EXCHANGE_SPECIES data block (see “Description of Data Input”).

Mole Balance for Alkalinity

The mole-balance equation for alkalinity is used only in speciation calculations and in inverse modeling.
Mole balance for alkalinity is a special case of the general mole-balance equation where the coefficients are define
by the alkalinity contribution of each aqueous species. Alkalinity is defined as an elerrerEBRQCand a master
species is associated with this element S&@:UTION_MASTER_SPECIES keyword in “Description of Data
Input”). In the default databases feHREEQG the master species for alkalinityﬁsog' . The master unknown for
alkalinity isIna,,, , or for the default databasdasacog_

The total number of equivalents of alkalinity is specified by input to the model. The sum of the alkalinity
contribution of each aqueous species must equal the total number of equivalents of alkalinity. The following

function is derived from the alkalinity-balance equation:

Nagq

Faik = Tak=D Pai i (55)
i

where the value of the functidgy is zero when mole balance is achievEgy is the number of equivalents of
alkalinity in solution, and,,, ; is the alkalinity contribution of the aqueous speeegmol). The total deriva-
tive of fa) IS

Nag
dfaie = =) Payidn;- (56)
i

The value ofT 5, must be positive, provided a carbonate species is the master species for alkalinity.
Conceptually, a measured alkalinity differs from the alkalinity calculateeHREEQC In the default database files
for PHREEQCthe values obA”(' i have been chosen such that the referencet.lbs/g\rﬁg,e| =0 ) for each element or
element valence state is the predominant species at a pH of 4.5. It is assumed that all of the element or elemen
valence state is converted to this predominant species in an alkalinity titration. However, significant concentrations
of aqueous species that are not in the reference state (that is species that have nonzero alkalinity contributions) me
exist at the endpoint of a titration, and the extent to which this occurs causes the alkalinity calcuktedbyc
to be a different quantity than the measured alkalinity. Hydroxide complexes of iron and aluminum are the most
common examples of species that may not be converted to the defined reference state. Thus, the alkalinity of a
solution as calculated BHREEQG though it will be numerically equal to the measured alkalinity, is an
approximation because of the assumption that a titration totally converts elements and element valence states t
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their reference state. In most solutions, where the alkalinity is derived predominantly from carbonate species, the
approximation is valid.

For data input teHREEQG the alkalinity of each species is calculated from the association reaction for the
species, which is defined in tBOLUTION_SPECIES data block, and the alkalinity contributions of the master
species, which are defined with te®@LUTION_MASTER_SPECIES data block. Total alkalinity is part of the
solution composition defined with tlEBOLUTION or SOLUTION_SPREAD data block (see “Description of Data
Input”).

Mole Balance for Elements

The total moles of an element in the system are the sum of the moles initially present in the pure-phase and
solid-solution assemblages, aqueous phase, exchange assemblage, surface assemblage, gas phase, and diffuse layers
of the surfaces. The following function is the general mole-balance equation:

0 Np SsNSS D Naq E Ne
%rm zbmp p zzbm pSS psgj zbml i zzbm,ienie_
N P SS Pes i
: (57)
Kg Ns, S Ngq

S
%% b”"(sk) (s Z m, g Zmeu is

I(s)

where the value of the functidp, is zero when mole-balance is achiev&gl,is the total moles of the element in the
systemN, is the number of phases in the pure-phase assemBlaigethe number of solid solutions in the
solid-solution assemblaghssis the number of components in solid solutEgN,q is the number of aqueous spe-
cies,E is the number of exchangers in the exchange assemblgigehe number of exchange species for

exchange site, Sis the number of surfaces in the surface assembiage, is the number of surface types for sur-
faces, N is the number of surface species for surface ype Ngmithe number of gas-phase components.

The moles of each entity in the system are representegifoy phases in the pure-phase assembla e, for
components in a solid solution,for aqueous speC|eBre for the exchange species of exchangenglte for

surface species for surface site tyge ng for the gas components, ang s foraqueous speciesin the diffuse layer
of surfaces. The moles of elememnh per mole of each entity are representedpywith an additional subscript to
define the relevant entityy,,  is usually, but not always, equal {o (the coefficient of the master speti@s for
the mass-action equation).

To avoid solving for small differences between large numbers, the quantity in parenthesis in equation 57 is not
explicitly included in the solution algorithm and the valuel of is never actually calculated. Instead the quantity

N, SSNg
T =Th— me, o~ Z zbm, alp.. is used in the functioi , . Initially, T is calculated from the total
p SS pSS

moles ofm in the aqueous phase, the exchange assemblage, the surface assemblage, the gas phase, and the surface
diffuse layers:
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Tm = mey i ZZ m, i\ +ZZZ M. ity gy me 9”9+Zzbm iMi,s: (58)
e S i

i S kl(s)

During the iterative solution to the equation'ﬁm is updated by the mole transfers of the pure phases and com
ponents of the solid solutions:

. Np SSNss
m _ *-m
Teeg = T+ z by pdNy, + z me, el (59)
p SS pSS

wherek refers to the iteration number. It is possible by, to be negative in intermediate iterations, but it must
be positive when equilibrium is attained.

The total derivative of the functidp, is

Np SSNss
=_zbmp Zzbm pSS me ICIn zzbml
SS Pgs
s K Ns, S Ny (60)
_ZZZ m, '(sk) I(Sk) me gdng z zbm dn;

S kl(s)

For data input teHREEQG total moles of elements are initially defined for an aqueous phase with the
SOLUTION or SOLUTION_SPREAD data block, for an exchange assemblage witleX@HANGE data
block, for a surface assemblage with 8ldRFACE data block, for the gas phase witic&S_PHASEdata block.
The moles of each phase in a pure-phase assemblage are defined wifithdBRIUM_PHASES data block.
The moles of each component in each solid solution in a solid-solution assemblage are defined with the
SOLID_SOLUTIONS data block. Total moles of elements may also be modified by batch-reaction and transport
calculations (see “Description of Data Input”).

Aqueous Charge Balance

The charge-balance equation sums the equivalents of aqueous cations and anions and, in some cases, tr
charge imbalances developed on surfaces and exchangers. When specified, a charge-balance equation is usec
initial solution calculations to adjust the pH or the activity of a master species (and consequently the total
concentration of an element or element valence state) to produce electroneutrality in the solution. The
charge-balance equation is necessary to calculate pH in batch reactions and transport simulations.

In real solutions, the sum of the equivalents of anions and cations must be zero. However, analytical error:
and unanalyzed constituents in chemical analyses generally cause electrical imbalances to be calculated for
solutions. If a charge imbalance is calculated for an initial solution, the pH is adjusted in subsequent batch reaction:
or transport simulations to maintain the same charge imbalance. If mixing is performed, the charge imbalance for
the batch-reaction step is the sum of the charge imbalances of each solution weighted by its mixing factor. If a
surface is used in a simulation and the explicit diffuse-layer calculation is not specified, then the formation of
charged surface species will result in a surface charge imbalance. Similarly, if exchange species are not electricall)
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neutral (all exchange species in the default databases are electrically neutral), the exchanger will accumulate a
charge. The charge imbalances of surfaces and exchangers are included in the general charge-balance equation.

The charge imbalance for a solution is calculated in each initial solution calculation, in each batch-reaction
step, and for each cell during each time step of transport simulations with the equation:

q= zzini, (61)

whereq identifies the aqueous phaé'ezz q is the charge imbalance for aqueous, imazeis the charge on
agueous speciaslf charged surfaces or exchangers are not present, the charge imbalance for a solution at the end
of a batch-reaction or transport simulation will be the same as at the beginning of the simulation.

The charge imbalance on a surface is calculated in the initial surface-composition calculation, in each
batch-reaction step, and for each cell during each time step of transport simulations with the equation:

Z z IS '(sk) z 4M s (62)
K ity
WhereTZ s isthe charge imbalance for the surfaq:e is the charge on the surface ispesigface types, of
surfaces, and the final term in the equation represents the charge accumulated in the diffuse layer. The final termis
used only if the diffuse-layer composition is explicitly included in the calculatihfiuse_layerin the SUR-
FACE data block). When the diffuse-layer composition is calculated explicitly, it is required that all solutions be
charge balanced, ar@, s Willalways be equal to zero.

Normally, exchange species have no net charge, but for generality, this is not required. However, the activity
of exchange species (the equivalent fraction) is not well defined if the sum of the charged species is not equal to the
total number of equivalents of exchange sites (exchange capacity). If charged exchange species exist, then the charge
imbalance on an exchanger is calculated in the initial exchange-composition calculation, in each batch-reaction step,
and for each cell during each time step of transport simulations with the equation:

e~ zezienie’ (63)

WhereTZ’ o Isthe charge imbalance for the exchanger,zeend is the charge on the exchange cbexianger
e

The charge imbalance for the system is defined at the beginning of each batch-reaction step and for each cell
at the beginning of each time step in transport simulations to be:

Q E
= zo‘qu, qt ZTZ- ot ZTZ’ o (64)
q s e
whereT, is the charge imbalance for the syst@ns, the number of aqueous phases that are mixed in the
batch-reaction step or in the cell for a transport step, is the mixing fraction for aqueousjpSasthe number

of surfaces, an#t is the number of exchangers.
The charge-balance function is
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wheref, is zero when charge balance has been achieved. If the diffuse-layer composition is explicitly calculated,
a separate charge-balance equation is included for each surface and the sum of the terms in the parentheses will
zero when surface charge balance is achieved. If the diffuse-layer composition is not calculated, the second teri
inside the parentheses is zero. The total derivativie,of  is

S Kg N E N,
df, = —szn —gzlz I(sk) I(sk) %iZZiednie, (66)
() e

where the triple summation for surfaces is present only if the diffuse-layer composition is not explicitly calcu-
lated.

For data input teHREEQG charge imbalance is defined by data inpuSOLUTION or
SOLUTION_SPREAD, EXCHANGE , andSURFACE data blocks combined with speciation, initial
exchange-composition, and initial surface-composition calculations. The charge on a species is defined in the
balanced chemical reaction that defines the specie®IitJTION_SPECIES, EXCHANGE_SPECIES, or
SURFACE_SPECIESdata blocks (see “Description of Data Input”).

Surface Charge-Potential Equation with No Explicit Calculation of the Diffuse-Layer Composition

By default,PHREEQcuses the approach described by Dzombak and Morel (1990) to relate the charge density
on the surfaceg, , with the potential at the surfé#g, . The surface-charge density is the amount of charge pe
area of surface material, which can be calculated from the distribution of surface species:

ZZ it sy (67)

(S)

surf

whereao, is the charge density for surfage coulombs per square meter (@)m: is the Faraday constant in
coulombs per mole (96,493.5 C/mol)yis the surface area of the materialqniThe surface area is calculated
by one of the following formulas: (17, = AS; , whergis the specific area of the surface materia?/gm
andS is the mass of surface material (g), or,e%er An, , Wiens the surface area per mole of a pure
phase or kinetic reactant ffmol), andn, is the moles of the pure phase or reactant. A€28he surface-charge
density is related to the electrical potential at the surface by:

1

= (800(}:aORT) u smhg)ZRTD, (68)

Wheres is the dielectric constant of water (78.5, dimensionlegs),  is the permittivity of free space (8:854x10

cvimlor C¥m- -J),v is the ionic charge of a symmetric electroly®és the gas constant (8.314 J mdk™Y), T

is temperature (K)i is the ionic strength, %d;the Faraday constant (JJ\Eq or C/mol), W is the potential

at the surface in volts. At 26, (800(}:£ORT) = 0.1174. The charge of the electrolyte ions is assumed to be 1.
The charge-potential function is
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and the total derivative of this function is
1

2 1 11
(800Cee,RT)” -5 Fug 2.2 %ws
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(S)

surf

For data input teHREEQG calculation without an explicit diffuse layer is the default. Specific surface area
(Ag or A, ) and mass of surfac&( ) are defined in8¢RFACE data block. The moles of surface sites are defined
(1) in theSURFACE data block if the number of sites is fixed, (2) by a proportionality factor i H&FACE data
block and the moles of a phaseBQUILIBRIUM_PHASES data block, or (3) by a proportionality factor in the
SURFACE data block and the moles of a kinetic reactarKiNETICS data block. The charge on a surface species
is specified in the balanced chemical reaction that defines the specieSURIACE_SPECIESdata block (see
“Description of Data Input”).

Surface Charge-Balance Equation with Explicit Calculation of the Diffuse-Layer Composition

As an alternative to the previous model for the surface charge-potential relatiREEQCOptionally will use
the approach developed by Borkovec and Westall (1983). Their development solves the Poisson-Boltzmann
equation to determine surface excesses of ions in the diffuse layer at the oxide-electrolyte interface. Throughout the
derivation that follows, it is assumed that a volume of one liter (L) contains 1 kg of water.

The surface excess is:
= J (Ci,s(x) —¢;)dx, (71)
d, s

Wherel'i’ is the surface excess in mof of aqueous specié®n surfacss, X4 s is the location of the outer
Helmholtz planeg; ((x) is concentration as a function of distance from the surface in ﬁ)@irrdc is the con-
centration in the bqu solution. The surface excess is related to concentration in the reference state of 1.0 kg of
water by

m.=A

i,s surfri,s'

(72)

wherem; ¢ is the surface excess of agueous speaesioles per kilogram water (mol/kgw). This surface-excess
concentration can be related to the concentration in the bulk solution by
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Mis = Gi,sM» (73)

whereg; . is a function of the potential at the surface and the concentrations and charges of all ions in the bulk
solution:

| e (K-
9is = Asurfs'gn(xd, s_l)a J Naq 1/2dx ! (74)
[xzz my (X" - 1)}
Ry, |
whereX = e "' Xq ¢ IS the value of at the outer Helmholtz plandg,is the surface area @n

S|gn(XOI s—1)is+1or-1depending on the sign of the term in parenthesetie aqueous species for which the
surface excess is being calculatgds the charge on aqueous speci¢sanges over all aqueous speciesis the

molality andz is the charge of aqueous spetjemnda = (ssoRT/Z)l/2 .Thevalue ofi at 26 is

0.02931 (L/mol}/2 C m2. The relation between the unknowf) (ised by Borkovec and Westall (1983) and the

master unknown used IPHREEQCIS ay_= X

The development of Borkovec and Westall (1983) calculates only the total excess concentration in the diffuse
layer of each aqueous species. A problem arises in batch-reaction and transport modeling when a solution is
removed from the surface, for example, in an advection simulation when the water in one cell advects into the next
cell. In this case, the total moles that remain with the surface need to be kneWwREHDG an arbitrary
assumption is made that the diffuse layer is a specified thickness and that all of the surface excess resides in th
diffuse layer. The total moles of an aqueous species in the diffuse layer are then the sum of the contributions from
the surface excess plus the bulk solution in the diffuse layer:

n n; n.

— - 1 [
r‘i,s - r‘i,s, excess+ r'i,s, aq ~ Wbulkgi,swaq-"w W Dgl sn WSWaq, (75)
wherenI s, aq refers to the moles of aqueous spencihat are present in the diffuse layer due to the contribution
from the bulk solutionn, ¢ ., ..ss refersto the surface exc&ygq is the mass of water in the system excluding
the diffuse layerW, is the mass of water in the diffuse layer of susfdices assumed that the amount of water
in the aqueous phase is much greater than in the diffuse layers, sunrbmgﬂ]waq , (In version 1,

S

Whuik = Waqt ZWS). The mass of water in the diffuse layer is calculated from the thickness of the diffuse
S

layer and the surface area, assuming 1 L contains 1 kg water:
W, = tA (76)

S surf’

wheret, is the thickness of the diffuse layer in meters. If the moles of surface sites are related to the moles of
pure phase or kinetic reactant, they), ; = AN, , othervhigg, ¢ is constant and calculated from the specific
area and the mass of the surface that are specified on input. According to electrostatic theory, the thickness of th
diffuse layer should be greater at low ionic strength and smaller at high ionic strength. The default value used in
PHREEQCfor the thickness of the diffuse layer is 15818, which is approximately the thickness calculated by
Debye theory for an ionic strength of 0.001 molal. For ionic strength 0.00001, the Debye length of the diffuse
layer is calculated to be 1xTm. The assumption that the amount of water in the diffuse layer is small will be
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invalid if the surface area is sufficiently large; for a thickness of 1% a surface area of 1000%mesults in a dif-
fuse-layer volume of 0.1 L, which is a significant portion of 1 L of bulk solution.
The total derivative of the moles of an aqueous species in the diffuse layer is

W, [ dg £ W, tA,
l, SD RT
[g, <t W, Edn +nIax T2e EplnaqJ i dInW +n|W—dn (77)
aql] 0 aq
where the second term is the partial derivative with respect to the master unknown for the potential at the surface,

Inaq, , and the last term is present %ﬂy if the number of surface sites is related to the moles of a pure phase or

kmetlc reactant. The partial derlvatlv&—( , is equal to the integrand from equation 74 evalt)q;eg at
Z
agi s . (Xdl s_]‘)
X y = AgyrfSign(Xy, s—1)a Nag /2 (78)
.S 2 Z
d Xg, sy M(Xq s 1)}
|

and the partial derivative of the functigh,  with respect to the master unknown is

F¥si?

EFqJSEI 0 Z;
0% s 09 <5 . BRI O 5 GrTo O (Xd s—1)
dlnay,_~ oX EZ E —AsurSIgn(Xy s 1)0‘%(9 12 (79)
Xd Zm,(xOI S 1)}
In the numerical method, it is computationally expensive to calculate the fungiqns , S0 the same approach

as Borkovec and Westall (1983) is use@HREEQCtO reduce the number of function evaluations. A new level of
iterations is added when the diffuse layer is explicitly included in the calculations. The functions and their partial
derivatives are explicitly evaluated once at the beginning of each of these diffuse-layer iterations. During the model
iterations, which occur within the diffuse-layer iterations, the values of the functions are updated using the following
equation:

dg;
k+1 _ k+9

i,s gi,s dln dlnaw, (80)

wherek is the model |teration number agﬂs is the value that is evaluated explicitly at the beginning of the dif-
fuse-layer iteration. The model iterations end when the Newton-Raphson method has converged on a solution;
however, convergence is based on the values of the funq;igns that are estimates. Thus, diffuse-layer iterations
continue until the values of the functions are the same on successive diffuse-layer iterations within a specified tol-
erance.

When explicitly calculating the composition of the diffuse layer, the function involvingithef the
potential unknown (equation 69) is replaced with a charge-balance function that includes the surface charge and the
diffuse-layer charge:

zz (s |(s) zzlnl S’ (81)

K
where the functiorf , . is zero when charge balance is achieved. The total derivdtjve of is
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Ks Sk Naq
df, ¢ = %z Zi(sk>dni(sk) + Zzidni.S' (82)
|

I(s)

For data input teHREEQG explicit calculation of the diffuse layer is invoked using-th&use_layer
identifier in theSURFACE data block. Specific surface are®,( Ar ) and mass of sugace () are defined in
the SURFACE data block. The moles of surface sites are defined (SJURFACE if the number of sites is fixed,
or (2) by a proportionality factor in tHRURFACE data block and the moles of a phase in
EQUILIBRIUM_PHASES data block, or (3) by a proportionality factor in 8 dRFACE data block and the
moles of a kinetic reactant IRINETICS data block. The charge on a surface species is specified in the balanced
chemical reaction that defines the species iIrStHBFACE_SPECIESdata block (see “Description of Data
Input”).

Non-Electrostatic Surface Complexation

Davis and Kent (1990) describe a non-electrostatic surface-complexation model. In this model, the
electrostatic term is ignored in the mass-action expressions for surface complexes. In addition, no surface
charge-balance or surface charge-potential relation is used; only the mole-balance equation is included for eact
surface site type.

For data input teHREEQG the non-electrostatic model for a surface is invoked by usingiheedlidentifier
in the SURFACE data block (see “Description of Data Input”).

NUMERICAL METHOD FOR SPECIATION AND FORWARD MODELING

The formulation of any chemical equilibrium problem solvedbreeQcis derived from the set of
functions denoted inthe previous sections. These incfyde f, )‘g fu ,fHZO fu fo fp f

f
total p pss ! !
fo,f , f f andfq,s , where , anfly are the simply the mole-balance functions for hydrogen and

'z Nz s !
o;;gen andm irlefers to all aqueous master species excegt H,O and the alkalinity master species. The
corresponding set of master unknownknia, | Ina, Ny » Inae_ Ina,HZO Ina, InWaq Ngas Ny s (or
possiblylna,; in speciation calculations), In,aSk In,aH+ (or possiloig, in speciation calculations),
Inay, (explicit diffuse-layer calculationyy , arday, (implicit diffuse-layer calculation). When the residuals
of allsthe functions that are included for a given calséulation are equal to zero, a solution to the set of nonlinear
equations has been found, and the equilibrium values for the chemical system have been determined. (Note the
some equations that are initially included in a given calculation may be dropped if a pure phase or gas phase doe
not exist at equilibrium.) The solution technique assigns initial values to the master unknowns and then uses a
modification of the Newton-Raphson method iteratively to revise the values of the master unknowns until a

solution to the equations has been found within specified tolerances.

For a set of equations, = 0 ,in unknovxmjs the Newton-Raphson method involves iteratively revising
an initial set of values for the unknowns. Liet= f,  be the residuals of the equations for the current values of the
unknowns. The following set of equations is formulated:
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J ot

_ i
r = —Zﬁdxj , (83)

i
wherel s the total number of master unknowns for the calculation. The set of equations is linear and can be solved
simultaneously for the unknownd,xj . New values of the unknowns are calculé(tJééxj = kxj + dxj , Where

k refers to the iteration number, after which, new values of the residuals are calculated. The process is repeated
until the values of the residuals are less than a specified tolerance.

Two problems arise when using the Newton-Raphson method for chemical equilibria. The first is that the
initial values of the unknowns must be sufficiently close to the equilibrium values, or the method does not converge,
and the second is that a singular matrix may arise if the chemical reactions for a set of phases are not linearly
independentPHREEQCUSeS an optimization technique developed by Barrodale and Roberts (1980) to avoid the
occurrence of singular matrices. The optimization technique also allows inequality constraints to be added to the
problem, which are useful for constraining the total amounts of phases and solid solutions that can react.

The selection of initial estimates for the master unknowns is described for each type of modeling in the
following sections. Regardless of the strategy for assigning the initial estimates, the estimates for the activities of
the master species for elements or element valence states are revised, if necessary, before the Newton-Raphson
iterations to produce approximate mole balance. The procedure for aqueous master species is as follows. After the
initial estimates have been made, the distribution of species is calculated for each element (except hydrogen and
oxygen) and, in initial solution calculations only, for the individual valence states which were defined. Subsequently,
the ratio of the calculated moles to the input moles is calculated. If the ratio for a master species  is greater than
1.5 or less than 19) the following equation is used to revise the value of the master unknown:

Nag
0
Ezbm',inim
k+1 _ Kk i U
Ina,; = = Ina, + winG——, (84)
O Tw O
0 [l
0 0

wherew is 1.0 if the ratio is greater than 1.5 and 0.3 if the ratio is less thanatol T, s the total concentration

of an element or element valence state. Analogous equations are used for exchange and surface master species.
After revisions to the initial estimates, the distribution of species is calculated. The iterations continue until the
ratios are within the specified ranges, at which point the modified Newton-Raphson technique is used. If the suc-
cessive revisions fail to find activities such that the ratios are within the specified bounds, then a second set of iter-
ations tries to reduce the ratios below 1.5 with no lower limit to these ratios. Whether or not the second set of
iterations succeeds, the Newton-Raphson technique is then used.

The optimization technique of Barrodale and Roberts (1980) is a modification of the simplex linear
programming algorithm that minimizes the sum of absolute values of residuals (L1 optimization) on a set of linear
eguations subject to equality and inequality constraints. The general problem can be posed with the following matrix
equations:

AX = B
CX=D (85)
EX<F .
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lg J
The first matrix equation is minimized in the sense t@ bi -y g j xJ. is a minimum, V\M'Eere is the number

i ]
of equations to be optimized, subject to the equality constraints of the second matrix equation and the inequality
constraints of the third matrix equation.

The approach afHREEQJs to include some of the Newton-Raphson equations in the optimization equations
(AX = B), rather than include all of the Newton-Raphson equations as equalitls{ D ). Equations that are
included in theA matrix may not be solved for exact equality at a given iteration, but will be optimized in the sense
given above. Thus, at a given iteration, an approximate mathematical solution to the set of Newton-Raphson
eqguations can be found even if no exact equality solution exists, for example when forcing equality for all equations
would result in an unsolvable singular matrix. The equations for alkalinity, total moles of gas in the gas phase, pure
phases, and solid-solution components are included i thatrix. All mole-balance, charge-balance, and
surface-potential equations are included inBhmatrix. Inequalities that limit the dissolution of pure phases,
solid-solution components, and gas components to the amounts present in the system are inclu@aatrike

In an attempt to avoid some numerical problems related to small numberdBmtatix, a row of the matrix
that represents a mole-balance equation is scaled if all coefficients (a colarand®) of the corresponding
unknown (change in the log activity of the element master species) are less than 1e-10. In this case, the equatit
is scaled by 1e-10 divided by the absolute value of the largest coefficient. Alternatively, when specified,
(-diagonal_scalen KNOBS), a mole-balance equation is scaled by 1e-10 divided by the coefficient of the
corresponding unknown if the coefficient of the unknown in the mole-balance equation is less than 1e-10.

The scaled matrix is solved by the optimizing solver, and the solution that is returned is a vector of changes
to the values of the master unknowns. The values of the changes are checked to ensure that the changes to the
unknowns are less than criteria that limit the maximum allowable size of changes. These criteria are specified b
defaultin the program or by input in tieNOBS data block. If any of the changes are too large, then all the changes
to the unknowns, except the mole transfers of pure phases and solid-solution components, are decreased
proportionately to satisfy all of the criteria. Pure-phase and solid-solution mole transfers are not altered except to
produce nonnegative values for the total moles of the pure phases and solid-solution components. After suitable
changes to the unknowns have been calculated, the master unknowns are updated; new molalities and activities
all the aqueous, exchange, and surface species are calculated, and residuals for all of the functions are calculate
The residuals are tested for convergence (convergence criteria are defined internally in the program, but can be
switched to an alternate set with tigenvergence_tolerancén KNOBS or -high_precisionoption in
SELECTED_OUTPUT data blocks), and a new iteration is begun if convergence has not been attained.

Aqueous Speciation Calculations

Aqueous speciation calculations use a chemical composition for a solution as input and calculate the
distribution of aqueous species and saturation indices for phases. Aqueous speciation calculations include the
equationsf . f HO and“ , Which are equations for mole balance for elements or element valence states,
activity of water, and ionic strength. Mole-balance equations for hydrogen and oxygen are not included, becaus
the total masses of hydrogen and oxygen generally are not known. Instead, the mass of water is assumed to be 1
kg or is specified-vater in theSOLUTION or SOLUTION_SPREAD data block) and the total masses of
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hydrogen and oxygen are calculated in the speciation calculation from the mass of water and the concentrations of
all hydrogen and oxygen containing aqueous species.

If pH, pe, or the master unknown for an element or element valence state is specified to be adjusted to obtain
charge balance for the solutioh, isincluded to calculate the value of the master unknann (Irae_ ,Inaorin )
that produces charge balance. In this case, the calculated pH, pe, or total concentmation of  will differ from the
input value. Iff, is included for the master unknowr,p , the equdtjgn is excluded.

If pH, pe, or the master unknown for an element or element valence state is specified to be adjusted to obtain
a specified saturation index for a pure phet%e, is included to calculate the value of the master unda(ﬂown (In :
In a_,or Ina,, ) that produces the target saturation index. In this case, the calculated pH, pe, or total concentration
of m'" will differ from the input value. Iff D is included for the master unknowln , the equafign is excluded.

If total alkalinity is specified in the input, the mole-balance equation for alkalir]&q)é, , is included to
calculatelna,,, and the total molality of the element associated with alkalinity (carbon in the default database). If
the problem definition contains a mole-balance equation for both carbon [or carbon(+4)] and alkalinity, then the two
master unknowns associated with these equationsarg, = InaCO_2 (for the default database fllnal'and
In this case, the pH will be calculated in the speciation calculation and will not be equal to the input pH.

For speciation calculations, if the alkalinity mole-balance equation is included in the problem formulation, it
is included as the only optimization equation for the solver. All other equations are included as equality constraints.
No inequality constraints are included for speciation calculations.

Partial redox disequilibrium is allowed in initial solution calculations, and redox options B@&JTION
or SOLUTION_SPREAD data block affect the aqueous speciation and saturation index calculations. By default,
whenever a value of the activity of the electron is needed to calculate the molality or activity of an aqueous species,
the input pe is used. If a default redox couple is givext¢x) or a redox couple is specified for an element (or
combination of element valence states) 8&UTION keyword in “Description of Data Input”), then the
mass-action expression for each aqueous species of the redox element is rewritten to remove the activity of the
electron from the expression and replace it with the activities of the redox couple. For example, if iron (Fe) is to be
distributed using the sulfate-sulfide redox couple [S(+6)/S(-2)], then the original chemical reactiori:for Fe

Fe'? = Fe™+e (86)

would be rewritten using the association reaction for sulfide,
-2 + - =
SO, +9H +8e = HS +4H,0, (87)

to produce the following chemical reaction that does not include electrons:

1.2 9, + +3 1 1
2, + = + +
Fe' 8804 8H Fe 8HS 2HZO (88)

The mass-action expression for this final reaction would be used as the mass-action expression for the species
Fe+3, and the differential for the change in the moIeEe?g dn[: 3 , would also be based on this mass-action
expression. However, the original mass-action expression (baseed on equation 86) is used to determine the
mole-balance equations in which the teane+3 appears, that is, the S;E&Eisés would appear in the mole-bal-
ance equation for iron, but not in the mole-balance equations for S(+6) or S(-2). The effect of these manipulations

is that ferrous iron, ferric iron, sulfate, and sulfide are in redox equilibrium. Another set of redox elements (for
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example oxygen and nitrogen) may also be defined to be in equilibrium among themselves, but not necessarily ir
redox equilibrium with iron and sulfur.

By default, if a saturation-index calculation requires a value for pe (or activity of the electron), then the input
pe is used. If a default redox couple has been defiredbk), then the dissolution reaction for the phase is
rewritten as above to eliminate the activity of the electron and replace it with the activities of the redox couple.

The set of master unknowns may change for redox elements during a calculation. The process, which is
termed “basis switching”, occurs if the activity of the master species which is the master unknown for a
mole-balance equation becomes ten orders of magnitude smaller than the activity of another master species
included in the same mole-balance equation. In this case, all of the mass-action expressions involving the curren
master unknown (including aqueous, exchange, gas, and surface species, and pure phases) are rewritten in ter
of the new master species that has the larger activity. An example of this processiis, if nitrogen is present in a systen
that becomes reducing, the master unknown for nitrogen would switch from nitrate, which would be present in
negligible amounts under reducing conditions, to ammonium, which would be the dominant species. Basis
switching does not affect the ultimate equilibrium distribution of species, but it does speed calculations and avoid
numerical problems in dealing with small concentrations.

Initial values for the master unknowns are estimated and then revised according to the strategy described ir
the previous section. For initial solution calculations, the input values for pH and pe are used as initial estimates
The mass of water is 1.0 kg unless otherwise specified, and the activity of water is estimated to be 1.0. lonic
strength is estimated assuming the master species are the only species present and their concentrations are ec
to the input concentrations (converted to units of molality). The activity of the master species of elements (except
hydrogen and oxygen) and element valence states are set equal to the input concentration (converted to molality
If the charge-balance equation or a phase-equilibrium equation is used in place of the mole-balance equation fc
an element or element valence state, then the initial activity of the master species is set equal to one thousandth ¢
the input concentration (converted to molality).

For data input teHREEQCall options for a speciation calculation--use of an alkalinity equation,
charge-balance equation, phase-equilibrium equation, and redox couples--are defB@tiréON or
SOLUTION_SPREAD data block (see “Description of Data Input”).

Calculation of the Initial Composition of an Exchanger

An initial exchange-composition calculation is needed if the composition of an exchanger is not defined
explicitly, but rather, is indicated to be in equilibrium with a specified solution composition. In this case, the
composition of the exchanger is not known, only that it is in equilibrium with a solution. The equations for an initial
exchange-composition calculation drg f szo , dr&d , Which are equations for mole balance for each
exchanger, mole balance for each element or element valence state, activity of water, and ionic strength.

For initial exchange-composition calculations, the valu€eg, of include only the agueous concentrations
and the mole-balance equatiofis do not contain terms for the contribution of the exchangers to the total elemen
concentrations. All quantities related to the aqueous phase are the same as for the solution without the exchange
present. Essentially, only the values of the master unknowns of the exchange asséneplage, , are adjusted t
achieve mole balance for the exchanger. Once mole balance is achieved, the composition of each exchanger is
known.
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All equations for initial exchange-composition calculations are included as equality constraints in the solver.
No equations are optimized and no inequality constraints are included.

An initial exchange-composition calculation is performed only if the exchanger is defined to be in equilibrium
with a specified solution. The distribution of species for this solution has already been calculated, either by an initial
solution calculation or by a batch-reaction or transport calculation. Thus, the values of all master unknowns related
to the aqueous phase are known and are used as initial estimates for the exchange calculation. The initial estimate
of the master unknown for each exchanger is set equal to the moles of exchange sites for that exchanger.

For data input teHREEQG definition of the initial exchange-composition calculation is made with the
EXCHANGE data block (see “Description of Data Input”).

Calculation of the Initial Composition of a Surface

An initial surface-composition calculation is needed if the composition of a surface is not defined explicitly,
but is indicated to be in equilibrium with a specified solution composition. In this case, the composition of the
surface is not known, only that it is in equilibrium with a solution. The equations for the initial surface-composition
calculation ara‘Sk Iq,s 0|fzy s f szo ,anfju , Which are equations for mole-balance for each type of surface
site in the surface assemblage, the charge-potential relation or charge-balance for each surface (both of these
equations are excluded in the non-electrostatic model), mole balance for each element or element valence state,
activity of water, and ionic strength.

For initial surface-composition calculations, the value$ gf include only the aqueous concentrations and
the corresponding mole-balance equatidps do not contain terms for the contribution of the surfaces to the total
element concentrations. All quantities related to the aqueous phase are the same as for the solution without the
surface assemblage present.

For the explicit calculation of the diffuse layer, a charge-balance equation is used for each d’lé‘rfgce, ; the
values of the master unknowns for each surface type of the surface assembgge, and the potential unknowns
Inay, , are adjusted to achieve mole balance and charge balance for each surface. If the diffuse-layer composition
is notS explicitly included in the calculation, then the charge-potential equigjon is used in place of the surface
charge-balance equation. If the non-electrostatic model is used for the surfaice assemblage, then neither the surface
charge-balance nor the charge-potential equation is included in the set of equations to be solved.

All equations for initial surface-composition calculations are included as equality constraints in the solver. No
equations are optimized and no inequality constraints are included.

An initial surface-composition calculation is performed only if the initial surface is defined to be in
equilibrium with a specified solution. The distribution of species for this solution has already been calculated, either
by an initial solution calculation or by a batch-reaction or transport calculation. Thus, the values of all master
unknowns related to the aqueous phase are known and are used as starting estimates for the surface calculation. The
initial estimate of the activity of the master species for each surface is set equal to one tenth of the moles of surface
sites for that surface. For explicit and implicit diffuse-layer calculations, the initial estimate of the potential unknown
InaqJS is zero for each surface, which implies that the surface charge is zero.

For data input teHREEQG definition of the initial surface-composition calculation is made with the
SURFACE data block (see “Description of Data Input”).
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Calculation of the Initial Composition of Fixed-Volume Gas Phase

An initial gas-phase-composition calculation is needed if the composition of a gas phase is not defined
explicitly, but rather, the composition of a fixed-volume gas phase is defined to be that which is in equilibrium with
a specified solution composition. The equations for the initial gas-phase-composition calculation are the same ¢
an initial solution calculation and ark, fHZO : arhg , which are equations for mole balance for each element
or element valence state, activity of water, and ionic strength.

For initial gas-phase-composition calculations, the valuds,pf include only the aqueous concentrations
and the corresponding mole-balance equatigps do not contain terms for the contribution of the gas component
to the total element concentrations. The values calculated for all quantities related to the aqueous phase are the
same as for the solution without the gas phase present. Once the distribution of species in the aqueous phase i
determined, the partial pressures of all components in the gas phase can be calculated. The partial pressures a
the specified fixed volume are used with the ideal gas law to calculate the moles of each component in the gas
phase.

All equations for initial gas-phase-composition calculations are included as equality constraints in the solver.
No equations are optimized and no inequality constraints are included.

An initial gas-phase-composition calculation is performed only if the gas phase is defined to have a constant
volume and is defined to be initially in equilibrium with a specified solution. The distribution of species for this
solution has already been calculated, either by an initial solution calculation or by a batch-reaction or transport
calculation. Thus, the values of all master unknowns related to the aqueous phase are known and are used as initi
estimates for the initial gas-phase-composition calculation.

For data input teHREEQG definition of the initial gas-phase-composition calculation is made with the
GAS_PHASE data block (see “Description of Data Input”).

Batch-Reaction and Transport Calculations

Batch-reaction and transport calculations require calculating equilibrium between the aqueous phase and an
equilibrium-phase assemblage, surface assemblage, exchanger assemblage, solid-solution assemblage, and g
phase that is defined to be present in a chemical system. Irreversible reactions that occur prior to equilibration
include mixing, specified stoichiometric reactions, kinetic reactions, and temperature change. The complete seto
Newton-Raphson equations that can be included in batch-reaction and transport calculationsfeontains ,
szo’ fr foo fptotal, fp, fpss’ fSk : fz,fz’s,fu ,andfws :

Equations for mole balance on hydrogén , activity of Wéftﬁgo , mole balance on oXygen , charge
balancef, , and ionic strengqu are always included and are associated with the master ulmiaéowns ,

In 4,0 Waq (mass of Water)LnaH+ ,and , which are always included as master unknowns.

Mole-balance equationk,;  are included for total concentrations of elements, not individual valence states
or combinations of individual valence states. A mole-balance equation for alkalinity can not be included,; it is used
only in initial solution calculations.

The equationf P is included if a fixed-pressure gas phase is specified and is present at equilibrium. The
equationsf , are included if an exchange assemblage is specified. The eqbszkations are included if a surface
assemblage is specified. In additi(frqJs is included for each surface for which an implicit diffuse-layer
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calculation is specified sz, s Isincluded for each surface for which an explicit diffuse-layer calculation is
specified. An equatiorf D is included for each pure phase that is present at equilibrium. An Ssation is
included for each component of each solid solution that is present at equilibrium.

It is not known at the beginning of the calculation whether a pure phase, solid solution, or fixed-pressure gas
phase will be present at equilibrium. Thus, at each iteration, the following logic is used to determine which of the
equations should be included in the equilibrium calculations. The equation for a phase is included if it has a positive
moles,nIO >0 , or if the saturation index is calculated to be greater than the target saturation index. If the equation
is not included in the matrix, then all coefficients for the unkndwg in the matrix are set to zero.

For an ideal solid solution, the equatioh& are included if the moles of any of the components are

*_IAP
greater than a small numbérx(lo_13 ) or if the SlEI,K—pSS , is greater than 1.0. For an ideal solid solution,
IAP

Pss Pss
Pss _

w - Xp,.+ SO the summation determines if the sum of the mole fractions is greater than 1.0. If the equations
Pss >

for a solid solution are not included in the matrix, then all coefficients for the unkno\ups in the matrix are set
to zero. -

For nonideal, binary solid solutions the following procedure to determine whether to include solid-solution
equations is developed from the equations of Glynn and Reardon (1990, equations 37 through 48). If the moles of

any of the solid-solution components are greater than a small nurfhio]a(D_(l3 ) then all the equations for the solid
solution are included. Otherwise, the aqueous activity fractions of the components are calculated from
IAP; IAP,

and X2 aq = (89)

X S ——— e
Lad "~ AP, +1AP, IAP, + AP,

wherelAP is the ion activity product for the pure component. Next the mole fractions of the solids that would be in
equilibrium with those aqueous activity fractions are determined by solving the following equatigariolix,

(=1xq):

_ 1
XA K + XA K, =

Xl, aq X2, aq
)\1K1 )‘2K2

(90)

wherex; andx, are the mole fractions in the solid phakg,andK, are the equilibrium constants for the pure com-
ponentsA; and, are the activity coefficients of the components as calculated from the Guggenheim parameters
for the excess free energy. This equation is highly nonlinear and is solved by first testing subintervals between 0
and 1 to find one that contains the mole fraction of component 1 that satisfies the equation and then interval halving
to refine the estimate of the mole fraction. Once the mole fractions of the solid have been determined, two values of
the “total activity product” g M ) are calculated as follows:

S Mag = IAP, +1AP, (91)
andZI‘ISoliol = XA Kp + XA K, (92)

If Z Meolig < z Mag then the equations for the solid solution are included, otherwise, the equations are not

included. If the equations for a solid solution are not included in the matrix, all coefficients for the unkdayns
in the matrix are set to zero.
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At each iteration, the equation for the sum of partial pressures of gas components in the gas phase is include
for a fixed-pressure gas phase if the moles in the gas phase are greater than a small Ruenber ( ), or if the
sum of the partial pressures of the gas-phase components, as calculated from the activities of aqueous species
greater than the total pressure. If the equation for the sum of the partial pressures of gas components in the ga:s
phase is not included in the matrix, then all coefficients of the unkch&n are set to zero.

Equationsf P f D and b, are included as optimization equations in the solver. All other equations are

included as equality constraints in the solver. In addition, several inequality constraints are included in the solver:

, IS constrained to

(1) the value of the residual of an optimization equaﬁBn , Which is eqbgl-toz ay X
]

be nonnegative, which maintains an estimate of saturation or undersaturation for the mineral; (2) the value of th

residual of an optimization equaticfrb , Which is equabgo— Zap iX , is constrained to be nonnegative,
]

which maintains an estimate of saturation or undersaturation for the component of the solid solution; (3) the resid-
ual of the optimization equation fdrPlotal is constrained to be nonnegative, which maintains a nonnegative esti-
mate of the total gas pressure; (4) the decrease in the mass of a purecmbase, , IS constrained to be less than
equal to the total moles of the phase presagt, ; (5) the decrease in the mass of a component of a solid solutior
d Moo is constrained to be less than or equal to the total moles of the component pn%sent, ; and (6) the decreas

in the moles in the gas phax;isNgaS , is constrained to be less than the moles in the g&%ggase,

Initial values for the master unknowns for the aqueous phase are taken from the previous distribution of
species for the solution. If mixing of two or more solutions is involved, the initial values are the sums of the values
in the solutions, weighted by their mixing factor. If exchangers or surfaces have previously been equilibrated with
a solution, initial values are taken from the previous equilibration. If they have not been equilibrated with a
solution, the estimates of the master unknowns are the same as those used for initial exchange-composition an
initial surface-composition calculations. Initial values for the moles of each phase in the pure-phase assemblage
each component in the solid solutions in the solid-solution assemblage, and each gas component in the gas pha:
are set equal to the input values or the values from the last simulation in which they were saved.

For data input teHREEQG definition of batch-reaction and transport calculations rely on many of the data
blocks. Initial conditions are defined wiBOLUTION or SOLUTION_SPREAD, EXCHANGE , SURFACE,
GAS_PHASE EQUILIBRIUM_PHASES , SOLID_SOLUTIONS, andUSE data blocks. Batch reactions are
defined by initial conditions and witflIX , KINETICS , REACTION , REACTION_TEMPERATURE , and
USE data blocks. Transport calculations are specified withBMECTION or theTRANSPORT data block
(see “Description of Data Input”).

NUMERICAL METHOD AND RATE EXPRESSIONS FOR CHEMICAL KINETICS

A major deficiency with geochemical equilibrium models is that minerals, organic substances, and other
reactants often do not react to equilibrium in the time frame of an experiment or a model period. A kinetically
controlled reaction of a solid or a nonequilibrium solute generates concentration changes of aqueous species
according to the rate equation:
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dm
dt
wherec; is the stoichiometric coefficient of specian the kinetic reaction, arfg is the overall reaction rate for
substancé& (mol/kgw/s). In general, reaction rates vary with reaction progress, which leads to a set of ordinary dif-
ferential equations that must be solved.

Kinetic rates have been published for numerous reactions, and for various conditions of temperature, pressure,
and solution composition. However, different researchers applied different rate expressions to fit observed rates, and
it is difficult to select rate expressions (which commonly have been hard coded into programs) that have sufficient
generality. The problem is circumventediRREEQCWith an embedded BASIC interpreter that allows definition of
rate expressions for kinetic reactions in the input file in a general way, obviating the need for hard-coded rate
expressions in the program.

Numerical Method

The rate must be integrated over a time interval, which involves calculating the changes in solution
concentrations while accounting for effects on the reaction rate. Many geochemical kinetic reactions result in “stiff”
sets of equations in which some rates (the time derivatives of concentration change) are changing rapidly while
others are changing slowly as the reactions unfold in #meEEQCSOIves such systems by a Runge-Kutta (RK)
algorithm, which integrates the rates over time. An RK scheme by Fehlberg (1969) is used, with up to 6 intermediate
evaluations of the derivatives. The scheme includes an RK method of lower order to derive an error estimate. The
error estimate is compared with a user-defined error tolerance to automatically decrease or increase the integration
time interval to maintain the errors within the given tolerance. Furthermore, if the rates in the first three RK
evaluations differ by less than the tolerance, the final rate is calculated directly and checked once more against the
required tolerance. The user can specify the number of intermediate RK subintervals which are evaluated before
final integration of the interval is attempted (see “Description of Data Input”). The coefficients in the scheme are
from Cash and Karp (1990).

Rate Expressions

The overall rate for a kinetic reaction of minerals and other solids is:

Ay Om, '
Rk = I’k N7 B_D y (94)

V Ny
wherer, is the specific rate (molAts), A, is the initial surface area of the solid?jnV is the amount of solution
(kgw), my, is the initial moles of solidn, is the moles of solid at a given time, ang/fny,)" is a factor to account
for changes if\y/V during dissolution and also for selective dissolution and aging of the solid. For uniformly dis-
solving spheres and cubes 2/3. All calculations irPHREEQcare in moles, and the factég/V must be provided
by the user to obtain the appropriate scaling.

The specific rate expressiomg, , for a selection of substances have been included in the database under
keywordRATES. These specific rates have various forms, largely depending on the completeness of the
experimental information. When information is lacking, a simple rate that is often applied is
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wherek, is an empirical constant attlP/K, is the saturation rati®@. This rate equation can be derived from
transition-state theory, where the coefficient s related to the stoichiometry of the reaction when an activated
complex is formed (Aagaard and Helgeson, 1982; Delany and others, 1986). @fteri, . An advantage of this
expression is that the rate equation applies for both supersaturation and undersaturation, and the rate is zero a
equilibrium. The rate is constant over a large domain whenever the geochemical reaction is far from equilibrium
(IAP/K < 0.1), and the rate approaches zero WASYK approaches 1.0 (equilibrium).

The rate expression may also be based on the saturation 8idextfie following form:

_ dAPD
e = kkclogDKk 0 (96)

This rate expression has been applied with some success to dissolution of dolomite (Appelo and others, 1984).
Rate expressions often contain concentration-dependent terms. One example is the Monod equation:

r = rmaxEKmi 0 (97)
wherer o«is the maximal rate, artd,, is equal to the concentration where the rate is half of the maximal rate.
The Monod rate equation is commonly used for simulating the sequential steps in the oxidation of organic matter
(Van Cappellen and Wang, 1996). A series of rate expressions can be developed in line with the energy yield of
the oxidant; firsO, is consumed, theno, , and successively other, more slowly operating oxidants such as
Fe(lll) oxides anolso;2 . The coefficients in the Monod equation can be derived from first-order rate equations for
the individual processes. For degradation of organic m&tjan (soils the first-order rate equation is

rrle —K;S¢c (98)
wheres; is organic carbon content (mol/kg soil), dqds the first-order decay constantsThe value okq is
approximately equal to 0.025 ¥iin a temperate climate with aerobic soils (Russell, 1973), whereas in sandy
aquifers in The Netherlands, wheve, is the oxidentse—4 -1 @oncentrations of up to|3 K, are

found in ground water even outside the redox-domain of organic degradatindmyd 3p MO, may be taken

as the concentration where the (concentration dependent) rate for aerobic degradation equals the reaction rate f
denitrification. First-order decax{= 0.025 yr for 0.3 MM O, andk; = 5e-4 yi Lfor3 M O,) is obtained with

the coefficients, 5= 1.57e-9 g andK,,= 294 u M in the Monod equation, and oxygen as the limiting solute. A
similar estimate for denitrification is based oy 5e-4 yf! for NO; =3 mM andk; = 1e-5 yr! for NO; =3 u M,

which yieldsr 4= 1.67e-11 d andK,,=155pu M. The combined overall Monod expression for degradation of
organic carbon in a fresh-water aquifer is then:

=11
OSc O 5 1.57x 10° mg, 167107 m g
Re = 6sc 0—=0 [ + 0 (99)
4
GbJ1E294x10 +mg  1.55x 107 +m O

3

where the factor 6 derives from recalculating the concentratignfodm mol/kg soil to mol/kg pore water.
A further aspect of organic matter decomposition is that a part appears to be refractory and particularly
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resistant to degradation. Some models have been proposed to account for the tendency of part of the sedimentary

organic carbon to survive; tentatively, a faqgglgg may be assumed, which makes the overall rate second order.
C

This factor implies that a decrease to 1/10 of tohe original concentration results in a decrease of 1/100 in the rate of
further breakdown. It must be noted that this simple factor is used to approximate a very complicated process and a
more thorough treatment of the process is needed, but is also possible given the flexibility of definingrtaies in
EQC.

Still other rate expressions are based on detailed measurements in solutions with varying concentrations of the
agueous species that influence the rate. For example, Williamson and Rimstidt (1994) give a rate expression for
oxidation of pyrite:

_ 41019 05 -0.11
F oyrite = 10 Mo, M+ (100)

which shows a square root dependence on the molality of oxygen, and a small increase of the rate with increase in
pH. This rate is applicable for the dissolution reaction only, and only when the solution contains oxygen. It is prob-
ably inadequate when the solution approaches equilibrium or when oxygen is depleted.

An example of a more complete rate expression which applies for both dissolution and precipitation is the rate
equation for calcite. Plummer and others (1978) have found that the rate can be described by the equation:

k[H™] +k,[CO,] +ky[H,0] —k,[Ca”][HCO}], (101)

M'calcite =
where bracketed chemical symbols indicate activity, and the coeffikigkisandk; have been determined as a

function of temperature by Plummer and others (1978) from calcite dissolution experimentsdha@ged solu-

tions. The rate contains a forward paufirst three terms of equation 101), and a backwardrg@ast term of

equation 101), and thus is applicable for both dissolution and precipitation. The backward rate contains a coeffi-
cientk,, the value of which depends on the solution composition. In a pure water-calcite system, bicarbonate con-
centration is approximately equal to twice the calcium concentration and the backward rate can be approximated as

r, = k,[Ca "][HCO}] :k42[Ca2+]2. (102)

At equilibrium, [Ca2+] is the activity at saturaticilﬁ:a2+]s . Alsgycite= 0, and therefore,

r
_ f
2k, = [Ca2+]2. (103)
S

Combining equations 101, 102, and 103 gives:

_ Jjca”]
Fcalcite = rf|:1_ 2e2g | (104)
qCa ]s
In a pure Ca-C@system at constant GQressure, the ion activity product (IAP) is:
2+ -2 3 2+.3
[Ca” ]I[HCO;]  [ca®™ [Ca™"]s
IAI:)calcite = P =4 P andKCaIcite =4 P : (105)
CO, CO, CO,

Thus, for a calcite-water system, the rate for calcite can be approximated as:
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2
<r |1- AP O (106)

calcite

M'calcite
wherer; contains the first three terms given in equation 101.
EQUATIONS AND NUMERICAL METHOD FOR TRANSPORT MODELING

PHREEQChas the capability to model several one-dimensional transport processes including: (1) diffusion,
(2) advection, (3) advection and dispersion, and (4) advection and dispersion with diffusion into stagnant zones,
which is referred to as dual porosity. All of these processes can be combined with equilibrium and kinetic chemical
reactions.

The Advection-Reaction-Dispersion Equation

Conservation of mass for a chemical that is transported (fig. 1) yields the advection-reaction-dispersion
(ARD) equation:

2
aC dC . . 8 C aq

L
ax> Ot

at ~ " Vox
whereC is concentration in water (mol/kgwlis time (s),v is pore water flow velocity (m/s¥ is distance (m)D,
is the hydrodynamic dispersion coefficienffsnD, = D+ a, v, withD, the effective diffusion coefficient,

anda the dispersivity (m)], arglis concentrzation in the solid phase (expressed as mol/kgw in the pores). The

term —v%: represents advective transpﬁTE,a—cz: represents dispersive transp%g, and is the change in con
0x

centration in the solid phase due to reactiaps(the same units &3). The usual assumption is thaandD, are

equal for all solute species, so tkatan be the total dissolved concentration for an element, including all redox

species.

oc g
/_at ' ot
2
O
oC : / —DL%+6_€’de
ok 2 ' — >
T T N
L © oC .
|
vC _-_->/'__'__'_Z > v5b+&dxm
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Figure 1.-- Terms in the advection-reaction-dispersion equation.
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The transport part of equation 107 is solved with an explicit finite difference scheme that is forward in time,
central in space for dispersion, and upwind for advective transport. The chemical interactidg/térm for each
element is calculated separately from the transport part for each time step and is the sum of all equilibrium and
non-equilibrium reaction rates. The numerical approach follows the basic components of the ARD equation in a
split-operator scheme (Press and others, 1992; Yanenko, 1971). With each time step, first advective transport is
calculated, then all equilibrium and kinetically controlled chemical reactions, thereafter dispersive transport, which
is followed again by calculation of all equilibrium and kinetically controlled chemical reactions. The scheme differs
from the majority of other hydrogeochemical transport models (Yeh and Tripathi, 1989) in that kinetic and
equilibrium chemical reactions are calculated both after the advection step and after the dispersion step. This reduces
numerical dispersion and the need to iterate between chemistry and transport.

A major advantage of the split-operator scheme is that numerical accuracy and stability can be obtained by
adjusting time step to grid size for the individual parts of the equation. Numerical dispersion is minimized by always
having the following relationship between time and distance discretization:

(At) 5 = A—VX, (108)

where(At) , is the time step for advective transport, Axd is the cell length. Numerical instabilities (oscillations)
in the calculation of diffusion/dispersion are eliminated with the constraint:

(&%)

3D, (109)

(At <

where(At), is the time step (s) for dispersive/diffusive transport calculations. The two conditions of equation 108
and 109 are the Courant condition for advective transport and the Von Neumann criterion for dispersive transport
calculations, respectively (for example, Press and others, 1992). Numerical dispersion is in many cases negligible
whenAx<a, , because physical dispersive transport is then equally or more important than advective transport.
When a fine grid is used to reduce numerical dispersion, the time step for dispersive transport calculations (equa-
tion 109) may become smaller than the time step for advective calculations (equation 108), because the first has
guadratic dependence on grid size. The conflict is solved by multiple dispersion time steps such that
Z(At)D = (At) 5, and calculating chemical reactions after each of the dispersion time steps. For mrig-to
EQC, atime step must be defined which equals the advection timgAtgR , or, if diffusion is modeled, equals the
diffusion period. Furthermore, the numbeisbiftsmust be defined, which is the number of advection time steps
(or diffusion periods) to be calculated.

Dispersive transport in a central difference scheme is essentially mixing of cells. A mixingrfex€ier
defined as

D, (At) 5
n(ax)*
wheren is a positive integer. The restriction is that never more is mixed out of a cell than stays behind st is,

must be less than 1/3 as follows from equation 109. When, according to equation 116 Wjthixfis greater
than 1/3, the value afis increased such thatixf is less than or equal to 1/3. The dispersion time step is then

mixf = (110)

(At)p :
(At)p = — andn mixes are performed.
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The numerical scheme has been checked by comparison with analytical solutions for simple cases with lineal
exchange. Linear exchange results when the exchange coefficient for the exchange half-reaction is equal for tw
homovalent cations. It gives a linear retardaffon 1 + CEC / G whereCEC s the cation exchange capacity,
expressed in mol/kgw. In the following example, a 130 m flow tube contains water with an initial concentration
C(x,0) =C, = 0. The displacing solution has concentrati®r C, = 1 mmol/kgw, and the pore-water flow velocity
isv =15 m/year. The dispersivity is, = 5 m, and the effective diffusion coefficieBtis 0 n¥/s. The profile
is given after 4 years for two chemicals, one Wth 1 (CI) and the other witR = 2.5 (N&).

Two boundary conditions can be considered for this problem. One entails a flux or third type boundary
condition atx = 0:

D 0C(Xepg t)

—~
This boundary condition is appropriate for laboratory columns with inlet tubing much smaller than the column
cross section. The solution for the ARD equation is then (Lindstrom and others, 1967):

C(0,t) = Cy+ (111)

1
C(xt) =C;+ E(CO—Ci) A, (112)
where, withD| = a, v :
Ox— O _ 2 O D
A= erfch X—Vv/ R O+ X exp (x-v/R"| 1 vt/ Rgexp %e Hea Xt WR X+ Vt/R . (113)
4a vt/RO NTOL 4o V/R | 2 0(|_ 4a v/ R]
Figure 2 shows the comparison for three simulations with different grid spagiangs, =15,5, and 1.67 m,

which correspond witl{At) , =1, 1/3, and 1/9 years, respectively. Fon@Ich hask = 1, the fronts of the three
simulations are indistinguishable and in excellent agreement with the analytical solution. For the retardéd ion Na
which haskR= 2.5, the average location of the breakthrough curve for all grid spacings is correct and is in agreement
with the analytical solution. However, the simulations with coarser grids show a more spread-out breakthrough that
is due to numerical dispersion. The finest grid gives the closest agreement with the analytical solution, but requires
the most computer time.

Computer time is primarily dependent on the number of calls to the geochemical subrouwthrEEalc
and in the absence of kinetic reactions, the number of calls is proportional to (number af(nelsper of
advection steps) (1 + number of dispersion steps). In this example,= D +a, v = @ 45nt/yr. Thus,
by equation 110mixf=1/3, 1, and 3, respectively for the progressively smaller cell sizes. For the 15-meter cell-size
(mixf = 1/3), one dispersion step is taken for each advection step; for the 5-meter calbdizel], three
dispersion steps are taken for each advection step; and for the 1.67-meter calisize3)), nine dispersion steps
are taken for each advection step. Figure 2 shows profiles the advective fron€&&J3 0.5) after 4 years of
travel, when it has arrived at 60 m; for the 15-meter cell size, this requires 4 advection steps. The flowtube consists
of 9 cells for which geochemical calculations are done for each step; therefore, the number of the reaction
calculations is % 4x (1 + 1) = 72. Larger numbers of cells and advection steps apply for the smaller grids. The
number of calls to the reaction calculations for the other two caseski42% (1 + 3) = 1,296; and 8% 36x (1 +
9) = 29,160.

The examples given here have linear retardation to enable comparison with analytical solutions. However,
linear retardation is subject to large numerical dispersion, and the examples are, in a sense, worst cases with respe
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Figure 2.-- Analytical solution for 1D transport with ion-exchange reactions and flux boundary
condition compared with PHREEQC calculations at various grid spacings.

to numerical dispersion. In many cases of geochemical interest, the chemical reactions help to counteract numerical
dispersion because the reactions tend to sharpen fronts, for example with precipitation/dissolution reactions and
displacement chromatography. In other cases, exchange with a less favored ion may give a real, chemical dispersion
that exceeds the effects of numerical dispersion.

Another boundary condition is the Dirichlet, or first-type, boundary condition, which involves a constant
concentratiorC(0t) atx = 0:

C(0,t) = C,. (114)
This boundary condition is valid for water infiltrating from a large reservoir in full contact with the underlying soil,

for example infiltration from a pond, or diffusion of seawater into underlying sediment. The solution for the ARD
equation is in this case (Lapidus and Amundson, 1952):

1
C(xt) =C+ Q(Co—ci) B, (115)
where,
Oyx— 0 O 0
B = erchMD+ expDL%srchMD. (116)
4o VU/RO RO 4o vt/ RO
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Figure 3 shows the results of three simulations with the same discretizations as the previous transport
example. Again, the conservative solute (@th R=1) is modeled accurately for all three grid sizes. The retarded
chemical (N&, R = 2.5) shows numerical dispersion for the coarser grids, but again, the average front locations
agree. With the constant concentration-boundary condition, the number of dispersion time steps is twice the
number for the flux case because of the specified condition @t Also the effect of the first-type boundary
condition is to increase diffusion over the contact surface of the column with the outer solution. The flux of
chemical over the boundary is correspondingly larger and the fronts have progressed a few meters further than ir
figure 2. More comparisons of analytical solutions are given in the discussion of example 11 (breakthrough at the
outlet of a column) and example 12 (diffusion from a constant source).

1.0 e ‘
U@X \ \
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Figure 3.-- Analytical solution for 1D transport with ion-exchange reactions and constant boundary
condition compared with PHREEQC calculations at various grid spacings.

Transport of Heat

Conservation of heat yields the transport equation for heat, or rather, for the change of temperature. The
equation is identical to the advection-reaction-dispersion equation for a chemical substance:

2
oT oT _ oT 0T
(0 Puk)gy + (1-8) Py = =(0 puky) Vs +K (117)
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whereT is the temperature ("CB s the porosity (a fraction of total volume, unitlgss), s the density’\kg/m

is the specific heat (kJ°tkg™), k is a term which entails both the dispersion by advective flow and the heat con-
ductivity of the aquifer (kJ°ém'1s'1), and subscripte ands indicate water and solid, respectively. The tempera-
tureT is assumed to be uniform over the volume of water and solid.

Dividing equation 117 b¥p, k, gives:

2
oT _ oT oT
R—I-a __Vﬁ-l-KL?’ (118)
(1-0) pks

whereR; = 1+ is the temperature retardation factor (unitless)kand is the thermal

K
0 Pukw 0 P, Ky
dispersion coefficient. The thermal dispersion coefficient contains a component for pure diffusion, and a compo-
nent for dispersion due to advectioq): = K+ B, v, similar to the hydrodynamic dispersion coefficient. The
analogy permits the use of the same numerical scheme for both mass and heat transport.

De Marsily (1986) suggests that the thermal dispersi@jty and the hydrodynamic dispensivity may be
equal, whereas the thermal diffusion coefficiegt is orders of magnitude larg&thEmus, dispersion due to
advection can be calculated in the same algorithm for both mass and heat, while thermal diffusion may require an
additional calculation when it exceeds hydrodynamic diffusion. When temperatures are different in the column, and
when the thermal diffusion coefficient is larger than the hydrodynamic diffusion coeffisiemgQcfirst
calculates, for one time step, the temperature distribution and the chemical reactions due to thermal diffusion in
excess of the hydrodynamic diffusion. SubsequertigeeQcCcalculates transport for the combination of heat and
mass due to hydrodynamic diffusion for the time step. The temperature retardation factor and the thermal diffusion
coefficient must be defined in the input file (identifiteermal_diffusion in keywordTRANSPORT). Both
parameters may vary in time, but are uniform (and temperature independent) over the flow domain.

The similarity between thermal and hydrodynamic transport is an approximation which mainly falls short
because diffusion of mass is by orders of magnitude larger in water than in minerals, whereas diffusion of heat is
comparable in the two media although often anisotropic in minerals. The (small) difference in thermal diffusivity
leads to complicated heat transfer at phase boundaries which is not accounteBHaeBQC Also, PHREEQCdoes
not consider the convection that may develop in response to temperature gradients.

Transport in Dual Porosity Media

Water in structured soils and in solid rock has often a dual character with regard to flow: part of the water is
mobile and flows along the conduits (continuous joints, fractures, connected porosity), while another part remains
immobile or stagnant within the structural units. Exchange of water and solutes between the two parts may occur
through diffusion. Dual porosity media can be simulategHREEQCeither with the first-order exchange
approximation or with finite differences for diffusion in the stagnant zone.

First-Order Exchange Approximation

Diffusive exchange between mobile and immobile water can be formulated in terms of a mixing process
between mobile and stagnant cells. In the following derivation, one stagnant cell is associated with one mobile cell.
The first-order rate expression for diffusive exchange is
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dM, dc,,
—5 = BimRim—gp = @(Cm=Cim). (119)

where subscripin indicates mobile anin indicates immobilelM,,, are moles of chemical in the immobile zone,

0, is porosity of the stagnant (immobile) zone (a fraction of total volume, unitlBgsis retardation in the stag-

nant zone (unitlessy;,, is the concentration in stagnant water (mol/kgiig, time (s),C,, is the concentration in
mobile water (mol/kgw), and is the exchange fact'd1).(3'he retardation is equal B= 1 +dg/dC, which is
calculated implicitly bypHREEQCthrough the geochemical reactions. The retardation contains the atgnge
concentration of the chemical in the solid dualtahemical processes including exchange, surface complex-
ation, kinetic and mineral reactions; it may be non-linear with solute concentration and it may vary over time for
the same concentration.

im

The equation can be integrated with the following initial conditions:

Cm = Cimo andC,, = Cmo , at = 0, and by using the mole-balance condition:

_ Rimeim

Cm = Cmo_(Cim_Cimo) R_ 0
m~m
The integrated form of equation 119 is then:
Cim = Bme0+(1—Bf)Cimo, (120)
wheref3 = Rm—em f = 1—exp _at_ O 8., is the water filled porosity of the mobile part (a
"RO +R B P gg_Rr_07m porosity p
m IM~im im"im

fraction of total volume, unitless), afl, is the retardation in the mobile area.

A mixing factor,mixf,, can be defined that is a constant for a given time
mixf, = Bf. (121)
Whenmixf,, is entered in equation 120, the first-order exchange is shown to be a simple mixing process in which
fractions of two solutions mix:

Cim = mixfimCmO+(1—mixfim)Cim0. (122)

Similarly, an equivalent mixing factamixf,,, for the mobile zone concentrations is obtained with the mole-bal-
ance equation:

R 6.

Mixfy, = mixfi, =oat (123)
m~m

and the concentration &f, at timet is

Ch = (1—mixfm)Cmo+ mixfmCimo. (124)

The exchange factax  can be related to specific geometries of the stagnant zone (Van Genuchten, 1985). For
example, when the geometry is spherical, the relation is
D_6
a=—2=™m (125)
2
(afg_q)
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whereD, is the diffusion coefficient in the sphere #s), a is the radius of the sphere (m), afad, is a shape factor
for sphere-to-first-order-model conversion (unitless). Other geometries can likewise be transformed to a value for
a using other shape factors (Van Genuchten, 1985). These shape factors are given in table 1.

An analytical solution is known for a pulse input in a medium with first-order mass transfer between mobile
and stagnant water (Van Genuchten, 1985; Toride and others, 1993); example 13 defines a simulation that can be
compared with the analytical solution. A 2 m column is discretized in 20 cells of 0.1 m. The resident solution is 1
mM KNGOz in both the mobile and the stagnant zone. An exchange complex of 1 mM is defined, and exchange
coefficients are adapted to give linear retardaen2 for N&. A pulse that lasts for 5 shifts of 1 mM NacCl is
followed by 10 shifts of 1 mM KN@ The CI R = 1) and NaR = 2) profiles are calculated as a function of depth.

The transport variables aég, = 068, =@}~ 0.1/3600 = 2.778e-5 m/s; aogd =0.015m. The
stagnant zone consists of spheres with radius a = 0.01 m, diffusion coeffigier.e-10 ni/s, and a shape factor
f,.1=0.21. This gives an exchange factqr = 6.86l6la thePHREEQGINpUt file o | 0,,,ands,,, mustbe given;
Ry andRy, are calculated implicitly bpHREEQCthrough the geochemical reactions.

Figure 4 shows the comparisonFefREEQCwWith the analytical solution (obtained witixTFIT, version 2,
Toride and others, 1995). The agreement is excellent faiRGt 1), but the simulation shows numerical dispersion
for Na" (R = 2). When the grid is made finer so that is equal to or smalleathan (0.015 m), numerical
dispersion is much reduced. In the figure, the effect of a stagnant zone is to make the shape of the pulse
asymmetrical. The leading edge is steeper than the trailing edge, where a slow release of chemical from the stagnant
zone maintains higher concentrations for a longer period of time.

Finite Differences for the Stagnant Zone

As an alternative to first-order exchange of stagnant and mobile zones, a finite difference grid can be laid over
the stagnant region. Fick’s diffusion equatiofks= —D0IC %%l:d = —[F , transform to finite differences for
an arbitrarily shaped cgll

n

ci? = cll+paty %(ciﬂ—cgl)fbc, (126)

iz) 1)
WhereCtj1 is the concentration in cghit the current timeCE2 is the concentration in gelfter the time step)t
is the time step [s, equal té\¢  )n PHREEQQ, i is an adjacent celky; is shared surface area of cetind] (m2), hj
is the distance between midpoints of celésdj (m), V; is the volume of celj (m3), andfyis a factor for boundary
cells (-). The summation is for all cells (uprtpadjacent tg. WhenA;; andhy; are equal for all cells, a central dif-
ference algorithm is obtained that has second-order accumn)/z[. It is therefore advantageous to make the grid

regular.

The correction factdi,, depends on the ratio of the volume of the mobile 2dpgeto the volume of the
boundary cell which contacts the mobile zowg, When the two volumes are equgl, = 1. It can be shown that
fuc. - 2 Whenv,, » o (or if the concentration is constant in the mobile region, Appelo and Postma, 1993, p. 376).
Likewise,f,. = 0 whenV,, = 0. To a good approximation therefore,

\Y,

m

f. =2—m——. (227)
be Vm+Vbc
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0.6

¢ Na, 0.105 m cells
< Cl, 0.105 m cells
e Na, 0.015 mcells
o CI, 0.015 m cells
+ Na, 0.005 m cell
Cl, 0.005 m cell
— Na, analytical solution
————— Cl, analytical solution

MILLIMOLES PER KILOGRAM WATER

0.0 05 1.0 15 2.0
DISTANCE, IN METERS

Figure 4.-- Analytical solution for transport with stagnant zones, a pulse input, and ion-exchange
reactions compared with PHREEQC calculations at various grid spacings.

Equation 126 can be restated in terms of mixing factors for combinations of adjacent cells. For an adjacent
cell, the mixing factor contains the terms which multiply the concentration differ€pe€),

mixf; = %@ijjfbc (128)
and for the central cell, the mixing factor is
mixf;; = 1—DeAt§j T]iijji,bjc, (129)
which give in equation 126:

n
ci? = mixfy €'+ 3 mixf; Ci*. (130)

P # |
It is necessary that Omixf< 1 to prevent numerical oscillations. If amixfis outside the range, the grid of
mobile and stagnant cells must be adapted. Generally, this requires a reduéition of , which can be achieved b
increasing the number of mobile cells. An example calculation is given in example 13, where the stagnant zone
consists of spheres.
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Table 1.-- Shape factors for diffusive first-order exchange between cells with mobile and immobile water

Shape of Dimensions First-order
stagnant region x,y,2) 0or (2r, 2) equivalent fsﬂl Comments
Sphere a 0.210 2 = diameter
Plane sheet 2a, 0, 0.533 2 = thickness
Rectangular prism 2a, 2a, ® 0.312 rectangle
2a, 23, 16a 0.298
2a, 23, 8a 0.285
2a, 23, 6a 0.277
2a, 23, 4a 0.261
2a, 2a, 3a 0.246
2a, 2a, 2a 0.220 cube ax2ax2a
2a, 2a, 4a/3 0.187
2a, 23, a 0.162
2a, 2a, 2a/3 0.126
2a, 2a, 2al4 0.103
2a, 2a, 2a/6 0.0748
2a, 2a, 2a/8 0.0586
Solid cylinder 2a, © 0.302 2 = diameter
2a, 16a 0.289
23, 8a 0.277
23, 6a 0.270
2a, 4a 0.255
2a, 3a 0.241
2a, 2a 0.216
2a, 4a/3 0.185
23, a 0.161
2a, 2a/3 0.126
2a, 2al4 0.103
2a, 2a/6 0.0747
2a, 2a/8 0.0585
Pipe wall 2r;, 2rg, 2r; = pore diameter
(surrounds the & 4a 0.657 2, = outer diameter
mobile pore) a 10 0.838 of pipe (Enter wall
thickness, - rj=ain
2a, 20a 0.976 Equation 125).
2a, 40a 1.11
2a, 10 1.28
2a, 20(a 1.40
2a, 400 151
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For data input t®’HREEQG 1D transport including only advection is accomplished withARB/ECTION
data block. All other 1D transport calculations, including diffusion, advection and dispersion, and advection and
dispersion in a dual porosity medium, require TRANSPORT data block. Initial conditions of the transport
column are defined witBOLUTION (or SOLUTION_SPREAD), EQUILIBRIUM_PHASES , EXCHANGE,
GAS PHASE SOLID_SOLUTIONS, andSURFACE data blocks. Kinetic reactions are defined with
KINETICS data blocks. Infilling solutions are defined w8®@LUTION (or SOLUTION_SPREAD) data
blocks (see “Description of Data Input”).

EQUATIONS AND NUMERICAL METHOD FOR INVERSE MODELING

PHREEQChas capabilities for geochemical inverse modeling, which attempts to account for the chemical
changes that occur as a water evolves along a flow path (Plummer and Back, 1980; Parkhurst and others, 1982
Plummer and others, 1991, Plummer and others, 1994). In inverse modeling, one aqueous solution is assumed
mix with other aqueous solutions and to react with minerals and gases to produce the observed composition of
second aqueous solution. Inverse modeling calculates mixing fractions for the agueous solutions and mole transfel
of the gases and minerals that produce the composition of the second aqueous solution. The basic approach in
inverse modeling is to solve a set of linear equalities that account for the changes in the moles of each element b
the dissolution or precipitation of minerals (Garrels and Mackenzie, 1967, Parkhurst and others, 1982). Previou:
approaches have also included equations to account for mixing, conservation of electrons, which forces oxidative
reactions to balance reductive reactions, and isotope mole balance (Plummer and Back, 1980; Parkhurst and othel
1982; Plummer and others, 1983; Plummer, 1984; Plummer and others, 1990; Plummer and others, 1991; and
Plummer and others, 1994).

Equations and Inequality Constraints

PHREEQCexpands on previous approaches by the inclusion of a more complete set of mole-balance equations
and the addition of inequality constraints that allow for uncertainties in the analytical data. Mole-balance equations
are included for (1) each element or, for a redox-active element, each valence state of the element, (2) alkalinity
(3) electrons, which allows redox processes to be modeled, (4) water, which allows for evaporation and dilution
and accounts for water gained or lost from minerals, and (5) each isotope (Parkhurst, 1997). Also included are (6)
a charge-balance equation for each aqueous solution, and (7) an equation that relates uncertainty terms for pH,
alkalinity, and total dissolved inorganic carbon for each solution. Furthermore, inequalities are used (8) to constrain
the size of the uncertainty terms within specified limits, and (9) to constrain the sign of the mole transfer of
reactants.

The unknowns for this set of equations and inequalities are (1) the mixing fraction of each agueous solution
Oy (2) the mole transfers of minerals and gases into or out of the aqueous snbution , (3) the aqueous mole
transfers between valence states of each redox element  (the number of redox reactions for each redox eleme
is the number of valence states minus one), and (4) a set of uncertainty terms that account for uncertainties in th
analytical dataBm’ q - Unlike previous approaches to inverse modeling, uncertainties are assumed to be present il
the analytical data, as evidenced by the charge imbalances found in all water analyses. Thus, the uncertainty tern
5m’ q represent uncertainties due to analytical error and spatial or temporal variability in concentration of each
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element, element valence state, or alkalimityin each aqueous solutignThe uncertainty terms can be constrained
to be less than specified uncertainty limits, q which allows user-supplied estimates of uncertainty for each
element or element valence state to limit the deviation from the analyticaﬂ'ql@t& ( ) of revised element
concentrations'[(m, qt 6m, q ) that are calculated in mole-balance models.

Mole-Balance Equations

The mole-balance equations, including the uncertainty terms and redox reactions, for elements and valence
states are defined as

Q P R
chaq(Tm, qtOm g+ ZCm, pap+2cm, o, =0, (131)
q p r
whereQ indicates the number of aqueous solutions that are included in the calcarq{i%n, is the total moles of

element or element valence statén agueous solutioq, 6m’ q can be positive or negativem, D is the coefficient
of master speciawn in the dissolution reaction for phaséby convention, all chemical reactions for phases are
written as dissolution reactions; precipitation in mole-balance models is indicated by negative mole transfers,
ap< 0), P is the total number of reactive phase;ﬁ, ; is the stoichiometric coefficient of secondary master spe-
ciesmin redox reactiom, andR s the total number of aqueous redox reactions. The last aqueous solution, number
Q, is assumed to be formed from mixing the sl aqueous solutions, o, = 1 fo<Q ang =-1

For PHREEQG redox reactions are taken from the reactions for secondary master species defined in
SOLUTION_SPECIES input data blocks. Dissolution reactions for the phases are derived from chemical reactions

defined inPHASES andEXCHANGE_SPECIES input data blocks (see “Description of Data Input”).

Alkalinity-Balance Equation

The form of the mole-balance equation for alkalinity is identical to the form for other mole-balance equations:

Q P R
> ca%(Taik, g+ Baik @ + D Caik pop > Caik (% = 0, (132)
q p r

whereAlk refers to alkalinity. The difference between alkalinity and other mole-balance equations is contained in
the meaning OtAIk, . andAIk, b - What is the contribution to the alkalinity of an aqueous solution due to aqueous
redox reactions or the dissolution or precipitation of phases? The alkalinity contribution of a reaction is defined by
the sum of the alkalinities of the aqueous species in a redox or phase-dissolution rmretizHchefinescAlk, ;

and Calk, p @S follows:

Nag

Catkr = D Paik,iCi,r s (133)
i

and
Nag

Catk p = 2 Paik G, p- (134)
i
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whereb,,, i isthe number of equivalents of alkalinity per mole of spécigs, is the stoichiometric coefficient
of the speciesin the aqueous redox reactigrandc; D is the stoichiometric coefficient of the specieshe
dissolution reaction for phage

Electron-Balance Equation

The mole-balance equation for electrons assumes that no free electrons are present in any of the aqueou:
solutions. Electrons may enter or leave the system through the aqueous redox reactions or through the phase
dissolution reactions. However, the electron-balance equation requires that any electrons entering the system
through one reaction be removed from the system by another reaction:

R P
Zce_'rar+2ce_’ o0 = 0, (135)
r p
Wherec is the number of electrons released or consumed in aqueous redox nezan:td:m 0 is the number
of electrons released or consumed in the dissolution reaction forphase

Water-Balance Equation

The mole-balance equation for water is

R P
Wag q
EGFWH Oca +ZcHOrar+cho o%p = 0, (136)
p
whereGFW is the gram formula weight for water (approximately 0.018 kg/ . is the mass of
H,0 q

water in aqueous solutiam CH,0, r is the stoichiometric coefficient of water in aqueous redox reartbn
CH,0, p is the stoichiometric coefficient of water in the dissolution reaction for ghase

Charge-Balance Equation

The charge-balance equations for the aqueous solutions constrain the urikknown s to be such that, when th
0’s are added to the original data, charge balance is produced in each agueous solution. The charge-balance
equation for an aqueous solution is

ZZm mq= Tz q (137)

WhereTZ’ q is the charge imbalance in agueous solgtimaiculated by a speciation calculation a?qp is

defined to be the charge on the master species plus the alkalinity assigned to the master species,

Em =z,+ bAlk’ m- For alkalinity, EAlk is defined to be -1.0. The summation ranges over all elements or element
valence states and includes a term for alkalinity, just as charge balance is commonly calculated by summing ove
cationic and anionic elements plus a contribution from alkalinity. In the definitian of , the alkalinity of the
master species is added to the charge for that master species to remove the equivalents for the element or eleme
redox state that are already accounted for in the alkalinity. For example, the contribution of carbonate species ir
equation 137 is zero with this definitioniht] zc(oz_ =-20D =2 z=0 );allof the charge contribu-

Alk, CC}
tion of carbonate species is included in the alka1inity term of the summation.
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Isotope-Balance Equations

Geochemical mole-balance models must account for the isotopic composition as well as the chemical
composition of the final aqueous solution. In general, isotopic evolution requires solving a differential equation that
accounts for fractionation processes for precipitating solids and exsolving gases. In the development presented here,
only the simpler case of isotopic mole balance, without fractionation, is considered. This approach is correct if
agueous mixing occurs and (or) all isotope-bearing phases dissolve, but is approximate when isotope-bearing phases
precipitate or exsolve. The approach does not calculate isotopic compositions of individual redox states within the
aqueous phase, only net changes in isotopic composition of the aqueous phase are considered.

Mole balance for an isotope can be written as

QG Me o P .
0= Z%qu‘qz R q+6RLIHTm+6m, PI* Zce, oRe p* O Eﬂp, (138)

whereM,, is the number of valence states of eIenaerFim q is the isotopic ratio [which may be delta notation
(for example5 3¢ onts ), e activity in percent modern carbon, or any units that allow linear mixing] for
isotopei forvalence state  in agueous solutvprﬁ i is an uncertainty term for the isotopic ratio for a valence
state in the aqueous SOIutICRe D is the isotopic ra'ho of element in phase o ,,and is an uncertainty term
for the isotopic ratio of the element in the phase. P

Expanding equation 138 and neglecting the products of 's gives the following approximation:

P
0 | 0
0= Z ZB:QR T+ Cqu ©qOm q+CquGq5R + z%e, oRe, pdp * Ce, papéR‘e I (139)
p
Commonly,6 will be small relative to the concentration of the valence stade;or for the isotopic ratio will

mq
be small relative to the isotopic ratio itself. In either case, the produdts of s that are neglected will be small rela-

tive to the other terms and equation 139 will be a good approximation. The approximation in equation 139 will be
poor only if the concentration of the valence state and the isotopic ratio have large cafculated 's. In this case, the
overall effect is that the true values of the uncertainty terms will be larger than specified uncertainty limits. The
neglected terms can be made smaller by decreasing the uncertainty limits on either the valence-state concentrations
or the isotopic ratios for each aqueous solution.

Relation Among pH, Alkalinity, and Total Dissolved Inorganic Carbon Uncertainty Terms

One additional equation is added for each aqueous solution to relate the uncertainty terms in pH, alkalinity,
and total dissolved inorganic carbon. Unlike all other mole-balance quantities, which are assumed to vary
independently, alkalinity, pH, and inorganic carbon are not independent. The following equation is used to relate the
uncertainty terms for each of these quantities:

6Alk 6Alk

6Alk,q aC 6Cq apH 6pH,q’ (140)

whereAqu is the alkalinity of solutio, andCq is the total inorganic carbon of soluttpThe partial deriva-
tives are evaluated numerically for each aqueous solution.
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Inequality Constraints

This formulation of the inverse problem makes sense only if the values ®f the ’s are small, meaning that
the revised aqueous solution compositions (original plus 's) do not deviate unreasonably from the original data.
A set of inequalities places limits on the magnitudes ofdhe ’s. The absolute value abeach is constrained to be
less than or equal to a specified uncertainty Iiuhi{,q

B d < Um o (141)
Inequality constraints (equation 141) are also included for carbon(+4), alkalinity, and pH for each aqueous solu-
tion. In addition, the mixing fractions for the initial aqueous solutians Q ) are constrained to be nonnegative,
g2 0, (142)

and the final aqueous-solution mixing fraction is fixed to -1}%(: -1.0 ). If phases are known only to dissolve,
or only to precipitate, the mole transfer of the phases may be constrained to be nonnegative or nonpositive:

a,20, (143)
or
a D <0. (144)

Change of Variables

The system of equations for inverse modeling, formulated in the previous section, is nonlinear because it

includes the product of unknowns of the foual(Tm q+ Om q) ,where d&nd are unknowns. However, the
equations can be linearized with the substitution
€m q = Y¢m g (145)
The mole-balance equations now become
Q Q P R
ZCqu’ gt Zcqsm,q+ Zcm, IE,0(p+Zcm, o, = 0. (146)
q q p r
The alkalinity balance equation can be written as
Q Q P R
ZchAlk’ gt Z Cofalk q " ZCA”(' 0%t ZCA”(’ [a, = 0. (147)
q q p r
The electron-balance equation is unchanged. The charge-balance equation can be rewritten into
M
szsm, qt9qT, 4= 0 (148)
m
The water-balance equation is unchanged. The isotope-balance equation 139 is
Q M. _ _ P _
~ | ' 0 ! O
0= S HqRm oTmlq* GRm ¢fm, q* CaTmf [* D Ko Re o9+ Ce, Fr [ (149)
a m p

The relation among carbon(+4), pH, and alkalinity is
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aAIk aAIk

8AIk,q va 8Cq apH pH,q; (150)

and lastly, the inequality constraints become
|sm, 4 <ogUn " (151)

All of these equality and inequality equations are linear in the unknawns eand , and once the values of all of the
o ande are known, the values of the uncertainty t&dms  can be determined.

This formulation of the inverse-modeling problem produces a series of linear equality and inequality
constraints, which are solved with the algorithm developed by Barrodale and Roberts (1980). Their algorithm
performs an L1 optimization (minimize sum of absolute values) on a set of linear equations subject to equality and
inequality constraints. The problem can be posed with the following matrix equations:

AX = B
CX =D (152)
EX<F .

The first matrix equation is minimized in the sense Fﬁ# Zal i% iS @ minimum, wisettee index of

rows and is the index for columns, subject to the equality constralnts of the second matrix equation and the ine-
quality constraints of the third matrix equation. The method will find a solution that minimizes the objective func-
tions (AX = B) or it will determine that no feasible model for the problem exists.

€
Initially, AX = Bissetto minimizez z M , wher& = 0.001 is a scaling factor that limits the size

m,

of the coefficients in th& matrix; Ais a diaqgo;lnal mat?ix with elemen§s ,aBd= 0 . The equality constraints
(CX = D) include all mole-balance, alkalinity-balance, charge-bal%mce, electron-balance, and water-balance
equations and all inorganic carbon-alkalinity-pH relations. The inequality constia)ts F ) include two ine-
gualities for each of the s, one for positive and one for negative (to account for the absolute values used in the
formulation), an inequality relation for each mixing fraction for the aqueous solutions, which forces each mixing
fraction to be nonnegative, and an inequality relation for each phase that is specified to dissolve only or precipitate
only. Application of the optimization technique will determine whether any inverse models exist that are consistent
with the constraints.

Thus, one set of mixing fractions and phase mole transfers (plus asseciated 's) that satisfy the constraints
may be found. Ignoring the values of the 's and redox mole transfers (), let the set of Qpzeraa and
(mixing fractions and phase mole transfers) uniguely identify an inverse model. The magnitude of the ’sis not
important in the identity of an inverse model, only the fact thatithe ’s are nonzero in a certain set is considered.
(At this point, little significance should be placed on the exact mole transfers that are found, only that it is possible
to account for the observations using the aqueous solutions and phases of the inverse model.) But could other sets
of aqueous solutions and phases also produce feasible inverse models? An additional algorithm is used to find all of
the unique inverse models.

AssumingP phases an@ aqueous solutions, we proceed as follows: If no model is found whé€haajueous
solutions andP phases are included in the equations, we are done and no feasible models exist. If a model is found,
then each of the phases in the model is sequentially removed and the remaining set of phases and agueous solutions
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is tested to see if other feasible models exist. If no model is found when a particular phase is removed, the pha:s
is retained in the model; otherwise, the phase is discarded. After each phase has been tested and possibly discard
the phases that remain constitute a “minimal” model, that is, to obtain a feasible model none of the phases can b
removed. Three lists are kept during this process: each feasible model is kept in one list, each infeasible model i
kept in another list, and each minimal model is kept in a third list.

Next, each combination &f-1phases is tested for feasible models in the following way. If a trial model with
Q aqueous solutions aritt1 phases is a subset of a model in the infeasible- or minimal-model list, the trial model
is skipped because it must be either infeasible or a previously identified minimal model. If only minimal models
are to be found-minimal in INVERSE_MODELING data block), the trial model is skipped if it is a superset of
a model in the minimal-model list. Otherwise, the inverse problem is formulated for the trial model and solved
using the set of aqueous solutions and?fiephases in the same way as described above, maintaining the three
lists during the process. Once all set®ef phases have been tested, the process continues with fefyblases,
and so on until the set containing no phases is tested or until, for the given number of phases, every trial model is
either a subset of a model in the infeasible- or minimal-model list.

At this point, the entire process is repeated using each possible combination of one or mofg axdtis®us
solutions. Although the process at first appears extremely computer intensive, most sets of phases are rapidly
eliminated by subset and superset comparisons with models in the three lists. The number of models that are
formulated and solved by the optimization methods are relatively few. Also the process has the useful feature tha
if no feasible models exist, this is determined immediately when the optimization procedure is invoked the first
time. ForPHREEQG during all of the testing, whenever a feasible model is found, it is printed to the output device
or optionally, only the minimal models are printed to the output device.

An alternative formulation of the objective functions can be used to determine the range of mole transfer for
each aqueous solution and each phase that is consistent with the specified uncertainty limits. For the “range”
calculation frangein INVERSE_MODELING data block), the equations for a given model are solved twice for
each aqueous solution and phase in the model, once to determine the maximum value of the mixing fraction or
mole transfer and once to determine the minimum value of the mixing fraction or mole transfer. In these
calculations, thel-J s are not minimized, but instead, the single objective function for maximization is

o =M, (153)
and in the minimization case,
a=-M, (154)

wherea refersto eithenxq a, amd s a large number. By default, the valueMfis 1000. The optimization
method will try to minimize the difference between and 1000 for maximization and between and -1000 for
minimization. It is possible that the mixing fraction for a squticurh( ) could exceed 1000 in an evaporation prob-
lem. In this case, the method would fail to find the true maximunuf&)r , and instead find a value closest to 1000.
This error can be remedied by choosing a larger valuklfor . The vallle of  may be changed-raitiy¢he

identifier in thelNVERSE_MODELING data block.

For data input tHREEQG identifiers in thdNVERSE_MODELING data block are used for the selection
of agueous solutionsgplutions), uncertainty limits {uncertainties and-balance$, reactants-phases,
mole-balance equationsh@lances, range calculationsrange) and minimal models-ihinimal). Aqueous
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solution compositions are defined with ®@LUTION , SOLUTION_SPREAD, or SAVE data block and
reactants must be defined WRIHASESor EXCHANGE_SPECIES data blocks (see “Description of Data Input”).

ORGANIZATION OF THE COMPUTER CODE

The computer code fHREEQCs divided into 22 files of C code, roughly corresponding to processing tasks.
Definitions of global variables and global structures are defined in the headgobi@.h which is included in all
of the source code files (those ending in “.c”) exctht. Definitions of variables and structures for the Basic
interpreter are contained p2c.h Definitions for memory allocation routines are containegdthigalloc.h which is
included in all source code files excppalloc.c

The main program is in the filgain.c It contains the logic for the sequence of calculations, which occur in
the following order: (1) At the beginning of the run, the database file is read. The database file usually defines the
elements and mass-action expressions for all of the aqueous species and phases. Definition of species for exchangers
and surfaces and rate expressions may also be included in this file. (2) A simulation is read from the input data file.
(3) Any initial solution calculations are performed. (4) Any initial exchange-composition calculations are
performed. (5) Any initial surface-composition calculations are performed. (6) Any initial gas-phase-composition
calculations are performed. (7) Any batch reactions (mixing, irreversible reaction, mineral equilibration, and others)
are performed. (8) Any inverse modeling calculations are performed. (9) Any advective-reactive transport
calculations ADVECTION keyword) are performed. And, (10) any advective-dispersive-reactive transport
calculations TRANSPORT keyword) are performed. The sequence from (2) through (10) is repeated until the end
of the input file is encountered. The subroutines that perform tasks (3) through (7) are found inrttaérfdabs.c
The subroutines to perform inverse modeling (8) are fount/@rse.¢to perform advective-reactive transport
modeling (9) are found iadvection.cand to perform dispersive/diffusive-reactive transport modeling (10) are
found intransport.c

The fileread.cis used to read both the database file and the input file. It contains a main subroutine that calls
subroutines that read each data block. All subroutines to read data blocks are foeattigrexcept the subroutines
for TRANSPORT, which are found imeadtr.c andSOLUTION_SPREAD, which are found ispread.cIn the
process of reading, memory is allocated to store the information for each keyword. Thus, the memory used by the
program grows depending on the number and type of keywords that are included in the input file. The only restriction
on the size of the program is the available memory and swap space that is physically present in the computer that is
used. Chemical equations that are read from the input files are interpreted and checked for charge and mole balance
by the subroutines iparse.c

Subroutines in the filédy.ccheck and organize the data read throtgdd.c These subroutines sort the lists
of species, solutions, phases, pure-phase assemblages, and others, so that the order of these entities is known. They
ensure that any elements used in mass-action equations are defined to the program and that all necessary primary
and secondary master species exist. In addition, they rewrite all mass-action equations so that they contain only
primary and secondary master species. Other consistency checks and data organization for exchangers, gas phases,
pure-phase assemblages, surfaces, solid solutions, and inverse modeling are performed by the subroutines in this
file. Also, the selected-output file is opened and headings are written.

Subroutines in the filprep.cset up the equations for a calculation. The equations and unknowns that are
needed for the calculation are determined and work space to solve a matrix with this number of equations and
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unknowns is allocated. All mass-action expressions are rewritten according to the master-species and redox
information for the calculation. Several lists of pointers are prepared that allow the residuals of equations, the
Newton-Raphson array, and the change in moles of elements due to mineral mole transfers to be calculated quickly
These lists are C structures that in general contain a pointer to a “source” datum in memory, a coefficient, and
another pointer to a “target” memory location. The source datum is retrieved, multiplied by the coefficient, and
added to the target memory location. As an example, consider the pa8€} , which should appear in the
mole-balance equations for calcium, sulfur, and oxygen. One of the lists is used to calculate the residuals of the
mole-balance equations. There would be three entries in this list for the Spade} . In all three entries, the
source datum would be a pointer to the mole€atQ, . The target memory locations would be the variable
locations where the residuals for calcium, sulfur, and oxygen mole balances are stored, and the coefficients woulc
be 1.0, 1.0, and 4.0, respectively. Once the entire list is generated, at each iteration, it is only necessary to perforr
the multiplications and additions as described by the list to calculate the residuals of the mole-balance equations
no extraneous calculations (multiplication by zero, for example), additional loops, or conditional statements are
necessary. The actual implementation uses several lists for each task to skip multiplication if the coefficient is 1.0,
and to include constants that are not iteration dependent (that is, do not require the pointer to a source datum). A
additional list is generated that is used for printing. For each aqueous species, this list includes an entry for eac
master species in the mass-action equation. This list is sorted by master species and concentration after the
equilibrium calculation is completed and provides all the information for aqueous, exchange, and surface species
for printing results to the output file.

In batch-reaction and transport calculations, if the set of elements, exchanger components, gas-phase
components, pure phases, solid solutions, and surface components does not change from one calculation to th
next, then the lists preparednep.cdo not need to be regenerated. In this case, the lists used during the previous
calculation are used for the current calculation. Thus, most of the time spent in the subroutines pirépecfile
can be saved.

The subroutines imodel.csolve the equations that have been set ygép.c Initial estimates for the master
unknowns are calculated and the residuals for mole-balance equations are reduced below tolerances to provide
suitable estimates for the Newton-Raphson technique. Once suitable estimates of the master unknowns have be:
found, the following iterative process occurs. (1) The residuals of the equations are tested for convergence; if
convergence is found, the calculation is complete. Otherwise, (2) the Newton-Raphson matrix is formulated and
solved (by subroutine cl1, in fidl.¢), (3) the master unknowns are updated, (4) activity coefficients are
calculated, (5) the distribution of species is calculated, (6) if a master species of a redox element becomes sma
basis switching may be performed. In the basis-switching process, new mass-action equations are written and th
lists for calculating residuals and the Newton-Raphson matrix are remade, and (7) the residuals of the equation
are calculated. Steps (1) through (7) are repeated until a solution to the equations is found or a prescribed numbe
of iterations is exceeded. If the numerical method fails to find a solution, six additional sets of convergence
parameters are used in trying to obtain convergence (see descripiidlOB S data block in “Description of Data
Input” for details on alternative convergence parameters). If all sets of parameters fail, the program terminates.

Following a calculation, the subroutinesgrint.c write data to the output file and to the selected-output file.
Concentration data for species are sorted so that species are printed in descending order by concentration. The
blocks of output that are written are selected with the keyweRISIT, SELECTED_OUTPUT,
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USER_PRINT, andUSER_PUNCH. If no data are to be printed to the output file, the species sort is not needed
and is not performed. If the aqueous solution, exchange assemblage, gas phase, pure-phase assemblage,
solid-solution assemblage, or surface assemblage is saved following a calculation, the routines that perform these
tasks are found imainsubs.c

The subroutines istep.care used to accumulate the moles of each element before batch-reaction and transport
calculations. Total concentrations of elements are calculated from the amounts in solution, on exchangers, in the gas
phase, and on surfaces. A check is made to ensure that all of the elements in the pure phases and solid solutions are
included in the list of elements with positive concentrations. If an element is in a pure phase or solid solution, but
not in the aqueous solution, a small amount of the pure phase is added to the aqueous solution. If the moles of the
pure phase or solid solution are zero and one of its constituent elements is not present, that pure phase or solid
solution is ignored in the calculations.

If kinetic calculations are defined for batch-reaction or transport calculations, the reactions are integrated by
routines inkinetics.cand the extent of the kinetic reactions at each time increment are calculated by the Basic
interpreter, which is found ibasic.candp2clib.c If explicit diffuse-layer calculations are made, the integration of
the Poisson-Boltzmann equation is performed by the subroutingegmnate.c

A few functions that are used throughout the code are foundilities.c. Finally, many of the manipulations
of structures, including allocating space, initializing, copying, and freeing space are performed by subroutines in the
file structures.c The subroutine “clean_up” (structures.g frees all allocated memory at the termination of the
program. The filgphgalloc.ccontains subroutines to allocate, reallocate, and free memory. These subroutines have
capabilities for debugging memory leaks, that is memory that is allocated, but not released when it is no longer
needed.

For efficiency, a hash table of character strings is kept by the program. Each character string, including
element names, species names, phase names, and others, is stored only once. All references to the same string then
point to the same memory location. Thus, for example, a comparison of element names need only check to see if the
memory address is the same, avoiding the necessity of comparing the strings character by character. Finding the
memory location of a specified string is performed by a hash table lookup. Hash tables are also used to speed up
lookups for species, elements, and phases.

DESCRIPTION OF DATA INPUT

The input forPHREEQCIs arranged by keyword data blocks. Each data block begins with a line that contains
the keyword (and possibly additional data) followed by additional lines containing data related to the keyword. The
keywords that define the input data for running the program are listed in table 2. Keywords and their associated data
are read from a database file at the beginning of a run to define the elements, exchange reactions, surface
complexation reactions, mineral phases, gas components, and rate expressions. Any data items read from the
database file can be redefined by keyword data blocks in the input file. After the database file is read, data are read
from the input file until the firsEND keyword is encountered, after which the specified calculations are performed.
The process of reading data from the input file untiEsD is encountered followed by performing calculations is
repeated until the lagEND keyword or the end of the input file is encountered. The set of calculations, defined by
keyword data blocks terminated by BNID, is termed a “simulation”. A “run” is a series of one or more simulations
that are contained in the same input data file and calculated during the same invocation of theeprEEFQmM
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Table 2.-- List of keyword data blocks and their function

Keyword data block

Function

ADVECTION

END
EQUILIBRIUM_PHASES
EXCHANGE
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
GAS_PHASE
INCREMENTAL_REACTIONS
INVERSE_MODELING
KINETICS

KNOBS

MIX

PHASES

PRINT

RATES

REACTION
REACTION_TEMPERATURE
SAVE

SELECTED_OUTPUT
SOLID_SOLUTIONS
SOLUTION
SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES
SOLUTION_SPREAD

SURFACE
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

TITLE

TRANSPORT

USE
USER_PRINT
USER_PUNCH

Specify parameters for advective-reactive transport, no dispersion
Demarcate end of a simulation

Phase assemblage to react with an aqueous solution

Define exchange assemblage composition

Identify exchange sites and corresponding exchange master species

Define association half-reaction and thermodynamic data for exchange species
Define a gas-phase composition

Define whether reaction increments are defined incrementally or cumulatively
Specify solutions, reactants, and parameters for mole-balance modeling
Specify kinetic reactions and define parameters

Define parameters for numerical method and printing debugging information
Define mixing fractions of aqueous solutions

Define dissociation reactions and thermodynamic data for minerals and gases
Select data blocks to be printed to the output file

Define rate equations with Basic language statements

Add specified irreversible reactions

Specify temperature for batch reactions

Save results of batch reactions for use in subsequent simulations

Print specified quantities to a user-defined file

Define the composition of a solid-solution assemblage

Define the composition of an aqueous solution

Identify elements and corresponding aqueous master species

Define association reaction and thermodynamic data for aqueous species

Define one or more aqueous solution compositions using a tab-delimited format.
Alternative input format foSOLUTION .

Define the composition of an assemblage of surfaces

Identify surface sites and corresponding surface master species

Define association reaction and thermodynamic data for surface species
Specify a text string to be printed in the output file

Specify parameters for an advective-dispersive-reactive transport, optionally with
dual porosity

Select aqueous solution or other reactants that define batch reactions
Print user-defined quantities to the output file

Print user-defined quantities to the selected-output file

Each simulation may contain one or more of seven types of speciation, batch-reaction, and transport
calculations: (1) initial solution speciation, (2) determination of the composition of an exchange assemblage in
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equilibrium with a fixed solution composition, (3) determination of the composition of a surface assemblage in
equilibrium with a fixed solution composition, (4) determination of the composition of a fixed-volume gas phase in
equilibrium with a fixed solution composition, (5) calculation of chemical composition as a result of batch-reactions,
which include mixing; kinetically controlled reactions; net addition or removal of elements from solution, termed
“net stoichiometric reaction”; variation in temperature; equilibration with assemblages of pure phases, exchangers,
surfaces, and (or) solid solutions; and equilibration with a gas phase at a fixed total pressure or fixed volume, (6)
advective-reactive transport, or (7) advective-dispersive-reactive transport through a series of cells in combination
with any of the available chemical processes. The combination of capabilities allows the modeling of very complex
geochemical reactions and transport processes during one or more simulations.

In addition to speciation, batch-reaction, and transport calculations, the code may be used for inverse
modeling, by which net chemical reactions are deduced that account for differences between an initial water
composition or a mixture of initial water compositions and a final water composition.

Conventions for Data Input

PHREEQCwas designed to eliminate some of the input errors due to complicated data formatting. Data for the
program are free format; spaces or tabs may be used to delimit input fields (8x2ielpTION_SPREAD, which
is delimited only with tabs); blank lines are ignored. Keyword data blocks within a simulation may be entered in any
order. However, data elements entered on a single line are order specific. As much as possible, the program is case
insensitive. However, chemical formulas are case sensitive.

The following conventions are used for data inplRHBEEQC

Keywords--Input data blocks are identified with an initial keyword. This word must be spelled exactly,
although case is not important. Several of the keywords have synonyms. For éXaiRplePHASESis a
synonym forEQUILIBRIUM_PHASES .

Identifiers--ldentifiers are options that may be used within a keyword data block. Identifiers may have two
forms: (1) they may be spelled completely and exactly (case insensitive) or (2) they may be preceded by a hyphen
and then only enough characters to uniquely define the identifier are needed. The form with the hyphen is always
acceptable and is recommended. Usually, the form without the hyphen is acceptable, but in some cases the hyphen
is needed to indicate the word is an identifier rather than an identically spelled keyword; these cases are noted in the
definition of the identifiers in the following sections. In this report, the form with the hyphen is used except for
identifiers of theSOLUTION keyword and the identifiefeg_k anddelta_h. The hyphen in the identifigever
implies that the negative of a quantity is entered.

Chemical equations-For aqueous, exchange, and surface species, chemical reactions asssicision
reactions, with the defined species occurring in the first position past the equal sign. For phases, chemical reactions
must bedissolutionreactions with the formula for the defined phase occurring in the first position on the left-hand
side of the equation. Additional terms on the left-hand side are allowed. All chemical equations must contain an
equal sign, “=". In addition, left- and right-hand sides of all chemical equations must balance in numbers of atoms
of each element and total charge. All equations are checked for these criteria at runtime, unless they are specifically
excepted. Nested parentheses in chemical formulas are acceptable. Spaces and tabs within chemical equations are
ignored. Waters of hydration and other chemical formulas that are normally represeatéd’®as in the formula
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for gypsum, CaS@2H,0--are designated with a colon (*:") ”RHREEQC(CaSQ:2H,0), but only one colon per
formula is permitted.

Element names-An element formula, wherever it is used, must begin with a capital letter and may be
followed by one or more lowercase letters or underscores, “_". In general, element names are simply the chemica
symbols for elements, which have a capital letter and zero or one lower case letter. It is sometimes useful to define
other entities as elements, which allows mole balance and mass-action equations to be applied. Thus, “Fulvate” i
an acceptable element name, and it would be possible to define metal binding constants in terms of metal-Fulvat
complexes.

Charge on a chemical speciesThe charge on a species may be defined by the proper number of pluses or
minuses following the chemical formula or by a single plus or minus followed by a integer number designating the
charge. Either of the following is acceptable, Al+3 or Al+++. However, Al3+ would be interpreted as a molecule
with three aluminum atoms and a charge of plus one.

Valence statesRedox elements that exist in more than one valence state in solution are identified for
definition of solution composition by the element name followed by the formal valence in parentheses. Thus, sulfur
that exists as sulfate is defined as S(6) and total sulfigh (5, and others) is identified by S(-2).

log K and temperature dependenceThe identifiedog_kis used to define the Idg at 25°C for a reaction.

The temperature dependence for Kogay be defined by the van't Hoff expression or by an analytical expression.
The identifierdelta_his used to give the standard enthalpy of reaction% & a chemical reaction, which is
used in the van’t Hoff equation. By default the units of the standard enthalpy are kilojoules per mole (kJ/mol).
Optionally, for each reaction the units may be defined to be kilocalories per mole (kcal/mol). An analytical
expression for the temperature dependence dklfmy a reaction may be defined with thenalytical_expression
identifier. Up to five numbers may be given, which are the coefficients for the equation:

A A
log oK = A;+A,T + ?3 + Aylog T + T—;’ where T is in Kelvin. A lodk must always be defined either with

log_k or -analytical_expression the enthalpy is optional. If both are present, an analytical expression is used in
preference to the enthalpy value for calculation of temperature dependence Kf a log

Comments-The “#” character delimits the beginning of a comment in the input file. All characters in the
line that follow this character are ignored. If the entire line is a comment, the line is not echoed to the output file.
If the comment follows input data on a line, the entire line, including the comment, is echoed to the output file. The
“#” is useful for adding comments explaining the source of various data or describing the problem set up. In
addition, it is useful for temporarily removing lines from an input file.

Logical line separator-A semicolon (*;”) is interpreted as a logical end of line character. This allows
multiple logical lines to be entered on the same physical line. For example, solution data could be entered as:

pH 7.0; pe 4.0; temp 25.0
on one line. The semicolon should not be used in character fields, such as the title or other comment or descriptiot
fields.
Logical line continuation--A backslash (“\") at the end of a line may be used to merge two physical lines
into one logical line. For example, a long chemical equation could be entered as:
“Ca0.165Al2.33Si3.67010(0OH)2 + 12 H20 =V
“0.165Ca+2 + 2.33 Al(OH)4- + 3.67 H4SiO4 + 2 H+"
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on two lines. The program would interpret this sequence as a balanced equation entered on a single logical line.
Note the backslash must be the last character in the line; if white space or other characters follow the backslash, the
next line isnot considered to be a continuation line.

Repeat count-An asterisk (“*”) can be used with data for the identifidemgth and-dispersivity in the
TRANSPORT data block to indicate a repeat count for the following data item. The format is an integer followed
directly by the asterisk, which is followed directly by a numeric value. For example “4*1.0” is the same as entering
four values of 1.0 (“1.0 1.0 1.0 1.0").

Range of integers-A hyphen (“-”) can be used to indicate a range of integers for the keywords with an
identification number. It is also possible to define a range of cell numbers for the ideptifigreells and
-punch_cellsin theADVECTION andTRANSPORT data blocks. A range of integers is given in the form,
wherem andn are positive integersy is less tham, and the two numbers are separated by a hyphen without
intervening spaces.

Table 3.--Summary of special characters for input data files

Special

character Use

- When preceding a character string, a hyphen indicates an identifier for a keyword (or subkeyword).

- Indicates a range of cell numbers for keyword data blocks (for exaB@IeJTION 2-5) or for identifiers
-print_cells and-punch_cellsin theADVECTION andTRANSPORT data blocks.
In a chemical equation, “:” replace$ih a formula like CaS@2H,0.

() The redox state of an element is defined by a valence enclosed by parentheses following an element name.

# Comment character, all characters following # are ignored.

; Logical line separator.

\ Line continuation if “\” is the last non-white-space character of a line.

* Can be used to indicate a repeat countlEmgth and-dispersivity values in th@ RANSPORT data block.

Reducing Chemical Equations to a Standard Form

The numerical algorithm agfHREEQCrequires that chemical equations be written in a particular form.
Internally, every equation must be written in terms of a minimum set of chemical species, essentially, one species
for each element or valence state of an element. For the pregrEBQE these species were called “master
species” and the reactions for all aqueous complexes had to be written using only thesemprEREECalso needs
reactions in terms of master species; however, the program contains the logic to rewrite the input equations into this
form. Thus, it is possible to enter an association reaction and log K for an agueous species in terms of any agueous
species in the database (not just master specierxEEQCwill rewrite the equation to the proper internal form.
PHREEQCwWiIll also rewrite reactions for phases, exchange complexes, and surface complexes. Reactions are still
required to be dissolution reactions for phases and association reactions for aqueous, exchange, or surface
complexes.

There is one major restriction on the rewriting capabilities for aqueous speeireEEQcallows mole balances
on individual valence states or combinations of valence states of an element for initial solution calculations. It is
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necessary foPHREEQCto be able to determine the valence state of an element in a species from the chemical
equation that defines the species. To do this, the program requires that at most one aqueous species of an eleme
valence state is defined by an electron half-reaction that relates it to another valence state. The aqueous specie
defined by this half-reaction is termed a “secondary master species”; there must be a one-to-one corresponden
between valence states and secondary master species. In addition, there must be one “primary master species” f
each element, such that reactions for all aqueous species for an element can be written in terms of the primary
master species. The equation for the primary master species is simply an identity reaction. If the element is a redo:
element, the primary master species must also be a secondary master species. For example, to be able to calcul:
mole balances on total iron, total ferric iron, or total ferrous iron, a primary master species must be defined for Fe
and secondary master species must be defined for Fe(+3) (ferric iron) and Fe(+2) (ferrous iron). In the default
databases, the primary master species for Fe'fs e secondary master species for Fe(+2) 14, ;md the

secondary master species for Fe(+3) i&Fehe correspondence between master species and elements and
element valence states is defined by 8@ UTION_MASTER_SPECIES data block. The chemical equations

for the master species and all other aqueous species are define@Oy HEION_SPECIES data block.

Conventions for Documentation

The descriptions of keywords and their associated input are now described in alphabetical order. Several
formatting conventions are used to help the user interpret the input requirements. Keywords are always capitalizec
and bold. Words in bold must be included literally when creating input data sets (although upper and lower case
are interchangeable and optional spellings may be permitted). “Identifiers” are additional keywords that apply only
within a given keyword data block; they can be described as sub-keywbedgpérature” is an identifier for
SOLUTION input. Each identifier may have two forms: (1) the identifier word spelled exactly (for example,
“temperature”), or (2) a hyphen followed by a sufficient number of characters to define the identifier uniquely (for
example;t for temperature). The form with the hyphen is recommended. Woritliics are input values that are
variable and depend on user selection of appropriate values. Items in brackets ([ ]) are optional input fields.
Mutually exclusive input fields are enclosed in parentheses and separated by the word “or”. In general, the optiona
fields in a line must be entered in the specified order and it is sometimes possible to omit intervening fields. For
clarity, commas are used to delimit input fields in the explanations of data input; however, commas are not allowed
in the input data file; only white space (spaces and tabs) may be used to delimit fields in input data sets. Where
applicable, default values for input fields are stated.

Getting Started

When the prograrRHREEQCis invoked, two files are used to define the thermodynamic model and the types
of calculations that will be done, the database file and the input file. The database file is read once (to the end o
the file or until arEND keyword is encountered) at the beginning of the program. The input file is then read and
processed simulation by simulation (as define@Ryp keywords) until the end of the file. The formats for the
keyword data blocks are the same for either the input file or the database file.

The database file is used to define static data for the thermodynamic model. Although any keyword data
block can occur in the database file, normally, it contains the keyword data blocks:
EXCHANGE_MASTER_SPECIES, EXCHANGE_SPECIES, PHASES RATES,
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SOLUTION_MASTER_SPECIES, SOLUTION_SPECIES, SURFACE_MASTER_SPECIES and
SURFACE_SPECIES These keyword data blocks define rate expressions; master species; and the stoichiometric
and thermodynamic properties of all of the aqueous phase species, exchange species, surface species, and pure
phases. Three database files are provided with the program: (1) a database file derivegrEEBQE(Parkhurst and

others, 1980), (2) a database file derived fnonTEQ4F (Ball and Nordstrom, 1991), and (3) a database file derived
from MINTEQAZ2 (Allison and others, 1990). These files are described in more detail in Attachment B and the
PHREEQEderived database filglreeqc.datis listed. The elements and element valence states that are included in
phreeqc.datre listed in table 4 along with tReREEQCNOtation and the default formula used to convert mass
concentration units to mole concentration units.

The input data file is used (1) to define the types of calculations that are to be done, and (2) if necessary, to
modify the data read from the database file. If new elements and aqueous species, exchange species, surface species,
or phases need to be included in addition to those defined in the database file, or if the stoichiondety, log
activity coefficient information from the database file needs to be modified for a given run, then the keywords
mentioned in the previous paragraph can be included in the input file. The data read for these keyword data blocks
in the input file will augment or supersede the data read from the database file. In many cases, the thermodynamic
model defined in the database will not be modified, and the above keywords will not be used in the input data file.

Speciation Calculations

Speciation modeling uses a chemical analysis of a water to calculate the distribution of aqueous species using
an ion-association agueous model. The most important results of speciation calculations are saturation indices for
minerals, which indicate the saturation state of each mineral relative to the water. Normally, speciation modeling
requires only &OLUTION (or SOLUTION_SPREAD) data block for each water analysis for which saturation
indices are to be calculated. Example 1 demonstrates speciation calculations.

Batch-Reaction Calculations

Batch-reaction calculations simulate reactions occurring in a beaker and can involve equilibrium and
irreversible reactions. Equilibrium reactions are defined by specifying a solution or mixture of solutions to be putin
the beaker along with a pure-phase assemblage, an exchange assemblage, a multicomponent gas phase, a
solid-solution assemblage, or a surface assemblage. The solution or mixture is brought to equilibrium with the
reactants. Furthermore, irreversible reactions can be specified, including addition or removal of specified reactants,
temperature changes, and (or) kinetic reactions--for which the reaction rate depends on solution composition.
Conceptually, the irreversible reactions are added and equilibrium is calculated for the system (see examples 2, 3,
4,5, 6,7, 8, and 10 in “Examples”). Kinetic reactions are integrated for a specified time step by calculating
equilibrium following each of a series of irreversible reactions that depend on the evolving composition of the
solution (see examples 6 and 9 in “Examples”).

Initial conditions for batch reactions are defined VBBLUTION, SOLUTION_SPREAD,
EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE SOLID_SOLUTIONS, andSURFACE data blocks.
Irreversible reactions are defined with the data bldtks, for mixing of solutionsREACTION , for adding or
removing fixed amounts of specified reactat’yiETICS andRATES, for defining kinetic reactions; and
REACTION_TEMPERATURE , for changing the temperature at which the batch reaction occurs.
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Table 4.--Elements and element valence states included in default database phreeqc.dat, including PHREEQC
notation and default formula for gram formula weight

[For alkalinity, formula for gram equivalent weight is given]

Element or element valence state PHRE.EQC Formula used for dgfault
notation gram formula weight

Alkalinity Alkalinity Cag 5(CO3)g 5
Aluminum Al Al
Barium Ba Ba
Boron B B
Bromide Br Br
Cadmium Cd Cd
Calcium Ca Ca
Carbon C HCQ
Carbon(1V) C(4) HCQ
Carbon(-1V), methane C(-4) CcH
Chloride Cl Cl
Copper Cu Cu
Copper(ll) Cu(2) Cu
Copper(l) Cu(1) Cu
Fluoride F F
Hydrogen(0), dissolved hydrogen H(0) H
Iron Fe Fe
Iron(ll) Fe(2) Fe
Iron(lll) Fe(3) Fe
Lead Pb Pb
Lithium Li Li
Magnesium Mg Mg
Manganese Mn Mn
Manganese(ll) Mn(2) Mn
Manganese(lll) Mn(3) Mn
Nitrogen N N
Nitrogen(V), nitrate N(5) N
Nitrogen(lll), nitrite N(3) N
Nitrogen(0), dissolved nitrogen N(0) N
Nitrogen(-1ll), ammonia N(-3) N
Oxygen(0), dissolved oxygen 0(0) 0]
Phosphorous P P
Potassium K K
Silica Si SiG
Sodium Na Na
Strontium Sr Sr
Sulfur S SQ
Sulfur(V1), sulfate S(6) S
Sulfur(-I), sulfide S(-2) S
Zinc Zn Zn
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Different sets of keyword data blocks can be defined within one simulation, each set being identified by the
number or range of numbers which follow the keyword. In the subsequent batch reaction, a set may be included
either implicitly or explicitly. For an implicit calculation, a solution or mixtuBLUTION or MIX keywords)
must be defined within the simulation, and the first of each keyword set (defined before the END) will be included
in the calculation. That is, the first solution (or mixture) will be used along with the first of each of the data blocks
EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE, SOLID_SOLUTIONS, SURFACE, KINETICS
REACTION , andREACTION_TEMPERATURE . For an explicit calculation,USE keyword numbérdefines a
set that is to be used regardless of position within the input lines (see examples 3, 6, 7, 8, and 9 in “Examples”).
“USEkeywordnoné€’ eliminates a set that was implicitly defined (see example 8 in “Examples”). If the composition
of the solution, pure-phase assemblage, exchange assemblage, gas phase, solid-solution assemblage, or surface
assemblage has changed after the batch-reaction calculation, it can be savedSiittkeyword.

Advective-Transport Calculations

Advective-transport calculations are used to simulate advection and chemical reactions as water moves
through a one dimensional colum®VECTION data block). The column is divided into a number of calls,
which is defined by the user. The cells are numbered 1 thmugid these cells initially contain solutions with
identifying numbers 1 through A solution composition for each of these integers must have been defined by
SOLUTION data blocks or th8AVE keyword. The cells may also contain other reversible or irreversible reactants.
For a given cell number, if a phase assemblage, exchange assemblage, solid-solution assemblage, surface
assemblage, gas phase, mixture, reaction, or reaction-temperature data block with identifying hasnbeen
defined, then it is present in ceéllluring the advective-transport calculation. Thus, the initial conditions and the set
of reactants can be defined individually for each cell, which provides flexibility to simulate a variety of chemical
conditions throughout the column (see examples 11 and 14 in “Examples”).

The infilling solution for the column is always solution number 0. Advection is modeled by “shifting” solution
Otocell 1, the solution in cell 1 to cell 2, and so on. At each shift, kinetic reactions are integrated in each cell, while
maintaining equilibrium with any gas phase or solid-phase assemblages that are present in each cell. To facilitate
definition of the initial conditions the keywor8QUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE,

KINETICS , MIX , REACTION , REACTION_TEMPERATURE , SOLID_SOLUTIONS, SOLUTION, and
SURFACE allow simultaneous definition of a range of cell numbers.IA¢éE keyword also permits a range of
solution, gas phase, or assemblage numbers to be saved simultaneously.

Advective-Dispersive-Transport Calculations

Analogous to purely advective transport, advective-dispersive or diffusive 1D transport can be modeled with
the TRANSPORT data block. A single dispersion or diffusion coefficient is used for all chemical species, and,
therefore, dispersion and diffusion have the same mathematical formulation for all species. For this document, the
terms “dispersion” and “dispersive transport” are used to describe both dispersion and diffusion restricted to a single
dispersion/diffusion coefficient. Like for purely advective transport, a columrcels is defined, but also
dispersion/diffusion parameters, boundary conditions, direction of flow, cell lengths, and advective time step can be
provided. It is also possible to model double porosity by including the relevant information. The infilling solution
depends on the direction of flow and may be solution numbemd-br For each shift (advection step), a number of
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dispersion/diffusion mixing steps are performed. For each shift and dispersion step, kinetic reactions are integrate
for each cell while maintaining equilibrium with any gas phase or assemblages that are present in the cell (see
examples 11, 12, 13, and 15, in “Examples”).

Inverse Modeling

Inverse modeling is used to deduce the geochemical reactions that account for the change in chemical
composition of water along a flow path. At least two chemical analyses of water at different points along the flow
path are needed, as well as a set of phases that are potentially reactive along the flow path. From the analyses a
phases, mole-balance models are calculated. A mole-balance model is a set of mole transfers of phases and
reactants that accounts for the change in composition along the flow path. Normal§QatlyION or
SOLUTION_SPREAD data blocks and aiNVERSE_MODELING keyword data block are needed for inverse
modeling calculations. However, additional reactant phases may need to be defiftd ABIES or
EXCHANGE_SPECIES data blocks (see examples 16, 17, and 18, in “Examples”).

Units

The concentrations of elements in solution and the mass of water in the solution are defined through the
SOLUTION or SOLUTION_SPREAD data blocks. Internally, all concentrations are converted to molality and
the number of moles of each element in solution (including hydrogen and oxygen) is calculated from the molalities
and the mass of water. Thus, internally, a solution is simply a list of elements and the number of moles of each
element.

PHREEQcCallows each reactant to be defined independently. In particular, reactants
(EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE, KINETICS , REACTION,
SOLID_SOLUTIONS, andSURFACE) are defined in terms of moles, without reference to a volume or mass of
water. Systems are defined by combining a solution with a set of reactants that react either reversibly
(EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE, SOLID_SOLUTIONS, andSURFACE) or
irreversibly KINETICS or REACTION ). Essentially, all of the moles of elements in the solution and the
reversible reactants are combined, the moles of irreversible reactants are added (or removed), and a new syste
equilibrium is calculated. Only after system equilibrium is calculated is the mass of water in the system known,
and only then the molalities of all entities can be calculated.

For transport calculations, each cell is a system that is defined by the solution and all the reactants containec
in keywords that bear the same number as the cell number. The system for the cell is initially defined by the moles
of elements that are present in the solution and the moles of each reactant. The compositions of all these entitie
evolve as the transport calculations proceed.

Keywords

The following sections describe the data input requirements for the program. Each type of data is input
through a specific keyword data block. The keywords are listed in alphabetical order. Each keyword data block may
have a number of identifiers, many of which are optional. Identifiers may be entered in any order; the line numbers
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given in examples for the keyword data blocks are for identification purposes only. Default values for identifiers are
obtained if the identifier is omitted.
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ADVECTION

This keyword data block is used to specify the number of cells and the number of “shifts” for an advection
simulation. Advection simulations are used to model one dimensional advective or “plug” flow with reactions. No
dispersion or diffusion is simulated and no cells with immobile water are allowed. However, all chemical processes
modeled byrHREEQCmMay be included in an advection simulation. TMRANSPORT data block may be used to
model additional physical processes, such as dispersion, diffusion, and connected cells with immobile water.

Example data block

Line O: ADVECTION

Line 1: -cells 5

Line 2: -shifts 25

Line 3: -time_step 3.15e7 # seconds = 1 yr.
Line 4: -initial_time 1000

Line 5: -print_cells 1-35

Line 6: -print_frequency 5

Line 7: -punch_cells 2-5

Line 8: -punch_frequency 5

Line 9: -warnings  false

Explanation

Line 0: ADVECTION
ADVECTION is the keyword for the data block. No other data are input on the keyword line.
Line 1:-cellscells
-cells-Identifier for number of cells in the advection simulation. Optionadiils, or-c[ellg].
cells-Number of cells in the one dimensional column to be used in the advection simulation. Default
is 0.
Line 2:-shifts shifts
-shifts--Identifier for the number of shifts or time steps in the advection simulation. Optioshifts,
or -sh[ifts].
shifts-Number of times the solution in each cell will be shifted to the next higher numbered cell.
Default is 0.
Line 3:-time_steptime_step
-time_step-ldentifier for time step associated with each advective shift. The identifier is required if
kinetic reactionsKINETICS data blocks) are part of the advection simulation and optional for
other advection simulations.fime_stepis defined, then the value for time printed to the
selected-output file will baitial_time + advection_shift_numbertime_stepif -time_stepis
not defined, the value of time printed to the selected-output file will be the advection shift num-
ber. Oncetime_stepis defined, the time step will be used for all subsequent advection simula-
tions until it is redefined. Optionalliimest, -t[imest], time_step or-t[ime_steq.
time_step-The time in seconds associated with each advective shift. Kinetic reactions will be inte-
grated for this period of time for each advective shift. Default is O s.
Line 4:-initial_time initial_time
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-initial_time --Identifier to set the time at the beginning of an advection simulation. The identifier
-initial_time has effect only iftime_stephas been set in this or a previolBVECTION data
block. The identifier sets the initial value of the variable controlledifme in
SELECTED_OUTPUT data block. Optionallynitial_time or -i[nitial_time].

initial_time--Time (seconds) at the beginning of the advection simulation. Default is the cumulative
time including all precedingDVECTION simulations for whichtime_stephas been defined
and all precedingRANSPORT simulations.

Line 5:-print_cells list of cell numbers

-print_cells--Identifier to select cells for which results will be written to the output fileptint_cells
is not included, results for all cells will be written to the output file. Orpmént_cells is defined,
the list of cells will be used for all subsequent advection simulations until the list is redefined.
Optionally,print_cells or -pr[int_cells]. Note the hyphen is required iprint to avoid a conflict
with the keywordPRINT .

list of cell numbersPrinting to the output file will occur only for these cell numbers. The list of cell
numbers must be delimited by spaces or tabs and may be continued on the succeeding line(s). A
range of cell numbers may be included in the list in the famm, wheremandn are positive inte-
gers,mis less tham, and the two numbers are separated by a hyphen without intervening spaces.
Default 1¢ells

Line 6:-print_frequency print_modulus

-print_frequency--ldentifier to select shifts for which results will be written to the output file. Once
defined, the print frequency will be used for all subsequent advection simulations until it is rede-
fined. Optionallyprint_frequency, -print_f [requency], output_frequency,

-o[utput_frequency].

print_modulus-Printing to the output file will occur after evepyint_modulusadvection shifts. Default
is 1.

Line 7:-punch_cellslist of cell numbers

-punch_cells-ldentifier to select cells for which results will be written to the selected-output file. If
-punch_cellsis not included, results for all cells will be written to the selected-output file. Once
defined, the list of cells will be used for all subsequent advection simulations until the list is rede-
fined. Optionallypunch, punch_cells -pu[nch_celld, selected_cellsor-selected_fellg].

list of cell numbersPrinting to the selected-output file will occur only for these cell numbers. The list
of cell numbers must be delimited by spaces or tabs and may be continued on the succeeding
line(s). A range of cell numbers may be included in the list in the flonmwherem andn are
positive integeramis less tham, and the two numbers are separated by a hyphen without inter-
vening spaces. Defaultcells

Line 8:-punch_frequencypunch_modulus

-punch_frequency-ldentifier to select shifts for which results will be written to the selected-output
file. Once defined, the punch frequency will be used for all subsequent advection simulations until
it is redefined. Optionallypunch_frequency -punch_flrequencyj,
selected_output_frequency-selected_§utput_frequencyj.
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punch_modulusPrinting to the selected-output file will occur after eyaupch_moduluadvection
shifts. Default is 1.

Line 9:-warnings [(True or Falség]

-warnings--ldentifier enables or disables printing of warning messages for advection calculations. In
some cases, advection calculations could produce many warnings that are not errors. Once itis
determined that the warnings are not due to erroneous input, disabling the warning messages car
avoid generating large output files. Optionalirnings, warning, or -w[arnings].

[(True or Falsg]--If value is true, warning messages are printed to the screen and the output file; if
value is false, warning messages are not printed to the screen or the output file. The value set
with -warnings is retained in all subsequent advection simulations until changed. Default is
true, value at beginning of run is true.

Notes

The capabilities available through tAOVECTION data block are a simplified version of a more complete
formulation of 1D advective-dispersive-reactive transport that is presented by Appelo and Postma (1993) and
implemented in th& RANSPORT data block. Calculations using tA®VECTION keyword are sufficient for
initial investigations, and in comparison to other problems that include dispersion, the calculations are fast. For
many systems with limited data, the kinds of calculations availableABYfECTION are adequate and
appropriate. ThR&@RANSPORT data block allows modeling of the additional processes of diffusion, dispersion,
and diffusion into stagnant zones. The transport capabilities AMMECTION keyword inPHREEQcCversion 2
are equivalent to the capabilities of IlRANSPORT keyword inPHREEQCversion 1.

In the example data block given in this section, a column of five cedlidg is modeled and 5 pore volumes
of filling solution are moved through the colunsh(ftdcellsis 5). Unless kinetic reactions are modeled, no explicit
definition of time is required, only the number of shifts. Also, no distance is explicitly specified for advection
calculations, only the number of cells.

The-time_stepidentifier is required if kinetic reaction&(NETICS data block) are defined for at least one
cell in the column. If kinetic reactions are defined, then an integration is performed for each cell that has kinetic
reactions for each advective shift. Kinetic reactions significantly increase the run time of a simulation because the
integration of the rates of reaction imposes 1 to 6 (or possibly more) additional batch-reaction calculations for each
cell that has kinetic reactions for each advective shift. The total time modeled in the example data block simulation
is 25,000 secondgifne_stepx shifts ).

By default, the composition of the solution, pure-phase assemblage, exchange assemblage, gas phase,
solid-solution assemblage, surface assemblage, and kinetic reactants are printed for each cell for each shift. Use «
-print_cells and-print_frequency, will limit the data written to the output file. Therint_cells identifier restricts
printing in the output file to the specified cells; in the example data block, results for cells 1, 2, 3, and 5 are printed
to the output file. The identifieprint_frequency restricts printing in the output file to those advection shifts that
are evenly divisible bprint_modulusIn the example data block, results are printed to the output file after each
integer pore volume (5 shifts). Data written to the output file can be further limited with the ke RRINIT (see
-reset fals§. TheUSER_PRINT data block can be used to calculate quantities to be printed to the output file.
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If the SELECTED_OUTPUT data block has been defined (recommended), then data specified in the
SELECTED_OUTPUT andUSER_PUNCH data blocks are written to the selected-output file. Use of
-punch_cellsand-punch_frequencyin theADVECTION data block will limit what is written to the
selected-output file. Thgounch_cellsidentifier restricts printing to the selected-output file to the specified cells; in
the example data block, results for cells 2, 3, 4, and 5 are printed to the selected-output file. The identifier
-punch_frequencyrestricts printing to the selected-output file to those advection shifts that are evenly divisible by
punch_moduludn the example data block, results are printed to the selected-output file after each integer pore
volume (5 shifts). All printing to the selected-output file can be switched on or off througtekbeted_output
identifier of the keyword®RINT .

Most of the information for advection calculations must be entered with other keywords. This advection
calculation assumes that solutions with numbers 0 through 5 have been defined WDIgUREON or SAVE
data blocks. Solution 0 is the infilling solution and solutions 1 through 5 are the initial solutions in the cells of the
column. Other reactants may be defined for each of the cells. Pure-phase assemblages may be defined with
EQUILIBRIUM_PHASES or SAVE, with the number of the assemblage corresponding to the cell number.
Likewise, an exchange assemblage, gas phase, solid-solution assemblage, or surface assemblage can be defined for
each cell througg XCHANGE , GAS_PHASE, SOLID_SOLUTIONS, SURFACE, or SAVE data blocks, with
the identifying number corresponding to the cell number. Note that ranges of numbers can be used (for example
SOLUTION 1-5) to define multiple solutions, pure-phase assemblages, exchange assemblages, gas phases,
solid-solution assemblages, or surface assemblages ai8Rifatallows a range of numbers to be used.

TheREACTION data block can be used to define a stoichiometric reaction that applies to a cell at each shift,
with the reaction number corresponding to the cell number. This capability is not very useful because it represents
only zero-order kinetics, the reaction rate is constant throughout the advection simulatiiiNERECS data
block provides a better definition of time-varying reactions for individual cells.

TheMIX keyword can be used withDVECTION modeling to define simplistic dispersion or lateral inflow
to the column. At each shift, solution 0 is moved to cell 1, any stoichiometric reaction or mixing for cell 1 is added,
kinetic reactions are integrated while maintaining equilibrium with the contents of cell 1; solution 1 (before mixing
and reaction) is moved to cell 2, reaction or mixing for cell 2 is added, kinetic reactions are integrated while
maintaining equilibrium with the contents of cell 2; and so on until solutielis-1is moved to celtells The moles
of pure phases and kinetic reactants, and the compositions of the exchange assemblage, surface assemblage, and gas
phase in each cell are updated with each shift, but only after mixing for the next cell has been accomplished.

Example problems

The keywordADVECTION is used in example problems 11 and 14.

Related keywords

EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE KINETICS , MIX , PRINT, REACTION,
REACTION_TEMPERATURE , SAVE, SELECTED_OUTPUT, SOLID_SOLUTIONS, SOLUTION,
SURFACE, TRANSPORT, USER_PRINT, andUSER_PUNCH
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END

This keyword has no associated data. It ends the data input for a simulation. After this keyword is read by
the program, the calculations described by the input for the simulation are performed and the results printed.
Additional simulations may follow in the input data set, each in turn will be terminated wilNi» keyword or

the end of the file.

Example problems

The keywordEND is used in all example problems, 1 through 18.
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EQUILIBRIUM_PHASES

This keyword data block is used to define the amounts of an assemblage of pure phases that can react
reversibly with the aqueous phase. When the phases included in this keyword data block are brought into contact
with an aqueous solution, each phase will dissolve or precipitate to achieve equilibrium or will dissolve completely.
Pure phases include minerals with fixed composition and gases with fixed partial pressures. Two types of input are
available: in one type, the phase itself reacts to equilibrium (or a specified saturation index or gas partial pressure);
in the other type, an alternative reaction occurs to the extent necessary to reach equilibrium (or a specified saturation
index or gas partial pressure) with the specified pure phase.

Example data block

Line O: EQUILIBRIUM_PHASES1 Define amounts of phases in assemblage.
Line 1a: Chalcedony 0.0 0.0

Line 1b: CO2(g) -3.5 1.0

Line 1c:  Gibbsite(c) 0.0 KAISIi308 1.0

Line 1d: Calcite 1.0 Gypsum 1.0

Line 1le: pH_Fix -5.0 HCI 10.0

Explanation

Line 0: EQUILIBRIUM_PHASES [numbet [description

EQUILIBRIUM_PHASES is the keyword for the data block. OptionalBBQUILIBRIUM , EQUI-
LIBRIA , PURE_PHASES PURE.

numbesf-Positive number to designate the following phase assemblage and its composition. A range of
numbers may also be given in the formn wheremandn are positive integersnis less tham,
and the two numbers are separated by a hyphen without intervening spaces. Default is 1.

description-Optional comment that describes the phase assemblage.

Line 1: phase namgsaturation indeX(alternative formulaor alternative phasg[amouni]]

phase nameName of a phase. The phase must be definedRHASESinput, either in the database
file or in the current or previous simulations of the run. The name must be spelled identically to
the name used IRHASES input (except for case).

saturation indexTarget saturation index for the pure phase in the aqueous phase (line 1a); for gases,
this number is the log of the partial pressure (line 1b). The target saturation index (partial pres-
sure) may not be attained if the amount of the phase in the assemblage is insufficient. Default is
0.0.

alternative formulazChemical formula that is added (or removed) to attain the target saturation index
(or log partial pressure). By default, the mineral defineghbgise nameissolves or precipitates
to attain the target saturation indexalfernative formulas enteredphase nameoes not react;
the stoichiometry oélternative formulds added or removed from the aqueous phase to attain the
target saturation indexlternative formulanmust be a legitimate chemical formula composed of
elements defined to the program. Line 1c indicates that the stoichiometry giedtemative for-
mula, KAISizOg (potassium feldspar), will be added or removed from the aqueous phase until

DESCRIPTION OF DATA INPUT 79



gibbsite equilibrium is attained. Thadternative formulaandalternative phasare mutually
exclusive fields.

alternative phaseThe chemical formula defined fafternative phasés added (or removed) to attain
the target saturation index (or log partial pressure). By default, the mineral defipleddey
namedissolves or precipitates to attain the target saturation indalxeldhative phasés
enteredphase nameoes not react; the stoichiometry of #iernative phasés added or
removed from the aqueous phase to attain the target saturation Altlxative phasenust be
defined througlPHASESinput (either in the database file or in the present or previous simula-
tions). Line 1d indicates that the phase gypsum will be added to or removed from the aqueous
phase until calcite equilibrium is attained. Tigernative formulaandalternative phasare
mutually exclusive fields.

amount-Moles of the phase in the phase assemblage or moles of the alternative reaction. This number
of moles defines the maximum amount of the mineral or gas that can dissolve. It may be possible
to dissolve the entire amount without reaching the target saturation index, in which case the solu-
tion will have a smaller saturation index for this phase than the target saturation inaleauht
is equal to zero, then the phase can not dissolve, but will precipitate if the solution becomes
supersaturated with the phase. Default is 10.0 moles.

Notes

If just one numberisincluded on line 1, itis assumed to be the target saturation index (or log partial pressure)
and the amount of the phase defaults to 10.0 mol. If two numbers are included on the line, the first is the target
saturation index and the second is the amount of the phase present. Line 1 may be repeated to define all pure phas
that are assumed to react reversibly. It is possible to include a pure phase that has an amount of zero (line 1a).
this case, chalcedony can not dissolve, but can precipitate if the solution is supersaturated with chalcedony, eithe
by initial conditions, or through dissolution of pure phases or other specified reactions (mixing, stoichiometric or
kinetic reactions). It is possible to maintain constant pH conditions by specificatioratteanative formulaand
a special phas@®HASES input). Line 1e would maintain a pH of 5.0 by adding HCI, provided a phase named
“oH_Fix” were defined with reaction H= H* and logK = 0.0 (see example 8, in “Examples”). (Note: If the acid,

HCI, is specified and, in fact, a base is needed to attain pH 5.0, it is possible the program will fail to find a solution
to the algebraic equations.)

The number of exchange sites can be related to the moles of a phase that are present in an
EQUILIBRIUM_PHASES phase assemblage (¥£¥CHANGE ). As the moles of the phase increase or
decrease, the number of exchange sites will increase or decrease. Likewise, the number of surface sites can be
related to the moles of a phase that are presentBEQ&HLIBRIUM_PHASES phase assemblage (see
SURFACE).

For batch reactions, after a pure-phase assemblage has reacted with the solution, it is possible to save th
resulting assemblage composition (that is, the identity, target saturation index, and moles of each phase) with the
SAVE keyword. If the new composition is not saved, the assemblage composition will remain the same as it was
before the batch reaction. After it has been defined or saved, the assemblage may be used in subsequent simulatic

80 User's Guide to PHREEQC (Version 2)



by theUSE keyword. TRANSPORT andADVECTION calculations automatically update the pure-phase
assemblage ar8iAVE has no effect during these calculations.

Example problems

The keywordEQUILIBRIUM_PHASES is used in example problems 2, 3,5, 6, 7, 8, 9, 10, and 14.

Related keywords

ADVECTION , EXCHANGE, PHASES SAVE equilibrium_phases SURFACE, TRANSPORT, and
USE equilibrium_phases
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EXCHANGE

This keyword data block is used to define the amount and composition of an assemblage of exchangers. Thy
initial composition of the exchange assemblage can be defined in two ways, (1) explicitly by listing the
composition of each exchange component or (2) implicitly, by specifying that each exchanger is in equilibrium
with a solution of fixed composition. The exchange master species, stoichiometries, &slflagthe exchange
reactions are defined with the keywoEISCHANGE_MASTER_SPECIES andEXCHANGE_SPECIES. The
number of exchange sites can be fixed; can be related to the amount of a phase in a phase assemblage; or car
related to the amount of a kinetic reactant.

Example data block 1

Line O: EXCHANGE 10 Measured exchange composition

Line la: Cax2 0.3

Line 1b: MgX2 0.2

Linelc: NaX 05

Line 2a: CaY2 Ca-Montmorillonite equilibrium_phase 0.165
Line 2b: NaZz Kinetic_clay kinetic_reactant 0.1

Explanation 1

Line 0:EXCHANGE [numbet [description
EXCHANGE is the keyword for the data block.
numbef-Positive number to designate the following exchange assemblage and its composition. A
range of numbers may also be given in the forrm, wherem andn are positive integersnis
less tham, and the two numbers are separated by a hyphen without intervening spaces. Default
is 1.
description-Optional comment that describes the exchanger.
Line 1:exchange formula, amount
exchange formulaExchange species including stoichiometry of exchange ion and exchanger.
amount-Quantity of exchange species, in moles.
Line 2:exchange formula, namgequilibrium_phase or kinetic_reactant)], exchange_per_mole
exchange formulaExchange species including stoichiometry of exchange ion and exchange site(s).
Theexchange formulenust be charge balanced; if no exchange ions are included in the formula,
then the exchange site must be uncharged.
name-Name of the pure phase or kinetic reactant that has this kind of exchangensiteeit a
phase, the amount of the phase IrEQUILIBRIUM_PHASES data block with the same
number as this exchange number (10, in the example data block) will be used to determine the
number of exchange sites.fmeis a kinetic reactant, the amount of the reactantkiNET-
ICS data block with the same number as this exchange number (10, in the example data block)
will be used to determine the number of exchange sites. Some care is needed in defining the sto-
ichiometry of the exchange species if the exchangeable ions are related to a phase or kinetic
reactant. The assumption is that some of the ions in the pure phase or kinetic reactant are avail-
able for exchange and these ions are defined through one or more entries of Line 2. The stoichi-
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ometry of the phase (defined ilPBRIASES data block) or kinetic reactant (defined in a
KINETICS data block) must contain sufficient amounts of the exchangeable ions. From the
example data block, Line 2a, there must be at least 0.165 mol of calcium per mole of Ca-Mont-
morillonite. From the example data block, Line 2b, there must be at least 0.1 mol of sodium per
mole of the reactant “kinetic_clay”.

equilibrium_phaseorkinetic_reactant--If equilibrium_phaseis used, th@mameon the line is a phase
defined in arEQUILIBRIUM_PHASES data block. Ikinetic_reactant is used, the name on
the line is the rate name for a kinetic reactant definedilN&TICS data block. Optionallye
ork, only the first letter is checked. Defauleguilibrium_phase.

exchange_per_moldNumber of moles of the exchange species per mole of phase or kinetic reactant,
unitless (mol/mol).

Notes 1

Line 1 may be repeated to define the entire composition of each exchanger. This example data block defines
the amount and composition of three exchangers, X, Y, and Z. Line 2 should be entered only once for each type of
exchange site. The total number of exchange sites of X is 1.5 mol and the total concentrations of calcium,
magnesium, and sodium on exchanger X are 0.3, 0.2, and 0.5 mol, respectively. When the composition of the
exchanger is defined explicitly, such as in this example data block, the exchanger will almost certainly not be in
equilibrium with any of the solutions that have been defined. Any batch reaction that includes an explicitly defined
exchanger will produce a reaction that causes change in solution and exchange composition.

Exchanger Y is related to the amount of Ca-MontmorillonitE@UILIBRIUM_PHASES 10, where 10 is
the same number as the exchange-assemblage nummeepifesents the moles of Ca-Montmorillonite in
EQUILIBRIUM_PHASES 10, then the number of moles of exchangeable componenti€aYL6%n, and the
total number of exchange sites (Y) is 0m83.165x2). The stoichiometry of Ca must be at least 0.165 in the formula
for Ca-Montmorillonite. During batch-reaction simulations the exchange composition, including the moles of Ca
exchanged, will change depending on competing species defiBXCIHANGE _SPECIES. In addition, the
moles of Ca-Montmorillonite iEQUILIBRIUM_PHASES 10 may change, in which case the total moles of the
exchange sites (Y) will change.

Exchanger Z is related to the amount of a kinetic reactant that dissolves and precipitates according to a rate
expression named “kinetic_clay”. The formula for the kinetic reactant is defin€tNETICS 10, where 10 is the
same number as the exchange-assemblage numimgepiesents the moles of kinetic_claydiNETICS 10, then
the number of moles of exchangeable component NaZ ig,@vhich is equal to the total number of exchange sites.

The stoichiometry of Na must be at least 0.1 in the formula for the kinetic reactant. The exchange composition will
change during reaction calculations, depending on competing species deEXSCHANGE_SPECIES. In

addition, the moles of kinetic_clay KINETICS 10 may change, in which case the total moles of the exchange
sites (Z) will change.

Example data block 2
Line O: EXCHANGE Exchanger in equilibrium with solution 1

Line la: X 1.0
Linelb: Xa 0.5
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Line2: CaY2 Ca-Montmorillonite equilibrium_phase 0.165
Line 3: -equilibrate with solution 1

Explanation 2

Line 0:EXCHANGE [numbet [description
Same as example data block 1.
Line 1:exchange site, amount
exchange siteOnly the name of the exchange site needs to be entered.
amount-Quantity of exchange site, in moles.
Line 2:exchange formula, namgequilibrium_phaseorkinetic_reactant)], exchange_per_mo(same as
example data block 1).
Line 3:-equilibrate number
-equilibrate--This string at the beginning of the line indicates that the exchange assemblage is defined
to be in equilibrium with a given solution composition. Optionatyyil, equilibrate, or
-g[quilibrate ].
number-Solution number with which the exchange assemblage is to be in equilibrium. Any alphabetic
characters following the identifier and preceding an integer (“with solution” in line 1) are
ignored.

Notes 2

The order of lines 1, 2, and 3 is not important. Line 3 should occur only once within the data block. Lines 1
and 2 may be repeated to define the amounts of other exchangers, if more than one exchanger is present in the
assemblage. Example data block 2 requires the program to make a calculation to determine the composition of th
exchange assemblage. The calculation will be performed before any batch-reaction calculations to determine th
concentrations of each exchange component [such ag ®®@X,, or NaX (from the default database) provided
calcium, magnesium, and sodium are present in solution] that would exist in equilibrium with the specified solution
(solution 1 in this example data block). The composition of the solution will not change during this calculation.
When an exchange assemblage (defined as in example data block 1 or example data block 2) is placed in cont:
with a solution during a batch reaction, both the exchange composition and the solution composition will adjust to
reach a new equilibrium.

The exchange ions given by the formulas in Lines 2 are not used in the initial exchange-composition
calculation. However, the definition of the exchange ions is important for batch-reaction and transport calculations.
As the reactant, either a pure phase or a kinetic reactant, dissolves or precipitates, the number of exchange site
varies. Any new sites are initially filled with the exchangeable ions given in Lines 2. When exchange sites are
removed, for example when a pure phase dissolves, then the net effect is to subtract from the pure phase formt
the amount of the exchange ions defined in Lines 2 and add an equivalent amount of ions as defined by the
exchanger composition. As an example, suppose some Ca-montmorillonite forms. Initially, calcium is in the
exchange positions, but sodium replaces part of the calcium on the exchanger. When the montmorillonite dissolve:
again, the calcium in the formula for the phase is added to solution, the exchange ion (calcium from Line 2) is
removed from solution, and the sodium and calcium from the exchanger is added to solution; the net effect is
dissolution of (Na, Ca)-montmorillonite. Note that equilibrium for Ca-montmorillonite always uses the same
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mass-action equation, which includes only calcium, even though the composition of the phase is changing. Note also
that this formulation implies that a pure Na-montmorillonite can never be attained because calcium must always be
present to attain equilibrium with Ca-montmorillonite.

It is possible to realize a complete exchange of sodium and calcium by defining Y without cations under
EXCHANGE, and a new equilibrium with only the structural ions of montmorillonite URHXSES. The
combined reaction of exchanger and equilibrium phase must be electrically neutral. In the example data block, the
montmorillonite would be defined with a positive charge deficit of 0.165. When montmorillonite forms, the
exchange sites Y increase in proportion and take cations from solution to exactly balance the charge deficit. Note
that log_k for montmorillonite is adjusted Ill)glo(O.OOlO'lGS) to account for an estimated contribution of
1 mmol/kgw Ca in solution. Yet another possibility is to use the capabilities 8QhéD SOLUTIONS data
block to define a variable composition solid solution between calcium and sodium montmorillonite end members.

EXCHANGE Exchanger in equilibrium with solution 1

Y Montmorillonite equilibrium_phase 0.165
-equilibrate with solution 1
PHASES
-no_check # must use no_check because of unbalanced equation

Montmorillonite  # Montmorillonite has 0.165 mol Y-/mol
Al2.33Si3.67010(0OH)2 + 12 H20 = 2.33 Al(OH)4- + 3.67 H4SiO4 + 2 H+
log_k  -44.532 #Assume ac, = 0.001 at equilibrium
delta_h  58.373 kcal

An exchanger can be defined with a fixed number of sites initially, but through special definition of a kinetic
reactant, the number of sites can vary with reaction progress. Concentration changes in the number of exchange sites
can be included in th€INETICS keyword, underformula. The combination of exchanger and kinetic reaction
must be neutral.

EXCHANGHE

# Z+ is related to Goethite, initial amount is 0.2 * m_go = 0.02
Z 0.02
-equil 1
KINETICS 1
# Z has a charge of +1.0, Fe(OH)2+ sorbs anions.
-formula FeOOH 0.8 Fe(OH)2 0.2 Z -0.2
m 0.1

After a batch reaction has been simulated, it is possible to save the resulting exchange assemblage composition
with the SAVE keyword. If the new composition is not saved, the exchange assemblage composition will remain the
same as it was before the batch reaction. After it has been defined or saved, the exchange assemblage can be used
in subsequent simulations through th8E keyword.

Example problems

The keywordEXCHANGE is used in example problems 11, 12, 13 and 14.
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Related keywords

EQUILIBRIUM_PHASES , EXCHANGE_MASTER_SPECIES, EXCHANGE_SPECIES,
KINETICS , SAVE exchange andUSE exchange.
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EXCHANGE_MASTER_SPECIES

This keyword data block is used to define the correspondence between the hame of an exchange site and an
exchange species that is used as the master species in calculations. Normally, this data block is included in the
database file and only additions and modifications are included in the input file.

Example data block

Line O: EXCHANGE_MASTER_SPECIES
Linela: X X-
Line 1b: Xa Xa-

Explanation

Line 0: EXCHANGE_MASTER_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1:exchange name, exchange master species
exchange nameName of an exchange site, X and Xa in this example data block. It must begin with a
capital letter, followed by zero or more lower case letters or underscores (*_").
exchange master specidormula for the master exchange speciesaarXl Xa in this example data
block.

Notes

All half-reactions for the exchanger (X and Xa, in this example data block) must be written in terms of the
master exchange species @ad Xa in this example data block). Each exchange master species must be defined by
an identity reaction with lo of 0.0 iInEXCHANGE_SPECIES input. Any additional exchange species and
associated reactions must be defined BXCHANGE_SPECIES input.

Example problems

The keyworcEXCHANGE_MASTER_SPECIES is not used in the example problems. See listing of default
database file in Attachment B for an example.

Related keywords

EXCHANGE , EXCHANGE_SPECIES, SAVE exchange andUSE exchange
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EXCHANGE_SPECIES

This keyword data block is used to define a half-reaction and relatikeflmgeach exchange species.
Normally, this data block is included in the database file and only additions and modifications are included in the
input file.

Example data block

Line O: EXCHANGE_SPECIES
Line l1a: X-=X-

Line 2a: log_k 0.0

Line 1b:  X- + Na+ = NaX

Line 2b: log_k 0.0

Line 3b: -gamma 4. 0.075

Line 1c:  2X- + Ca+2 = CaX2

Line 2c: log_k 0.8

Line 4c: -davies

Line 1d:  Xa- = Xa-

Line 2d: log_k 0.0

Line 1e:  Xa- + Na+ = NaXa

Line 2e: log_k 0.0

Line 1f:  2Xa- + Ca+2 = CaXa2

Line 2f: log_k 2.0
Explanation

Line 0:EXCHANGE SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1: Association reaction
Association reaction for exchange species. The defined species must be the first species to the right o
the equal sign. The association reaction must precede any identifiers related to the exchange specie:
Master species have an identity reaction (lines 1a and 1d).
Line 2:log_klog K
log_k--Identifier for logK at 25C. Optionally,-log_k, logk, -I[og_K], or -I[ogK].
log K--Log K at 25°C for the reaction. Unlike log for aqueous species, the IEdor exchange species
is implicitly relative to a single exchange species. In the default database file, sodium (NaX) is
used as the reference and the reaction Xla” = NaX is given a logk of 0.0 (line 2b). The log
K for the exchange reaction for the reaction given in line 2c is then numerically equal to the log
K for the reaction 2NaX + CZ = CaX, + 2Na'. Master species have ldgof 0.0 (lines 2a and
2d); reactions for reference species also hav&lof0.0 (lines 2b and 2e). Default is 0.0.
Line 3:-gammaDebye-Hlickel a, Debye-Hickel b
-gamma-IndicatesvATEQ Debye-Hickel equation will be used to calculate an activity coefficient for
the exchange species-ffammaor -daviesis not input for an exchange species, the activity of
the species is equal to its equivalent fractiongimmais entered, then an activity coefficient of
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2
_AZE "/L_J' .
1+Ba’Ju
the equivalent fraction to obtain activity for the exchange species. In this equation, is the activ-

ity coefficient,pu is ionic strengti andB are constants at a given temperature,and s the
number of equivalents of exchanger in the exchange species. Optigaailyjaor -glamma).

the form ofwATEQ (Truesdell and Jones, 1974)gy = bu , is multiplied times

Debye-Huckel aParameter® in thewATEQ activity-coefficient equation.
Debye-Huickel BParameteb in thewATEQ activity-coefficient equation.
Line 4:-davies
-davies-Indicates the Davies equation will be used to calculate an activity coefficiegamfnaor
-daviesis not input for an exchange species, the activity of the species is equal to its equivalent
fraction. If-daviesis entered, then an activity coefficient of the form of the Davies equation,

220
0+

the exchange species. In this equatipn, is the activity coeffigient, isionic strérigtécon-

stant at a given temperature, and  is the number of equivalents of exchanger in the exchange

species. Optionallyaviesor -d[avieq.

logy = -A —O.3u%, is multiplied times the equivalent fraction to obtain activity for

Notes

Lines 1 and 2 may be repeated as necessary to define all of the exchange reactions, with line 1 preceding line
2 for each exchange species. One identity reaction that defines the exchange master species (in example data block,
lines 1a and 2a, 1d and 2d) and one reference half-reaction are needed for each exchanger. The identity reaction has
a logK of 0.0. The reference half-reaction for each exchanger also will haveka dd@.0 (in example data block,
lines 1b and 2b, 1e and 2e); in the default database file the reference half-reaction ¥ NaNaX. Multiple
exchangers may be defined simply by defining multiple exchange master species and additional half-reactions
involving these master species, as in this example data block.

The theory for activities of exchange species is not well developedREEQG the activity of an exchange
species is by default assumed to be equal to the equivalent fraction of the species relative to the total equivalents of
exchanger. Thegammaidentifier allows the equivalent fraction to be multiplied by an activity coefficient to obtain
the activity of an exchange species. This activity coefficient is identical to the activity coefficient for an aqueous
species calculated by using theTEQ Debye-Hickel equation. The Davies equation can be used to calculate the
activity coefficient of the exchange species by specifyingdagiesidentifier. The use of these equations is strictly
empirical and is motivated by the observation that these activity corrections provide a better fit to some experimental
data.

Temperature dependence of légan be defined with the standard enthalpy of reaction (identdedta_h)
using the van't Hoff equation or with an analytical expressianglytical_expression. See
SOLUTION_SPECIES or PHASES for examples.

The identifie-no_checkcan be used to disable checking charge and elemental balances (see
SOLUTION_SPECIES). The use ofno_checkis not recommended. By default, the equation given for the
exchange species (line 1) is used to determine the mass-action equation and the contribution of the species to each
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mole-balance equation. Alternatively, the contribution of the species to each mole-balance equation can be define
using themole_balanceidentifier. SeeSOLUTION_SPECIES andSURFACE_SPECIESfor an example. If
the-no_checkidentifier is used, then thenole_balanceidentifier is required.

Example problems

The keywordEXCHANGE_SPECIES is used in example problems 12, 13, and 18. See also listing of
default database file in Attachment B for examples.

Related keywords

EXCHANGE , EXCHANGE_MASTER_SPECIES, SAVE exchange andUSE exchange.
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GAS_PHASE

This keyword data block is used to define the composition of a fixed-total-pressure or a fixed-volume
multicomponent gas phase @AS_PHASE data block is not needed if fixed partial pressures of gas components
are desired; useQUILIBRIUM_PHASES instead. The gas phase defined with this keyword data block
subsequently may be equilibrated with an aqueous phase in combination with pure-phase, surface, exchange, and
solid-solution assemblages in batch-reaction calculations. As a consequence of batch reactions, a fixed-pressure gas
phase may exist or not, depending on the sum of the partial pressures of the dissolved gases in solution. A
fixed-volume gas phase always contains some amount of each gas component that is present in solution. The initial
composition of a fixed-pressure gas phase is defined by the partial pressures of each gas component. The initial
composition of a fixed-volume gas may be defined by the partial pressures of each gas component or may be defined
to be that which is in equilibrium with a fixed-composition aqueous phase. The thermodynamic properties of the gas
components are defined witHASES input.

Example data block 1. Fixed-pressure gas phase

Line O: GAS_PHASH-5 Air

Line 1: -fixed_pressure

Line 2: -pressure 1.0
Line 3: -volume 1.0
Line 4: -temperature 25.0

Line ba: CHA4(g) 0.0

Line 5b:  CO2(qg) 0.000316
Line 5c: 02(g) 0.2

Line 5d:  N2(g) 0.78

Explanation 1

Line 0: GAS_PHASE [numbet [descriptior
GAS_PHASE s the keyword for the data block.
numbef-Positive number to designate the following gas phase and its composition. A range of numbers
may also be given in the fornm-n, wherem andn are positive integersnis less tham, and the
two numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the gas phase.
Line 1:-fixed_pressure
-fixed_pressure-Identifier defining the gas phase to be one that has a fixed total pressure, that is a gas
bubble. A fixed-pressure gas phase is the default if neithefixbd pressurenor the
-fixed_volumeidentifier is used. Optionalliixed_pressure or-fixed_p[ressurd.
Line 2:-pressurepressure
-pressure-ldentifier defining the fixed pressure of the gas phase that applies during all batch-reaction
and transport calculations. Optionagflisessure or-p[ressurg.
pressure-The pressure of the gas phase, in atmospheres. Default is 1.0 atm.
Line 3:-volume volume
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-volume--lIdentifier defining thénitial volume of the fixed-pressure gas phase. Optionatiiyme, or
-v[olume].
volume-Theinitial volume of the fixed-pressure gas phase, in liters. Mdlemealong withtempand
partial pressureare used to calculate the initial moles of each gas component in the fixed-pres-
sure gas phase. Default is 1.0 liter.
Line 4:-temperature temp
-temperature--ldentifier defining thenitial temperature of the gas phase. Option&digyperature,
or -t[emperature].
temp-Theinitial temperature of the gas phase, in Celsius.t€éhgalong withvolumeandpatrtial
pressureare used to calculate the initial moles of each gas component in the fixed-pressure gas
phase. Default is 25.0.
Line 5:phase name, partial pressure
phase nameName of a gas component. A phase with this name must be defiRétSES input
in the database or input file.
partial pressure-Initial partial pressure of this component in the gas phase, in atmosphergzarfhe
tial pressurealong withvolumeandtempare used to calculate the initial moles of this gas com-
ponent in the fixed-pressure gas phase.

Notes 1

Line 5 may be repeated as necessary to define all of the components initially present in the fixed-pressure
gas phase as well as any components which may subsequently enter the gas phase. The initial moles of any ge
component that is defined to have a positive partial press@&$ PHASE input will be computed using the
ideal gas lawn = PV/RT wheren is the moles of the gaB,is the defined partial pressure (line\8)s given by
-volume, andT is given by-temperature (converted to Kelvin). It is likely that the sum of the partial pressures of
the defined gases will not be equal to the pressure givasrdgsure However, when the initial moles of gas
components are brought in contact with a solution during a batch-reaction simulation, the moles of gases and
volume of the gas phase will adjust so that each component is in equilibrium with the solution and the total pressure
(sum of the partial pressures) is that specifieddrgssure Itis possible that the gas phase will not exist if the sum
of the partial pressures of dissolved gases does not exceed the pressure -gikessbre

Some gas components may be defined to have initial partial pressures of zero. In this case, no moles of tha
component will be present initially, but the component may enter the gas phase when in contact with a solution that
contains that component. If no gas phase exists initially, the initial partial pressures of all components should be
set to 0.0; a gas phase may subsequently form if batch reactions cause the sum of the partial pressures of the ¢
components to exceguessure

Example data block 2. Fixed-volume gas phase: Define initial moles of components with partial pressures

Line O: GAS_PHASH-5 Air

Line 1: -fixed_volume
Line 2: -volume 1.0
Line 3: -temperature 25.0

Line 4a: CHA4(g) 0.0

92 User's Guide to PHREEQC (Version 2)



Line 4b:  CO2(g) 0.000316
Line 4c:  0O2(g) 0.2
Line 4d:  N2(g) 0.78

Explanation 2

Line 0: GAS_PHASE [numbet [descriptior
GAS_PHASE s the keyword for the data block.
number-positive number to designate the following gas phase and its composition. A range of numbers
may also be given in the form-n, wherem andn are positive integersnis less tham, and the
two numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the gas phase.
Line 1:-fixed_volume
-fixed_volume-Identifier defining the gas phase to be one that has a fixed volume (not a gas bubble).
A fixed-pressure gas phase is the default if neithesfitkesl_pressurenor the-fixed_volume
identifier is used. Optionallijxed_volume, or-fixed_v[olume].
Line 2:-volume volume
-volume--ldentifier defining the volume of the fixed-volume gas phase, which applies for all batch-reac-
tion or transport calculations. OptionaNglume, or-v[olume].
volume-The volume of the fixed-volume gas phase, in liters. Default is 1.0 liter.
Line 3:-temperature temp
-temperature--ldentifier defining thénitial temperature of the gas phase. Optionda#ynperature, or
-t[emperature].
temp-Theinitial temperature of the gas phase, in Celsius. Default is 25.0.
Line 4:phase name, partial pressure
phase nameName of a gas component. A phase with this name must be defireRdASESinput in
the database or input file.
partial pressure-Initial partial pressure of this component in the gas phase, in atmosphergsariiaé
pressurealong withvolumeandtempare used to calculate the initial moles of this gas component
in the fixed-volume gas phase.

Notes 2

Line 4 may be repeated as necessary to define all of the components initially present in the fixed-volume gas
phase as well as any components which may subsequently enter the gas phase. The initial moles of any gas
component that is defined to have a positive partial pressure will be computed using the ideahga®1ART
wheren is the moles of the gaB,is the defined partial pressure (lineM)s given by-volume, andT is given by
-temperature (converted to Kelvin). When the initial moles of gas components are brought in contact with a
solution during a batch-reaction simulation, the total pressure, the partial pressures of the gas components in the gas
phase, and the partial pressures of the gas components in the aqueous phase will adjust so that equilibrium is
established for each component. A constant-volume gas phase always exists unless all of the gas components are
absent from the system. The identifieressureis not used for a fixed-volume gas phase.
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Some gas components may be defined to have initial partial pressures of zero. In this case, no moles of tha
component will be present initially, but the component will enter the gas phase when in contact with a solution
containing the component.

Example data block 3. Fixed-volume gas phase: Define initial moles of components by equilibrium with a solution

Line O: GAS_PHASH-5 Air

Line 1: -fixed_volume
Line 2: -equilibrium with solution 10
Line 3: -volume 1.0

Line 4a: CH4(g)
Line 4b:  CO2(g)
Line 4c:  0O2(g)
Line 4d:  N2(g)

Explanation 3

Line 0: GAS_PHASE [numbet [description
GAS_PHASE s the keyword for the data block.

numbef-Positive number to designate the following gas phase and its composition. A range of num-
bers may also be given in the foman, wherem andn are positive integersy is less tham,
and the two numbers are separated by a hyphen without intervening spaces. Default is 1.

description-Optional comment that describes the gas phase.
Line 1:-fixed_volume

-fixed_volume--ldentifier defining the gas phase to be one that has a fixed volume (not a gas bubble).
A fixed-pressure gas phase is the default if neitherfiked_pressurenor the-fixed_volume
identifier is used. Optionallffixed_volume, or -fixed_v[olume].

Line 2:-equilibrium number

-equilibrium --Identifier indicates that the fixed-volume gas phase is defined to be in equilibrium with
a solution of a fixed compaosition. This identifier may only be used withftked_volumeiden-
tifier. Optionally,equil, equilibrium , -e[quilibrium ], equilibrate, -e[quilibrate ].

numbef-Solution number with which the fixed-volume gas phase is to be in equilibrium. Any alpha-
betic characters following the identifier and preceding an integer (“with solution” in line 2) are
ignored.

Line 3:-volume volume

-volume--Identifier defining the volume of the fixed-volume gas phase, which applies for all
batch-reaction or transport calculations. Optionaibime, or -v[olume].

volume-The volume of the fixed-volume gas phase, in liters. Default is 1.0 liter.
Line 4:phase name

phase nameName of a gas component. A phase with this name must be defiR¢tNSES input
in the database or input file.
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Notes 3

Line 4 may be repeated as necessary to define all of the components that may be present in the fixed-volume
gas phase. Thequilibrate identifier specifies that the initial moles of the gas components are to be calculated by
equilibrium with solution 10. This calculation is termed an “initial gas-phase-compaosition calculation”. During this
calculation, the composition of solution 10 does not change, only the moles of each component in the gas phase are
calculated. A constant-volume gas phase always exists unless all of the gas components are absent from the system.
When the-equilibrate identifier is used, the identifiefgressureand-temperature are not needed and initial
partial pressures for each gas component need not be specified; the partial pressures for the gas components are
calculated from the partial pressures in solution and the temperature is equal to the solution temperature. The
-equilibrate identifier cannot be used with a fixed-pressure gas phase.

A gas component may have an initial partial pressure of zero, because the solution with which the gas phase
is in equilibrium does not contain that gas component. In this case, no moles of that component will be present
initially, but the component may enter the gas phase when the gas is in contact with another solution that does
contain that component.

Example problems

The keywordGAS_PHASEIs used in example problem 7.

Related keywords

EQUILIBRIUM_PHASES , PHASES SAVE gas_phaseandUSE gas_phase.
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INCREMENTAL_REACTIONS

This keyword data block is included mainly to speed up batch-reaction calculations that include kinetic
reactions KINETICS keyword). The keyword has no effect on transport calculations. By default
(INCREMENTAL_REACTIONS false ), for each time; given by-stepsin theKINETICS keyword data block,
rates of kinetic reactions are integrated from timetQ ®his default repeats the integration over early times for
each reaction step even though the early times may be the most CPU-intensive part. If
INCREMENTAL_REACTIONS s set to true, the valuestpfire the incremental times for which to integrate
the rates; each kinetic calculation
i—1 [

(denoted by) integrates over the time interval fronz t, tE t, INCREMENTAL_REACTIONS has a
n=0 n=0

similar effect for-stepsin theREACTION data block.

Example data block

Line O: INCREMENTAL_REACTIONS True

Explanation

Line O:INCREMENTAL_REACTIONS [(Trueor Falsé]
INCREMENTAL_REACTIONS is the keyword for the data block. If valuetizie, reaction steps
for REACTION and time steps foKINETICS data blocks are incremental amounts of reaction and
time that add to previous reactions steps. If valuéalse, reaction steps and time steps are total

amounts of reaction and time, independent of previous reaction steps. Default (if neither true nor false

is entered) isrue. Initial setting at beginning of run ialse

Notes

Frequently, kinetic reactions are faster at early times and slower at later times. The integration of kinetic

reactions for the early times is CPU intensive because the rates must be evaluated at many time subintervals tc

achieve an accurate integration of the rate equations when reactions are fast. If the time stEpNETIES

data block are 0.1, 1, 10, and 100 s and the time steps are not incremental (default at initialization of a run), the
the kinetic reactions will be integrated from 0to 0.1, 0 to 1, 0 to 10, and 0 to 100 s; the early part of the reactions

(0 to 0.1 s) must be integrated for each specified time. By using incremental time steps, the kinetic reactions wil
be integrated from 0t0 0.1, 0.1to 1.1, 1.1to 11.1, and 11.1 to 111.1; the results from the previous time step are

used as the starting point for the next time step, and integrating over the same early time interval is avoided.
If the time steps in thEINETICS data block are defined asteps100in 2 steps and
INCREMENTAL_REACTIONS false , then the kinetic reactions will be integrated from 0 to 50 and 0 to 100 s.
By usingINCREMENTAL_REACTIONS true , the kinetic reactions will be integrated from 0 to 50 and 50 to
100 s. Although the calculation procedure differs, results of calculations usingthierm of data input should
be the same fdANCREMENTAL_REACTIONS true or false
For consistency, thetNCREMENTAL_REACTIONS keyword also has an effect on the interpretation of
steps defined in tRREACTION data block. If the steps in tiIREACTION data block were 0.1, 1, 10, and 100
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mmol, then by default, solution compositions would be calculated after a total of 0.1, 1, 10, and 100 mmol of
reaction had been added to the initial solution. By using incremental reaction steps, solution compositions would be
calculated after a total of 0.1, 1.1, 11.1, and 111.1 mmol of reaction had been added.

If the time steps in thREACTION data block are defined astepslin 2 steps and
INCREMENTAL_REACTIONS false (default), then the solution composition will be calculated after 0.5 moles
of reaction are added to the initial solution and after 1 mole of reaction has been added to the initial solution. By
usingINCREMENTAL_REACTIONS true , the solution composition will be calculated after 0.5 moles of
reaction are added to the initial solution and again after an additional 0.5 moles of reaction are added to the reacted
solution. Although the calculation procedure differs, results of calculations usingithiefm of data input should
be the same fdANCREMENTAL_REACTIONS true orfalse

If INCREMENTAL_REACTIONS true , REACTION is defined with a list of steps, and more
batch-reaction steps (maximum number of steps defingtNETICS , REACTION , and
REACTION_TEMPERATURE ) thanREACTION steps are defined, then the last reaction step is repeated for the
additional batch-reaction steps. Thus the reaction continues to be added to solution during the final batch-reaction
steps. If no additional reaction is desired in these final batch-reaction steps, then additional reaction amounts equal
to zero should be entered in REACTION data block. Similarly, if more batch-reaction steps are defined than
kinetic steps, the final time step from KENETICS data block will be used for the final batch-reaction steps.

If “in” is used in-stepsin theREACTION data block and the number of batch-reaction steps is greater than
the number of steps defined in REACTION data block, then the reaction step is zerdRBACTION in the
remaining batch-reaction steps. Likewise,iif*is used in-stepsin theKINETICS data block, and the number of
batch-reaction steps is greater than the number steps definedKiNEAEICS data block, then the time step for
kinetic reactions in the remaining batch-reaction steps will be zero.

The incremental approach is not implemented foMb¢ keyword. If aMIX data block is used, then
solutions are mixed only once before any reaction or kinetic REACTION_TEMPERATURE steps are
always non-incremental.

Example problems

The keywordNCREMENTAL_REACTIONS is used in example problems 6C and 9.

Related keywords

KINETICS , MIX , andREACTION .
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INVERSE_MODELING

This keyword data block is used to specify the information needed for an inverse modeling calculation.
Inverse modeling attempts to determine sets of mole transfers of phases that account for changes in water chemist
between one or a mixture of initial water compositions and a final water composition. Isotope mole balance, but
not isotope fractionation, can be included in the calculations. The data block includes definition of the solutions,
phases, and uncertainty limits used in the calculations.

Example data block

Line O: INVERSE_MODELING

Line 1: -solutions 1035

Line 2: -uncertainty 0.02 0.04
Line 3: -phases

Line 4a: Calcite force pre 13C -1.0 1
Line 4b: Anhydrite force dis 34S 135 2
Line 4c: Cax2

Line 4d: NaX

Line 5: -balances

Line 6a pH 0.1

Line 6b: Ca 0.01 -0.005

Line 6c¢: Alkalinity -1.0e-6

Line 6d: Fe 005 01 0.2

Line 7: -isotopes

Line 8a: 13C 0.05 0.1 0.05

Line 8b: 34S 1.0

Line 9: -range 10000

Line 10: -minimal

Line 11: -tolerance le-10

Line 12: -force_solutions true false
Line 13: -uncertainty_water 0.55 # moles (~1%)
Line 14: -mineral_water false

Explanation

Line O:INVERSE_MODELING [numbet [description
INVERSE_MODELING is the keyword for the data block.
numbef-Positive number to designate the following inverse-modeling definition. Default is 1.
description-Optional comment that describes the inverse-modeling calculation.
Line 1:-solutions list of solution numbers
-solutions--Identifier that indicates a list of solution numbers follows on the same line. Optiosally,
or -glolutions]. Note the hyphen is required to avoid conflict with the keyv&®d UTION .
list of solution numbersList of solution numbers to use in mole-balance calculations. At least two
solution numbers are required and these solutions must be defirg@IHyTION input or by
SAVE after a batch-reaction calculation in the current or previous simulations. The final solution
number is listed last, all but the final solution are termed “initial solutions”. If more than one
initial solution is listed, the initial solutions are assumed to mix to form the final solution. The
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mixing proportions of the initial solutions are calculated in the modeling process. In the example
data block (line 1), solution 5 is to be made by mixing solutions 10 and 3 in combination with
phase mole transfers.
Line 2:-uncertainty, list of uncertainty limits
-uncertainty--ldentifier that indicates a list of default uncertainty limits for each solution follows on the
same line. The uncertainty limits defined witincertainty do not apply to pH; default for pH is
0.05 pH units and may be changed with-tbedancesidentifier. If-uncertainty is not entered,
the program uses 0.05. The default uncertainty limits can be overridden for individual elements
or element valence states usibglancesidentifier. Optionallyuncertainty, uncertainties,
-u[ncertainty], or -u[ncertaintieg].
list of uncertainty limits-List of default uncertainty limits that are applied to each solution in the order
given by-solutions The first uncertainty limit in the list is applied to all the element and element
valence states in the first solution listeddnolutions The second uncertainty limit in the list is
applied to all the element and element valence states in the second solution {stkdions
and so on. If fewer uncertainty limits are entered than the number of solutions, the final uncer-
tainty limit in the list is used for the remaining solutions. Thus, if only one uncertainty limit is
entered, it is applied to all solutions. The uncertainty limit may have two forms: (1) if the uncer-
tainty limit is positive, it is interpreted as a fraction to be used to calculate the uncertainty limit
for each element or element valence state; a value of 0.02 indicates an uncertainty limit of 2 per-
cent of the moles of each element in solution will be used, and (2) if the uncertainty limit is neg-
ative, it is interpreted as an absolute value in moles to use for each mole-balance constraint. The
second form is rarely used4ancertainty input. In this example data block, the default uncer-
tainty limit for the first solution is set to 0.02, which indicates that the concentration of each ele-
ment in the first solution (solution 10) is allowed to vary up to plus or minus 2 percent, and a
default uncertainty limit of 4 percent will be applied to each element and valence state in the sec-
ond solution (solution 3) and all remaining solutions (solution 5 in this case).
Line 3:-phases
-phases-ldentifier that indicates a list of phases to be used in inverse modeling follows on succeeding
lines. Optionallyphase, phase_datap[hase$, or -p[hase_datd Note the hyphen is required
in -phasesto avoid conflict with the keyworBHASES.
Line 4: phase nam§force] [ (dissolveor precipitate)] [list of isotope name, isotope ratio, isotope uncertainty
limit]
phase nameName of a phase to be used in inverse modeling. The phase must be def¢aSES
input or it must be a charge-balanced exchange species defEX@HANGE_SPECIES
input. Any phases and exchange species defined in the database file or in the current or previous
simulations are available for inverse modeling. Only the chemical reactfRiHASES or
EXCHANGE_SPECIES input is important; the loH is not used in inverse-modeling calcula-
tions.
force--The phase is included (“forced”) to be in the range calculation (see line 9) whether or not the
phase mole transfer is nonzero. This will give another degree of freedom to the range calculation
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for models that do not include the phase and the resulting range of mole transfers may be larger.
The order of this option following the phase name is not important. Optiotiahye].

dissolveor precipitate--The phase may be constrained only to enter the aqueous plisselve,
or leave the aqueous phasgrecipitate”. Any set of initial letters from these two words are
sufficient to define a constraint.

list of isotope namesotope ratig isotope uncertainty limitlsotopic information for the phase may
be defined for one or more isotopes by appending (to line 4) tripletstope namgsotope
ratio, isotope uncertainty limit

isotope namelsotope name written with mass number first followed by element name with no inter-
vening spaces.

isotope ratie-Isotope ratio for this isotope of this elemersigtope nampgin the phase, frequently per-
mil, but percent or other units can be used. Units must be consistent with the units in which this
isotope of the element is definedSOLUTION input.

isotope uncertaintyUncertainty limit for isotope ratio in the phase. Units must be consistent with the
units forisotope ratioand units in which this isotope of this element is defineB@LUTION
input.

Line 5:-balances

-balances-ldentifier that indicates a list of element or element-valence-state name follow on succeed-

ing lines. Optionallypal, balance balances or-b[alance§.
Line 6:element or valence state naftist of uncertainty limitg

element or valence state nanidame of an element or element valence state to be included as a
mole-balance constraint in inverse modeling. The identiiatancesis used for two purposes:
(1) to include mole-balance equations for elements not contained in any of the piphsse§
and (2) to override the uncertainty limits defined withcertainty (or the default uncertainty
limits) for elements, element valences states, or pH. Mole-balance equations for all elements
that are found in the phases-phasesnput are automatically included in inverse modeling with
the default uncertainty limits defined by thmcertainties identifier; mole-balance equations
for all valence states of redox elements are included if the element is in any of the phases of
-phases

list of uncertainty limits-List of uncertainty limits for the specified element or element valence-state
constraint. It is possible to input an uncertainty limit éement or valence state narfiog each
solution used in inverse modeling (as defineddmyutions). If fewer uncertainty limits are
entered than the number of solutions, the final uncertainty limit in the list is used for the remain-
ing solutions. Thus, if only one uncertainty limit is entered, it is used for the given element or
element valence state for all solutions. The uncertainty limit for pH must be given in standard
units. Thus, the uncertainty limit in pH given on line 6a is 0.1 pH units for all solutions. The
uncertainty limits for elements and element valence states (but not for pH) may have two forms:
(1) if the uncertainty limit is positive, it is interpreted as a fraction that when multiplied times
the moles in solution gives the uncertainty limit in moles. A value of 0.02 would indicate an
uncertainty limit of 2 percent of the moles in solution; and (2) if the uncertainty limit is negative,
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itis interpreted as an absolute value in moles to use for the solution in the mole-balance equation
for elemenor valence state namén the example data block, line 6b, the uncertainty limit for
calcium in solution 10 is 1 percent of the moles of calcium in solution 10. The uncertainty limit
for calcium in solution 3 and 5 is 0.005 moles. The uncertainty limit for iron (line 6d) is 5 percent

in solution 10, 10 percent in solution 3, and 20 percent in solution 5.

Line 7:-isotopes
-isotopes-ldentifier that specifies mole balance for the isotopes listed on succeeding lines will be
included in the calculation. Optionaligotopesor -i[sotope$.

Line 8:isotope_name, list of uncertainty limits

isotope_nameName of an isotope for which mole balance is desired. The name must be written with
mass number first followed by element name or redox state with no intervening spaces.

list of uncertainty limits-List of uncertainty limits for the specified isotope for the solutions used in
inverse modeling (as defined bgolutions). If fewer uncertainty limits are entered than the num-
ber of solutions, the final uncertainty limit in the list is used for the remaining solutions. Thus, if
only one uncertainty limit is entered, it is used for the given isotope for all solutions. In the exam-
ple data block, the uncertainty limit for carbon-13 (line 8a) is 0.05 permil in solution 10, 0.1 per-
mil in solution 3, and 0.05 permil in solution 5. The uncertainty limit for sulfur-34 (line 8b) is 1
permil in all solutions. Units of the uncertainty limits for an isotope must be consistent with units
used to define the isotopeS®OLUTION input and with the units used to define isotope values
under thephasesdentifier (line 4).

Line 9:-range [maximunh

-range--ldentifier that specifies that ranges in mole transfer for each phase in each model should be cal-
culated. The range in mole transfer for a phase is the minimum and maximum mole transfers that
can be attained for a given inverse model by varying element concentrations within their uncer-
tainty limits. The calculation of these ranges is time consuming, but provides valuable informa-
tion. In the interest of expediency, it is suggested that models are first identified without using the
-range identifier and the mole transfers checked for plausibility and geochemical consistency
with any additional information such as saturation indices, isotopic compositions, and mineral
textures; then the calculation is rerun with th@ngeidentifier. Any phase with thiorce option
will be included for each range calculation even if the inverse model does not contain this phase.
Optionally,range, ranges or-r[ange$.

maximurm-The maximum value for the range is calculated by minimizing the difference between the
value ofmaximurrand the calculated mole transfer of the phase or the solution fraction. The min-
imum value of the range is calculated by minimizing the difference between the negative of the
value ofmaximurmand the calculated mole transfer of the phase or the solution fraction. In some
evaporation problems, the solution fraction could be greater than 1000 (over 1000-fold evapora-
tive concentration). In these problems, the default value is not large enough and a larger value of
maximum should be entered. Default is 1000.

Line 10:-minimal
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-minimal --ldentifier that specifies that models be reduced to the minimum number of phases that can
satisfy all of the constraints within the specified uncertainty limits. Note that two minimal mod-
els may have different numbers of phases; minimal models imply that no model with any proper
subset of phases and solutions could be found:-emal identifier minimizes the number
of calculations that will be performed and produces the models that contain the most essential
geochemical reactions. However, models that are not minimal may also be of interest, so the use
of this option is left to the discretion of the user. In the interest of expediency, it is suggested that
models are first identified using thminimal identifier, checked for plausibility and geochem-
ical consistency, and then rerun without shenimal identifier. Optionallyminimal, mini-
mum, -m[inimal], or -m[inimum].

Line 11:-tolerancetol

-tolerance--ldentifier that indicates a tolerance for the optimizing solver is to be given. Optiotzly,
eranceor -t[olerancq.

tol--Tolerance used by the optimizing solver. The valuslafhould be greater than the greatest cal-
culated mole transfer or solution fraction multiplied by 1e-15. The default value is adequate
unless very large mole transfers (greater than 1000 moles) or solution fractions (greater than
1000-fold evaporative concentration) occur. In these cases, a larger vatlenaly be needed.
Essentially, a value less théwl is treated as zero. Thus, the valudgafshould not be too large
or significantly different concentrations will be treated as equal. Uncertainty limits lessothan
are assumed to be zero. Default is approximately 1e-10 for default compilation, but may be
smaller if the program is compiled using long double precision.

Line 12:-force_solutionslist of (True or False

-force_solutions-ldentifier that indicates one or more solutions will be forced to be included in all
range calculations. Optionallfgrce_solution force_solutions or-force_[solutiong.

list of (True or False--True values include initial solutions in all range calculations. It is possible to
input aTrue or Falsevalue for each initial solution used in inverse modeling. If fewer values
are entered than the number of initial solutiorso({utionsidentifier), then the final value in the
list is used for the remaining initial solutions. Thus, if only ofree or Falsevalue is entered,
itis used for all initial solutions. In the example data block (line 12), solution 10 will be included
in all range calculations for all models; even if a model does not include solution 10 (mixing
fraction of zero), the range calculation will allow for nonzero mixing fractions of solution 10 in
calculating the minimum and maximum mole transfers of phases. Solutions 3 and 5 will be
included in range calculations only for models that have a nonzero mixing fractions for these
solutions.

Line 13:-uncertainty_water moles

-uncertainty_water--ldentifier for uncertainty term in the water-balance equation. For completeness
in the formulation of inverse modeling, an uncertainty term can be added to the water balance
equation. The sum of the moles of water derived from each initial solution must balance the
moles of water in the final solution plus or mimaslesof water. Optionally,
uncertainty _water, u_water, -uncertainty _[water], or -u_[water].

102 User's Guide to PHREEQC (Version 2)



moles-Uncertainty term for the water-balance equation. Default is 0.0.
Line 14:-mineral_water [(True or Falsé)]

-mineral_water--ldentifier to include or exclude water derived from minerals in the water-balance
equation. Normally, water from minerals should be included in the water-balance equation.
Sometimes unreasonable models are generated that create all the water in solution by dissolution
and precipitation of minerals. Settinmineral_water to Falseremoves the terms for water
derived from minerals from the water-balance equation, which eliminates these unreasonable
models. However, removing these terms may introduce errors in some models by ignoring water
derived from minerals (for example water from dissolution of gypsum) that should be considered
in the water-balance equation. Optionathineral_water or-mine[ral_water].

(Trueor Fals@--True includes terms for water derived from minerals in the water-balance equation,
Falseexcludes these terms from the equation. Defaditus.

Notes

Writing of inverse models to the output file can be enabled or disabled wiihvibese identifier in the
PRINT data block. Inverse models can be written to the selected-output file by includimydnge identifier in
theSELECTED_OUTPUT data block. For each model that is found the following values are written to the
selected-output file: (1) the sum of residuals, sum of each residual divided by its uncertainty limit, and the maximum
fractional error, (2) for each solution--the mixing fraction, minimum mixing fraction, and maximum mixing
fraction, and (3) for each phase in the list of phaspbdseidentifier)--the mole transfer, minimum mole transfer,
and maximum mole transfer. Mixing fractions and mole transfers are zero for solutions and phases not included in
the model. Minimum and maximum values are 0.0 unlessrrgge calculation is performed. The result of printing
to the selected-output file is columns of numbers, where each row represents a mole-balance model.

The numerical method for inverse modelreguiresconsideration of the uncertainties related to aqueous
concentrations. Uncertainties related to mineral compositions may be equally important, but are not automatically
considered. To consider uncertainties in mineral compositions, it is possible to include two (or more) phases (under
-phasesidentifier and definitions iRHASES data block) that represent end-member compositions for minerals.

The inverse modeling calculation will attempt to find models considering the entire range of mineral composition.
Usually, each model that is found will include only one or the other of the end-members, but any mixture of inverse
models, which in this case would represent mixtures of the end members, is also a valid inverse model.

The possibility of evaporation or dilution can be included in inverse modeling by including water as one of
the phases under thphaseddentifier H20(g) for databases distributed with program]. The mole transfer of this
phase will affect only the water-balance equation. If the mole transfer is positive, dilution is simulated; if negative,
evaporation is simulated (see example 17 in “Examples”).

If -uncertainty is not included, a default uncertainty limit of 0.05 (5 percent) is used for elements and 0.05
for pH. Default uncertainty limits, specified byncertainty, will almost always be specified as positive numbers,
indicating fractional uncertainty limits. A default uncertainty limit specified by a negative number, indicating a fixed
molal uncertainty limit for all elements in solution, is usually not reasonable because of wide ranges in
concentrations among elements present in solution.
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No mole-balance equation is used for pH and the uncertainty limit in pH only affects the mole balance on
alkalinity. Alkalinity is assumed to co-vary with pH and carbon and an equation relating the uncertainty term for
alkalinity and the uncertainty terms for pH and carbon is included in the inverse model (see “Equations and
Numerical Methods for Inverse Modeling”).

All phase names and phase stoichiometries must be defined tHP6IBES or EXCHANGE_SPECIES
input. Line 4c and 4d are included to allow ion-exchange reactions in the inverse model; exchange species with the
names CaXand NaX are among the exchange species defined in the default database and are thus available fc
use in inverse modeling. In the example data block and in the examples problems (16, 17, and 18), the compositiot
of the phases is assumed to be relatively simple. In real systems, the composition of reactive phases--for exampl
pyroxenes, amphiboles, or alumino-silicate glasses--may be complex. Application of inverse modeling in these
systems will require knowledge of specific mineral compositions or appropriate simplification of the mineral
stoichiometries.

By default, mole-balance equations for every element that occurs in the phases {@tedasinput are
included in the inverse-modeling formulation. If an element is redox active, then mole-balance equations for all
valence states of that element are included.-Daéancesdentifier is necessary to define (1) uncertainty limits for
pH, elements, or element valence states that are different from the default uncertainty limits or (2) mole-balance
equations for elements not included in the phases. Mole-balance equations for alkalinity and electrons are alway:
included in the inverse model. In some solutions, such as pure water or pure sodium chloride solutions, the
alkalinity may be small (less than 1e-7) in both initial and final solutions. In this case, it may be necessary to use
large (relative to 1le-7 equivalents) uncertainty limits (+1.0 or -1e-6) to obtain a mole balance on alkalinity. For
most natural waters, alkalinity will not be small in both solutions and special handling of the alkalinity uncertainty
will not be necessary (note alkalinity is a negative number in acid solutions). Uncertainty limits for electrons are
never used because it is always assumed that no free electrons exist in an agueous solution.

If isotope mole balances are used, then (1) isotopic values for the aqueous phases must be defined throu
theSOLUTION data block, (2) theisotopesidentifier must be used in tHBIVERSE_MODELING data block
to specify the isotopes for which mole balances are desired and, optionally, the uncertainty limits in isotopic values
associated with each solution, and (3) for each phase listed belgph#sesdentifier of the
INVERSE_MODELING data block, isotopic values and uncertainty limits must be defined for each isotope that
is contained in the phase. In addition, each phase that contains isotopes must be constrained either to dissolve
to precipitate. Default uncertainty limits for isotopes are given in table 5.

The optionsminimal and-range affect the speed of the calculations. The fastest calculation is one that
includes theminimal identifier and does not includeange. The slowest calculation is one that does not include
-minimal and does includeange.

Theforce option for a phase ifphasesand the-force_solutionsidentifier affects only the range calculation;
it does not affect the number of models that are found. Whenrdimgeidentifier is specified and a model is found
by the numerical method, then the model is augmented by any phase fofaktéak specified and by any
solution for which-force_solutionsis true; the range calculation is performed with the augmented model. The
effect of these options is to calculate wider ranges for mole transfers for some models. If every phase and every
solution were forced to be in the range calculation, then the results of the range calculation would be the same fol
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Table 5.-- Default uncertainty limits for isotopes

Isotope Default uncertainty limit
13- 1 permil PDB
13c(4) 1 permil PDB
13¢(-4) 5 permil PDB
34g 1 permil CDT
343(5) 1 permil CDT
345(.2) 5 permil CDT
24 1 permil VSMOW
184 0.1 permil VSMOW
87g, 0.01 ratio

every model and the results would be the maximum possible ranges of mole transfer for any models that could be
derived from the given set of solutions and phases.

Example problems

The keywordNVERSE_MODELING is used in example problems 16, 17, and 18.

Related keywords

EXCHANGE_SPECIES, PHASES PRINT, SELECTED_OUTPUT, SOLUTION, andSAVE.
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KINETICS

This keyword data block is used to identify kinetic reactions and specify reaction parameters for
batch-reaction, and transport calculations. Mathematical expressions for the rates of the kinetic reactions are
defined with theRATES data block. The rate equations are integrated over a time step by a Runge-Kutta method
that estimates the error of the integration and uses appropriate time subintervals to maintain the errors within
specified tolerances for each time interval.

Example data block 1

Line O: KINETICS 1 Define 3 explicit time steps
Line 1a: Pyrite

Line 2a: -formula  FeS2 1.0 FeAs2 0.001
Line 3a: -m le-3

Line 4a: -m0  le-3

Line 5a: -parms 3.0 0.67 .5 -0.11
Line 6a: -tol le-9

Line 1b: Calcite

Line 3b: -m 7.e-4

Line 4b: -mO 7.e-4

Line 5b: -parms 5.0 0.3

Line 6b: -tol 1l.e-8

Line 1c: Organic_C

Line 2c: -formula  CH20O(NH3)0.1 0.5
Line 3c: -m 5.e-3

Line 4c: -mO 5.e-3

Line 6¢: -tol l.e-8

Line 7: -steps 100 200 300 # seconds
Line 8: -step_divide 100

Line 9: -runge_kutta 6

Explanation 1

Line O:KINETICS [numbef [description
KINETICS is the keyword for the data block.
numbesf-Positive number to designate the following set of kinetic reactions. A range of numbers may
also be given in the forrm-n wheremandn are positive integersnis less tham, and the two
numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the kinetic reactions.
Line 1:rate name
rate name-Name of a rate expression. Tiae nameand its associated rate expression must be
defined within &RATES data block, either in the default database file or in the current or pre-
vious simulations of the run. The name must be spelled identically to the name IRATHS
input (except for case).
Line 2:-formula list of formula,[stoichiometric coefficieht
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By default, therate nameds assumed to be the name of a phase that has been defineHlhSESdata
block and the formula for that phase is then used for the stoichiometry of the reaction (for exam-
ple, calcite in case “b” above). However, kinetic reactions are not restricted to mineral phases, any
set of elements produced or consumed by the kinetic reaction (relative to the aqueous phase) can
be specified through a list of doubl&smulaandstoichiometric coefficierlines 2a and 2c).
Optionally,formula or -flormula].
formula-Chemical formula or the name of a phase to be added by the kinetic reaction. If a chemical
formulais used, it must begin with a capital letter and contain element symbols and stoichiometric
coefficients (line 2a). A phase name may be entered independent of caséoEagia must be
a charge-balanced combination of elements. (An exception may be for defining exchangers or
surfaces related to kinetic reactants).
stoichiometric coefficiertDefines the mole transfer coefficient formulaper mole of reaction
progress (evaluated by the rate expressid®ANES). The product of the coefficient times the
moles of reaction progress gives the mole transfefdonularelative to the aqueous solution; a
negative stoichiometric coefficient and a positive value for reaction progress gives a negative
mole transfer, which removes reactants from the aqueous solution. In line 2a, each mole of reac-
tion dissolves 1.0 mole of Fge&nd 0.001 moles of FeAmto the aqueous solution; in line 2c,
each mole of reaction (as calculated by the rate expression) adds 0.5 molg@&GH0.05 mole
of NH3 to the aqueous solution to simulate the degradation of nitrogen-containing organic matter.
Default is 1.0.
Line 3:-m moles
moles-Current moles of reactant. As reactions occurptb&eswill increase or decrease. Default is
equal toinitial molesif initial molesis defined, or 1.0 mol iinitial molesis not defined. Option-
ally, m or-m.
Line 4:-m0O initial moles
initial moles-Initial moles of reactant. This identifier is useful if the rate of reaction is dependent on
grain size. Formulations for this dependency often include the ratio of the amount of reactant
remaining to the amount of reactant initially present. The quaimitial molesdoes not change
as the kinetic reactions proceed. Frequently, the quamitigd molesis equal tanolesat the
beginning of a kinetic reaction. Default is equahtolesif molesis defined, or 1.0 imolesis not
defined. OptionallymO or-mO
Line 5:-parms list of parameters
list of parametersA list of numbers may be entered that can be used in the rate expressions, for exam-
ple constants, exponents, or half saturation constants. In the rate expression defined with the
RATES keyword, these numbers are available to the Basic interpreter in thé ARM
PARM(1)is the first number enterddARM(2)the second, and so on. Optionatigyms,
-p[arms], parameters or-p[arameters.
Line 6:-tol tolerance
tolerance-Tolerance for integration procedure (moles). For each integration time interval, the differ-
ence between the fifth-order and the fourth-order integrals of the rate expression must be less than

DESCRIPTION OF DATA INPUT 107



this tolerance or the time interval is automatically reduced. The valtaarfinceis related to

the concentration differences that are considered significant for the elements in the reaction.
Smaller concentration differences that are considered significant require smaller tolerances.
Numerical accuracy of the kinetic integration can be tested by decreasing the tolerance to deter-
mine if results change significantly. Default is 1e-8. Optionalyor -t[ol].

Line 7:-stepslist of time steps

list of time stepsTime steps over which to integrate the rate expressions (seconds3tepisiden-
tifier is used only during batch-reaction calculations; it is not needed for transport calculations.
By default, the list of time steps are considered to be independent times all starting from zero.
The example data block would produce results after 100, 200, and 300 seconds of reaction.
However, thdNCREMENTAL_REACTIONS keyword can be used to make the time steps
incremental so that the results of the previous time step are the starting point of the new time
step. For incremental time steps, the example data block would produce results after 100, 300,
and 600 seconds. Default is 1.0 second. Optiorsi#psor -[teps.

Line 8:-step_dividestep_divide

step_divide-If step_dividds greater than 1.0, the first time interval of each integration is Seteo
step/ step_divideat least two time intervals must be integrated to reach the total titineeof
step-0 totime step step_divideandtime step step_dividdo time steplf step_dividds less
than 1.0, thestep_dividas the maximum moles of reaction that can be added during a kinetic
integration subinterval. Frequently reaction rates are fast initially, thus requiring small time
intervals to produce an accurate integration of the rate expressions. The Runge-Kutta method
will adapt to these fast rates when the integration failstiblerancecriterion, but it may require
several reductions in the length of the initial time interval for the integration to meet the crite-
rion; step_divide> 1 can be used to make the initial time interval of each integration sufficiently
small to satisfy the criterion, which may speed the overall calculation time. However, the smaller
time interval will apply to all integrations throughout the simulation, even if reaction rates are
slow later in the simulation. Using an appropristep_divide< 1 can also cause sufficiently
small initial time intervals when rates are fast, but will not require small time intervals later in
the simulation if rates are slow; however, the appropriate valustémr_divide< 1 is not easily
known and usually must be found by trial and error. The default maximal reaction is 0.1 moles
during a time subinterval. Normallystep_divideis not used unless run times are long and it is
apparent that each integration requires several time intervals. The status line, which is printed to
the screen, notes the number of integration intervals that failaleeance criterion as “bad”
and the number of integration intervals that pass the criterion as “OK”. Optiogtdly, divide
or -step [divide].

Line 9:-runge_kutta (1, 2, 3, or6)

(1, 2, 3, or 6)--Designates the preferred number of time subintervals to use when integrating rates and
is related to the order of the integration method. A valué sjfecifies that a 5th order embedded
Runge-Kutta method, which requires 6 intermediate rate evaluations, will be used for all inte-
grations. For values df, 2, or 3, the program will try to limit the rate evaluations to this number.

108 User’'s Guide to PHREEQC (Version 2)



If the -tolerancecriterion is not satisfied among the evaluations or over the full integration inter-
val, the method will automatically revert to the Runge-Kutta method of order 5. A valBieitif
exclusively use the 5th order method. Value& of 2 are mainly expedient when it is known that
the rate is nearly constant in time. DefauB.i©ptionally,rk , -r[k], runge_kutta, or
-rfunge_kutta.

Example data block 2

Line O: KINETICS 1 Define 3 equal time steps
Line 1a: Calcite

Line 3a: -m 7.e-4
Line 5a: -parms 5 0.3
Line 7: -steps 300 in 3 steps # seconds

Explanation 2

Line O:KINETICS [numbef [description
Same as example data block 1.
Line 1:rate name
Same as example data block 1.
Line 3:-m moles
Same as example data block 1.
Line 5:-parms list of parameters
Same as example data block 1.
Line 7:-stepstotal time[in step$
total time-Total time over which to integrate kinetic reactions, in seconds. The total time may be
divided into a number of calculations givendigps.The-stepsidentifier is used only in
batch-reaction calculations; it is not needed for transport calculations. Default is 1.0 second.
Optionally, stepsor -gtepq.
in steps-“in” indicates that théotal timewill be divided intostepsnumber of steps.
INCREMENTAL_REACTIONS has no effect on the output for example data block 2, results
will be printed after 100, 200, and 300 seconds of reaction. However,
INCREMENTAL_REACTIONS does affect the computational method. If
INCREMENTAL_REACTIONS isfalsethe reactions will be integrated over the time intervals
from 0 to 100, 0 to 200, and 0 to 300 secondNTGREMENTAL REACTIONS istrue the
reactions will be integrated over the time intervals from 0 to 100, 100 to 200, and 200 to 300 sec-
onds.

Notes

BothKINETICS andREACTION data blocks are used to model irreversible reactRBACTION can
only be used to define specified amounts of stoichiometric reactions; essentially the rates of the reactions are
constantKINETICS is used to define truly kinetic reactions. To K#SETICS , a mathematical rate expression
based on the solution composition must be defined and this expression is used to calculate the rate of reaction at any
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point in time. ThERATES data block is used to define a set of general rate expressions that may apply over the
entire modeling domain. THEINETICS data block is used to identify the subset of general rate expressions that
apply to a given batch-reaction or to specified cells of transport calculations. The data block also is used to define
specific parameters for the rate expression, such as the moles of reactant initially presentin a cell, spatially varying
coefficients, or cell-specific exponents for the rate equation. In advesBYHCTION data block) and
advective-dispersive transpoitRANSPORT data block) calculations, the number(s) assigned with the
KINETICS keyword defines the cell(s) to which the kinetic reactions apply.

For a batch-reaction calculation, the number of reaction steps is the maximum number of steps defined in
any of the following keyword data blockSINETICS , REACTION , andREACTION_TEMPERATURE .
When the maximum number of steps is greater than the number of steps ddfiidE@TICS , then if
INCREMENTAL_REACTIONS is false (cumulative reaction steps), the reactions are integrated for the time
specified by the final time step for each of the additional step$CREMENTAL_REACTIONS s true
(incremental reaction steps), kinetic reactions are not included in the additional steps.

Example problems

The keywordKINETICS is used in example problems 6C, 9 and 15.

Related keywords

ADVECTION , PHASES RATES, REACTION , andTRANSPORT.
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KNOBS

This keyword data block is used to redefine parameters that affect convergence of the numerical method
during speciation, batch-reaction, and transport calculations. It also provides the capability to produce long,
uninterpretable output files. Hopefully, this data block is seldom used.

Example data block

Line O: KNOBS

Line 1: -iterations 150

Line 2: -convergence_tolerance le-8

Line 3: -tolerance le-14

Line 4: -step_size 10.

Line 5: -pe_step_size 5.

Line 6: -diagonal_scale TRUE

Line 7: -debug_diffuse_layer TRUE

Line 8: -debug_inverse TRUE

Line 9: -debug_model TRUE

Line 10: -debug_prep TRUE

Line 11: -debug_set TRUE

Line 12: -logfile TRUE
Explanation

Line 0:KNOBS

KNOBS is the keyword for the data block. OptionalBEBUG.
Line 1:-iterations iterations
-iterations--Allows changing the maximum number of iterations. Optiona#yations, or -i[tera-
tions].
iterations-Positive integer limiting the maximum number of iterations used to solve the set of algebraic
equations for a single calculation. Values greater than 200 are not usually effective. Default is 100.
Line 2:-convergence_toleranceonvergence_tolerance
-convergence_toleranceChanges the convergence criterion used to determine when the algebraic
equations have been solved. For an element mole-balance equation, convergence is satisfied when
mole balance is withinonvergence_tolerandames the total moles of the element
(convergencetolerancel T, ). When thehigh_precisionidentifier of
SELECTED_OUTPUT is used, the convergence criterion is set to the smaller of
convergence_toleranand le-12. Default is 1e-8. Optionalbgnvergence_toleranceor
-c[onvergence_toleranck
Line 3:-tolerancetolerance
-tolerance--Allows changing the tolerance used by the optimization solver (subroutine CI1) to deter-
mine numbers equal to zero. Thisi® the convergence criterion used to determine when the
algebraic equations have been solved. Optiortallgrance, or-t[olerancd.
tolerance-Positive, decimal number used by the optimization solver (subroutine cll1). All numbers
smaller than this number are treated as zero. This number should approach the value of the least
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significant decimal digit that can be interpreted by the computer. The value of tolerance should
be on the order of 1e-12 to 1e-15 for most computers and most simulations. Defaultis 1e-15 (or
possibly smaller if the program is compiled with long double precision).
Line 4:-step_sizestep_size
-step_size-Allows changing the maximum step size. Optionaltgp_size or-g[tep_sizé.
step_sizePositive, decimal number limiting the maximum, multiplicative change in the activity of an
agqueous master species on each iteration. Default is 100, that is, activities of master species may
change by up to 2 orders of magnitude in a single iteration.
Line 5:-pe_step_sizgpe_step_size
-pe_step_sizeAllows changing the maximum step size for the activity of the electron. Optionally,
pe_step_sizeor-p[e_step_sizp
pe_step_sizePositive, decimal number limiting the maximum, multiplicative change in the conven-
tional activity of electrons on each iteration. Normaphg, step_sizehould be smaller than the
step_sizebecause redox species are particularly sensitive to changes in pe. Default is 10, that
is, a. may change by up to 1 order of magnitude in a single iteration or pe may change by up
to 1 unit.
Line 6:-diagonal_scal€g(True or Falsé)]
-diagonal_scale-Allows changing the default method for scaling equations. Optionally,
diagonal_scaleor-d[iagonal_scalé
(True or False--A value oftrue (optionally,t[rue]) indicates the alternative scaling method is to be
used;false (optionally,f[als€) indicates the alternative scaling method will not be used. If nei-
thertrue norfalseare enteredyrue is assumed. At the beginning of the run, the value is set to
false Invoking this alternative method of scaling causes any mole-balance equations with the
diagonal element (approximately the total concentration of the element or element valence state
in solution) less than 1e-11 to be scaled by the factor 1e-11/(diagonal element).
Line 7:-debug_diffuse_layerf(True or Falség]
-debug_diffuse_layet-Includes debugging prints for diffuse layer calculations. This identifier
applies only whenrdiffuse_layeris used in th6&6URFACE data block. Optionally,
debug_diffuse_layeror -debug_diffuse_layer].
(Trueor Fals@--A value oftrue (optionally,t[rue]) indicates the debugging information will be
included in the output filgalse (optionally,f[alsd) indicates debugging information will not
be printed. If neithetrue norfalseis entered, a value dfue is assumed. At the start of the pro-
gram, the default value false If this option is set tdrue, values of they function--the surface
excess--are printed for each value of charge for agueous species, the charge(s) for which the
value ofg has not converged are printed, and the number of iterations needed for the integration,
by whichg values are calculated, are printed

Line 8:-debug_inverse[(Trueor Falsg]

-debug_inverse-Includes debugging prints for subroutines called by subroinuszse models
Optionally,debug_inverseor -debug_[nversd.

112 User’'s Guide to PHREEQC (Version 2)



(Trueor Fals@--A value oftrue (optionally,t[rue]) indicates the debugging information will be
included in the output filefalse (optionally,f[als€d) indicates debugging information will not be
printed. If neithetrue norfalseis entered, a value dfue is assumed. At the start of the program,
the default value ifalse If this option is set tdrue, a large amount of information about the pro-
cess of finding inverse models is printed. The program will print the following for each set of
equations and inequalities that are attempted to be solved by the optimizing solver: a list of the
unknowns, a list of the equations, the array that is to be solved, any nonnegativity or nonpositivity
constraints on the unknowns, the solution vector, and the residual vector for the linear equations
and inequality constraints. The printout is very long and very tedious.
Line 9:-debug_model[(True or Falsé)]
-debug_model-Includes debugging prints for subroutines called by subroatioel Optionally,
debug_modelor -debug_nfodel].
(Trueor Fals@--A value oftrue (optionally,t[rue]) indicates the debugging information will be
included in the output filefalse (optionally,f[alsd) indicates debugging information will not be
printed. If neithetrue norfalseis entered, a value dfue is assumed. At the start of the program,
the default value ifalse If this option is set tdrue, a large amount of information about the New-
ton-Raphson equations is printed. The program will print some or all of the following at each iter-
ation: the array that is solved, the solution vector calculated by the solver, the residuals of the
linear equations and inequality constraints, the values of all of the master unknowns and their
change, the moles of each pure phase and phase mole transfers, the moles of each element in the
system minus the amount in pure phases and the change in this quantity. The printout is very long
and very tedious. If the numerical method does not convergerations1 iterations (default is
after 99 iterations), this printout is automatically begun and sent to the Ipgrideqc.log
Line 10:-debug_prep[(Trueor Falsé]
-debug_prep-Includes debugging prints for subroutiprep. Optionally,debug_prepor
-debug_drep].
(Trueor False--A value oftrue (optionally,t[rue]) indicates the debugging information will be
included in the output filefalse (optionally,f[alsd) indicates debugging information will not be
printed. If neithetrue norfalseis entered, a value tfue is assumed. At the start of the program,
the default value ifalse If this option is set tterue, the chemical equation and I&gfor each
species and phase, as rewritten for the current calculation, are written to the output file. The print-
out is long and tedious.
Line 11:-debug_se{(Trueor Falsg]
-debug_set-Includes debugging prints for subroutines called by subrostt®ptionally,debug_set
or-debug_$ef].
(Trueor Fals@--A value oftrue (optionally,t[rue]) indicates the debugging information will be
included in the output filefalse (optionally,f[alsd) indicates debugging information will not be
printed. If neithetrue norfalseis entered, a value tfue is assumed. At the start of the program,
the default value ifalse If this option is set tdrue, the initial revisions of the master unknowns
(see equation 84), which occur in subroutine set, are printed for each element or element valence
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state that fails the initial convergence criteria. The initial revisions occur before the New-
ton-Raphson method is invoked and attempt to provide good estimates of the master unknowns
to the Newton-Raphson method. The printout is tedious.
Line 12:-lodfile [(Trueor Falsé)]

-logfile--Prints information to a file nameuhreeqc.log Optionally,logfile or -I[ogfile].

(Trueor False--A value oftrue (optionally,t[rue]) indicates information will be written to the log
file, phreeqc.logfalse (optionally,f[alsd) indicates information will not be written. If neither
true norfalseis entered, a value tfue is assumed. At the start of the program, the default value
is false If this option is set tarue, information about each calculation will be written to the log
file. The information includes number of iterations in revising the initial estimates of the master
unknowns, the number of Newton-Raphson iterations, and the iteration at which any infeasible
solution was encountered while solving the system of nonlinear equations. (An infeasible solu-
tion occurs if no solution to the equality and inequality constraints can be found.) At each iter-
ation, the identity of any species that exceeds 30 mol (an unreasonably large number) is written
to the log file and noted as an “overflow”. Any basis switches are noted in the log file. The infor-
mation about infeasible solutions and overflows can be useful for altering other parameters
defined through thENOBS data block, as described below.

Notes

Convergence problems are less frequent riREEQCthan withPHREEQE however, they may still occur.
The main causes of nonconvergence appear to be (1) calculation of very large molalities in intermediate iterations
(2) accumulation of roundoff errors in simulations involving very small concentrations of elements in solution, and
(3) loss of precision in problems with no redox buffering. The first cause can be identified by “overflow” messages
at iteration 1 or greater that appear in thedileeeqc.logsee-logfile above). This problem can usually be
eliminated by decreasing the maximum allowable step sizes from the default values. The second and third cause
of nonconvergence can be identified by messagphiieeqc.loghat indicate “infeasible solutions”. The remedy
to these problems is an ongoing investigation, but alterimgrance or -diagonal_scalingsometimes fixes the
problem, and it should be noted that the program attempts several combinations of these parameters automatical
before terminating the calculations. Additional iteraticifiterations) beyond 200 usually do not solve
nonconvergence problems. A trick that is sometimes helpful with nonconvergence is to include the following
fictitious aqueous species that has a concentration of about 1e-9 and produces terms in the charge-, hydrogen-, a
oxygen-balance equations of a magnitude great enough for the solver to solve the equations:

SOLUTION_SPECIES
H20 + 0.01e- = H20-0.01
log_k -9.0

If the numerical method does not converge with the original set of convergence parameters (either default or
user specified), six additional sets of parameters are tried automatically to obtain convergéacatiqt¥is
doubled and smaller values f&tep_sizeandpe_step_sizare used; (2ferationsis doubled and the value of
diagonal_scalés switched from false to true or from true to false; i{8yationsis doubled andol is decreased by
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a factor of 10.0; (4iterationsis doubled andbl is increased by a factor of 10.0; {8rationsis doubled,
diagonal_scalés switched, andol is decreased by a factor of 10.0;andif&yationsis doubled and the minimum
scaled diagonal is increased by a factor of 10.0.

Example problems

The keywordKNOBS is not used in the example problems.
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MIX

This keyword data block is used if two or more aqueous solutions are to be mixed together. Normally, the
mixing occurs as part of the batch-reaction calculation, but mixing may be applied during advection calculations
also.

Example data block

Line O: MIX 2 Mixing solutions 5, 6, and 7.
Line 1a: 5 11
Line 1b: 6 05
Line 1c: 7 0.3

Explanation

Line 0:MIX [numbet [description
MIX is the keyword for the data block.
numbesr-Positive number to designate the following mixing parameters. Default is 1.
description-Optional comment that describes the mixture.
Line 1:solution number, mixing fraction
solution numberDefines a solution to be part of the mixture.
mixing fraction-Decimal number which is multiplied times the moles of each element in the specified

solution, to be summed with any other solutions included in the mixture. Mixing fractions may
be greater than 1.0.

Notes

In mixing, each solution is multiplied by its mixing fraction and a new solution is calculated by summing
over all of the fractional solutions. In the example data block, if the moles of sodium in solutions 5, 6, and 7 were
0.1, 0.2, and 0.3, the moles of sodium in the mixture woul®lex 1.1+ 0.2x 0.5 0.3 0.3 0.3 . The moles
of all elements are multiplied by the solution’s mixing fraction, including hydrogen and oxygen. Thus, the mass of
water is effectively multiplied by the same fraction. In the example data block, if all solutions have 1 kg of water,
the total mass of water in the mixturelid + 0.5+ 0.3= 1.9 kg and the concentration of sodium would be
approximately 0.16 mol/kgw (0.3/1.9). The charge imbalance of each solution is multiplied by the mixing fraction
and all the imbalances are then summed to calculate the charge imbalance of the mixture. The temperature of th
mixture is approximated by multiplying each solution temperature by its mixing fraction, summing these numbers,
and dividing by the sum of the mixing fractions. Other intensive properties of the mixture are calculated in the same
way as temperature. This approach for calculating the temperature of mixtures is an approximation because
enthalpies of reaction are ignored. For example, heat generated by mixing a strong acid with a strong base is n
considered.

This formulation of mixing can be used to approximate constant volume processes if the sum of the mixing
fractions is 1.0 and all of the solutions have the same mass of water. The calculations are only approximate in term:
of mixing volumes because the summation is made in terms of moles (or mass) and no consideration is given tc
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the partial molar volumes of solutes. Similarly, the formulation for mixing can approximate processes with varying
volume, for example, a titration.
When multiple batch-reaction steps are definddIMETICS , REACTION, or
REACTION_TEMPERATURE , and ifINCREMENTAL_REACTIONS is false (cumulative reaction steps),
then each batch-reaction step uses the same mixing faciN€REMENTAL_REACTIONS is true
(incremental reaction steps), then the mixing fractions are applied during the first batch-reaction step only.

Example problems

The keywordMIX is used in example problems 3, 4, and 13.

Related keywords

INCREMENTAL_REACTIONS , SOLUTION, SAVE solution, USE solution, andUSE mix.

DESCRIPTION OF DATA INPUT 117



PHASES

This keyword data block is used to define a name, chemical reactiol, Exgd temperature dependence of
log K for each gas component and mineral that is used for speciation, batch-reaction, transport, or inverse-modeling
calculations. Normally, this data block is included in the database file and only additions and modifications are
included in the input file.

Example data block

Line O: PHASES
Line 1a: Gypsum
Line 2a: CaS04:2H20 = Ca+2 + SO4-2 + 2H20

Line 3a: log_k -4.58
Line 4a: delta_h -0.109
Line 5: -analytical_expression 68.2401 0.0 -3221.51 -25.0627 0.0

Line 1b: O2(g)

Line 2b: 02=02

Line 3b: log_k -2.96
Line 4b: delta_h 1.844

Explanation

Line 0: PHASES

Keyword for the data block. No other data are input on the keyword line.
Line 1:Phase name

phase nameAlphanumeric name of phase, no spaces are allowed.
Line 2:Dissolution reaction

Dissolution reaction for phase to aqueous species. Any aqueous species, includiag lee used in
the dissolution reaction. The chemical formula for the defined phase must be the first chemical for-
mula on the left-hand side of the equation. The dissolution reaction must precede any identifiers
related to the phase. The stoichiometric coefficient for the phase in the chemical reaction must be 1.0.
Line 3:log_klog K
log_k--Identifier for logK at 2%C. Optionally,-log_k, logk, -I[og_K], or -l[ogK].
log K--Log K at 2%°C for the reaction. Default is 0.0.
Line 4:delta_h enthalpy unitg
delta_h--Identifier for enthalpy of reaction at 45. Optionally,-delta_h, deltah, -d[elta_h], or
-d[eltah].
enthalpy-Enthalpy of reaction at 2& for the reaction. Default is 0.0.
units-Units may be calories, kilocalories, joules, or kilojoules per mole. Only the energy unit is
needed (per mole is implied) and abbreviations of these units are acceptable. Explicit definition
of units for all enthalpy values is recommended. The enthalpy of reaction is used in the van't
Hoff equation to determine the temperature dependence of the equilibrium constant. Internally,
all enthalpy calculations are performed in the units of kilojoules per mole. Default units are kilo-
joules per mole.
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Line 5:-analytical_expressionAq, Ay, Az, Ay, As
-analytical_expression-ldentifier for coefficients for an analytical expression for the temperature
dependence of lol. If defined, the analytical expression takes precedence over the van't Hoff
equation to determine the temperature dependence of the equilibrium constant. Optionally,
analytical_expressiona_e ae -a[nhalytical_expression, -a[_€|, -a[€].
A, Ao, Ag, Ay, As--Five values defining lo as a function of temperature in the expression

A A
log, oK = A+ AT + ?3 +Aylog T + T—g whereT is in Kelvin.

Notes

The set of lines 1 and 2 must be entered in order, either liteg3 K) or 5 (-analytical _expression must be
entered for each phase. The analytical expressamalitical _expression takes precedence over the van't Hoff
equation @elta_H) to determine the temperature dependence of the equilibrium constant. Lines 3, 4, and 5 may be
entered as needed in any order. Additional sets of lines 1 through 5 may be added as necessary to define all minerals
and gases. The equations for the phases may be written in terms of any aqueous chemical species;.including e

The identifiersno_checkcan be used to disable checking charge and elemental balances (see
SOLUTION_SPECIES). The use ofno_checkis not recommended, except in cases where the phase is only to be
used for inverse modeling. Even in this case, equations defining phases should be charge balanced. The identifier
can also be used to define the mineral formula for an exchanger with an explicit charge imbalance (see explanation
underEXCHANGE) .

Example problems

The keywordPHASES:is used in example problems 1, 6, 8, 9, 10, 16, and 18.

Related keywords

EQUILIBRIUM_PHASES , EXCHANGE, INVERSE_MODELING , KINETICS , REACTION , SAVE
equilibrium_phases andUSE equilibrium_phases
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PRINT

This keyword data block is used to select which results are written to the output file. Fourteen blocks of
calculation results may be included or excluded in the output file for each simulation. In addition, this data block
allows the following to be enabled or disabled: writing of results to the selected-output file and writing a status line
to the screen that monitors the type of calculation being performed.

Example data block

Line O: PRINT

Line 1: -reset false

Line 2: -eh true

Line 3: -equilibrium_phases true

Line 4: -exchange true

Line 5: -gas_phase true

Line 6: -headings true

Line 7: -inverse true

Line 8: -kinetics true

Line 9: -other true

Line 10: -saturation_indices true

Line 11: -solid_solutions true

Line 12: -species true

Line 13: -surface true

Line 14: -totals true

Line 15: -user_print true

Line 16: -selected_output false

Line 17: -status false
Explanation

Line O: PRINT

Keyword for the data block. No other data are input on the keyword line.
Line 1:-reset[(Trueor Falsé)]

-reset-Changes all print options listed on lines 2 through 1tbui® or false If used, this identifier
should be the first identifier of the data block. Individual print options may follow. Default is
true. Optionally,resetor -r[eset.

(Trueor Falsg--True causes all data blocks on lines 2 through 15 to be printed to the outpialfie;
causes all these data blocks to be excluded from the output file. Optidfralg},or f[alsd, case
independent.

Line 2:-eh[(Trueor Falsg]

-eh--Prints eh values derived from redox couples in initial solution calculations if vatue js

excludes print if value igalse Default istrue. Optionally,eh.
Line 3:-equilibrium_phases[(True or Falség]

-equilibrium_phases-Prints composition of the pure-phase assemblage if vatugeisexcludes
print if value isfalse Default istrue. Optionally,equilibria, equilibrium , pure,
-equilibrium_phases], -eq[uilibria ], -p[ure_phase}, or -p[ure]. Note the hyphen is required
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to avoid a conflict with the keywolHQUILIBRIUM_PHASES ; the same is true for the syn-
onymPURE_PHASES
Line 4:-exchang€g[(Trueor Falsg]

-exchange-Prints composition of the exchange assemblage if valnedsexcludes print if value is
false Default istrue. Optionally,-ex{changd. Note the hyphen is required to avoid a conflict
with the keywordeXCHANGE .

Line 5:-gas_phasd(Trueor Falsé]

-gas_phasePrints composition of the gas phase if valutrige, excludes print if value ifalse Default
is true. Optionally,-g[as_phasé& Note the hyphen is required to avoid a conflict with the key-
word GAS_PHASE

Line 6:-headings[(Trueor Falsé)]

-headings-Prints title and headings that identify the beginning of each type of calculation if value is
true, excludes print if value ialse Default istrue. Optionally,heading headings or-h[ead-
ings)].

Line 7:-inverse_modeling[(True or False]

-inverse_modeling-Prints results of inverse modeling if valuetise, excludes print if value ifalse
Default istrue. Optionally,inverse, or-i[nverse_modeling. Note the hyphen is required to
avoid a conflict with the keyworldN\VERSE_MODELING .

Line 8:-kinetics [(True or Falsg)]

-kinetics--Prints information about kinetic reactants if valu&rig, excludes print if value ialse
Default istrue. Optionally,-k[inetics]. Note the hyphen is required to avoid a conflict with the
keywordKINETICS .

Line 9:-other [(True or Falsé)]

-other--Controls all printing to the output file not controlled by any of the other identifiers, including
lines that identify the solution or mixture, exchange assemblage, solid-solution assemblage, sur-
face assemblage, pure-phase assemblage, kinetic reaction, and gas phase to be used in each cal-
culation; and description of the stoichiometric reaction. Defatilues Optionally,other,

-o[ther], use or-u[sq.
Line 10:-saturation_indices[(True or Falsé)]

-saturation_indices-Prints saturation indices for each phase for which a saturation index can be cal-
culated if value igrue, excludes print if value ialse Default istrue. Optionally,-si, si,
saturation_indices or -sdturation_indices].

Line 11:-solid_solutions[(True or Falsé)]

-solid_solutions-Prints compositions of solid solutions if valueiige, excludes print if value ifalse
Default istrue. Optionally,-sdlid_solutions]. Note the hyphen is required to avoid a conflict
with the keywordSOLID_SOLUTIONS.

Line 12:-specieq(True or Falsé]

-species-Prints the distribution of aqueous species, including molality, activity, and activity coefficient,

if value istrue, excludes print if value ifalse Default istrue. Optionally,speciesr -specieg.
Line 13:-surface[(Trueor Falsé)]
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-surface--Prints composition of the surface assemblageii, excludes print ifalse Defaultistrue.
Optionally,-su[rface]. Note the hyphen is required to avoid a conflict with the key\BarR-
FACE.

Line 14:-totals [(Trueor Falsé)]

-totals--Prints the total molalities of elements (or element valence states in initial solutions), pH, pe,
temperature, and other solution characteristitaié, excludes print ifalse Note printing of
molalities and other properties of all of the aqueous species is controlled kgpihaesdenti-
fier. Default istrue. Optionally,totals or -t[otals].

Line 15:-user_print [(True or Falsé)]

-user_print--Controls writing of information defined IASER_PRINT to the output file. When set
to false information defined IUSER_PRINT will not be written to the output file. Default is
true. Optionally,-user_print]. Note the hyphen is required to avoid a conflict with the keyword
USER_PRINT.

Line 16:-selected_outpuf(True or Falsé)]

-selected_output-Controls writing of information to the selected-output file. This identifier has no
effect unless th€ELECTED_OUTPUT data block is included in the file. If a
SELECTED_OUTPUT data block is included andelected_outputs false, no results are
written to the selected-output file. Writing to the selected-output file can be resumed if
-selected_outputs set tarue in aPRINT data block in a subsequent simulation. This
print-control option is not affected byeset Default istrue. Optionally,-sglected_outpud.

Note the hyphen is required to avoid a conflict with the key8&HECTED_OUTPUT.
Line 17:-status[(Trueor Falsé)]

-status-Controls printing of information to the screen that monitors calculations. When satta
status line is printed to the screen identifying the simulation number and the type of calculation
thatis currently being processed by the program. When $alsig no status line will be printed
to the screen. This print-control option is not affectedt@get Default istrue. Optionally,sta-
tus or -sffatusg).

Notes

By default, all print options are settroie at the beginning of a run. Once set by the keyword data block
PRINT, options remain in effect until the end of the run or until changed in arfiBIT data block.

Unlike most ofPHREEQCInput, the order in which the identifiers are entered is important when using the
-resetidentifier. Any identifier set before theesetin the data block will be reset wheresetis encountered. Thus,
-resetshould be the first identifier in the data block. Usingset falsewill eliminate all printing to the output file
except echoes of the input data set and warning and error messages.

For longTRANSPORT andADVECTION calculations witrKINETICS , printing the status line-ftatus
true (default)] may cause a significant increase in run time. This has found to be the case on some Macintosh
systems. If printing to the screen is unbuffered, the program must wait for the status line to be written before
continuing calculations, which slows overall execution time. In this case, sattitigs-falsemay speed up run
times.
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The identifiersspeciesand-saturation_indicescontrol the longest output data blocks and are the most likely
to be selectively excluded from long computer runs. If transport calculations are made, the output file could become
very large unless some or all of the output is excluded thoudPRH¢T data block {reset falsg. Alternatively,
the output in transport calculations may be limited by usingphiat_cells and-print_frequency identifiers in the
ADVECTION andTRANSPORT data block. For transport calculations, BELECTED_OUTPUT data block
is usually used to produce a compact file of selected results.

Example problems

The keywordPRINT is used in example problems 10, 12, 13, 14, and 15.

Related keywords

ADVECTION : -print_cells and-print_frequency, SELECTED_OUTPUT, TRANSPORT: -print_cells
and-print_frequency, USER_PRINT, andUSER_PUNCH
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RATES

This keyword data block is used to define mathematical rate expressions for kinetic reactions. General rat
formulas are defined in tRATES data block and specific parameters for batch-reaction or transport kinetics are
defined inKINETICS data blocks.

Example data block

Line 0: RATES

Line 1la: Calcite

Line 2a: -start

Basic: 1 rem M = current number of moles of calcite
Basic: 2 rem MO = number of moles of calcite initially present
Basic: 3 rem PARM(1) = A/V, cm”2/L

Basic: 4 rem PARM(2) = exponent for M/MO

Basic: 10 si_cc = SI("Calcite")

Basic: 20 if (M <=0 and si_cc < 0) then goto 200

Basic: 30 k1 =107(0.198 - 444.0 / TK)

Basic: 40 k2 =1072.84-2177.0/ TK)

Basic: 50 if TC <= 25 then k3 = 10"(-5.86 - 317.0/ TK)
Basic: 60 if TC > 25then k3 = 107(-1.1-1737.0/TK)
Basic: 70 t=1

Basic: 80 if MO > 0 then t = M/MO

Basic: 90 ift=0thent=1

Basic: 100 area = PARM(1) * (t)*PARM(2)

Basic: 110 rf = KI*ACT("H+")+k2*ACT("CO2")+k3*ACT("H20")
Basic: 120 rem le-3 converts mmol to mol

Basic: 130 rate = area * 1e-3 * rf * (1 - 10"(2/3*si_cc))
Basic: 140 moles = rate * TIME

Basic: 200 SAVE moles

Line 3a: -end

Line 1b:  Pyrite

Line 2b: -start

Basic: 1 rem PARM(1) = log1l0(A/V, 1/dm)
Basic: 2 rem PARM(2) = exp for (M/MO)
Basic: 3 rem PARM(3) = exp for O2
Basic: 4 rem PARM(4) = exp for H+

Basic: 10 if (M <= 0) then goto 200

Basic: 20 if (SI("Pyrite™) >= 0) then goto 200

Basic: 30 lograte =-10.19 + PARM(1) + PARM(2)*LOG10(M/MO0)
Basic: 40 lograte = lograte + PARM(3)*LM("02") + PARM(4)*LM("H+")
Basic: 50 moles = (10"ograte) * TIME

Basic: 60 if (moles > M) then moles = M

Basic: 200 SAVE moles

Line 3b: -end

Explanation

Line 0:RATES
RATES is the keyword for the data block. No other data are input on the keyword line.
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Line 1:name of rate expression

name of rate expressie\iphanumeric character string that identifies the rate expression, no spaces are
allowed.

Line 2:-start

-start--ldentifier marks the beginning of a Basic program by which the moles of reaction for a time sub-
interval are calculated. Optional.

Basic:numbered Basic statement

numbered Basic statemeit valid Basic language statement that must be numbered. The statements
are evaluated in numerical order. The sequence of statements must extrapolate the rate of reaction
over the time subinterval given by the internally defined variable TIME. The last statement must
be “SAVE expressioty where the value oéxpressions the moles of reaction that occur during
time subinterval TIME. Statements and functions that are available through the Basic interpreter
are listed in tables 8 and 9. Parameters defined IKIMETICS data block are also available
through the array PARM.

Line 2:-end

-end--ldentifier marks the end of a Basic program by which the number of moles of a reaction for atime
subinterval is calculated. Note the hyphen is required to avoid a conflict with the keaMidd

Notes

A Basic interpreter (David Gillespie, Synaptics, Inc., San Jose, CA, written commun., 1997) distributed with
the Linux operating system (Free Software Foundation, Inc.) is embeddegi#EQC The Basic interpreter is used
during the integration of the kinetic reactions to evaluate the moles of reaction progress for a time subinterval. A
Basic program for each kinetic reaction must be included in the input or database file. Each program must stand
alone with its own set of variables and numbered statement lines. No data is passed between rate programs and there
is no conflict using the same variable names or line numbers in separate rate programs. However, it is possible to
transfer data among rates with the special Basic statements PUT and GET (see table 8). The programs are used to
calculate the instantaneous rate of reaction and extrapolate that rate for a time subinterval given by the variable
“TIME” (examples: calcite, line 140; pyrite line 50). TIME is a fraction of the time step that is defined in the
KINETICS (for batch reactionspADVECTION , or TRANSPORT data blocks. The total moles of reaction must
be returned to the main program with a SAVE command (line 200 in each example). Note that not the rate, but the
moles of reaction are returned, counted positive when the solution concentration of the reactant increases.

The first example estimates the rate of calcite dissolution or precipitation on the basis of a rate expression from
Plummer and others (1978) as derived in equations 101 and 106. The forward rate is given by

Ry = Ky[H']+ky[COypq] +K5[H,0], (155)

where brackets indicate activity akgd k, ,akgd  are functions of temperature (Plummer and others, 1978). In a
pure calcite-water system with fixétto2 , the overall rate for calcite (forward rate minus backward rate) is
approximated by
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Table 6.-- Description of Basic program for calcite kinetics given in example for RATES data block

Line number Function

1-4 Comments.

10 Calculate calcite saturation index.

20 If undersaturated and no moles of calcite, exit; moles=0 by default.

30-60 Calculate temperature dependence of constants k1, k2, and k3.

70-90 Calculate ratio of current moles of calcite to initial moles of calcite, set ratio to 1 if no moles of calcite are present

100 Calculate surface area.

110 Calculate forward rate.

130 Calculate overall rate, factor of 1e-3 converts rate to moles from millimoles.

140 Calculate moles of reaction over time interval given by TIME. Note that the multiplication of the rate by TIME must
be present in one of the Basic lines.

200 Return moles of reaction for time subinterval with “SAVE”. A SAVE statement must always be present in a rate pro-
gram.

2
RCalcite =Ty 1- E](Iimg d (156)

Calcite

whereR- 4 cite 1S MmMol cnf st Equation 156 is implemented in Basic for the first example above. Explanations
of the Basic lines for this rate expression are given in table 6.

The second example is for the dissolution of pyrite in the presence of dissolved oxygen from Williamson and
Rimstidt (1994):

_ ..-10.19 05, +.-0.11
RPyrite =10 (OZ(aq)) (H) (157)

where parentheses indicate molality. This rate is based on detailed measurements in solutions of varying comp
sitions and shows a square root dependence on the molality of oxygen and a small dependence on pH. This rate is

Table 7.-- Description of Basic program for pyrite dissolution kinetics given in example for RATES data block

Line number Function

1-4 Comments.

10 Checks that pyrite is still available, otherwise exits with value of moles=0 by default.

20 Checks that the solution is undersaturated (the rate is for dissolution only), otherwise exits with value of moles=0.

30, 40 Calculate log of the rate of pyrite dissolution.

50 Calculate the moles of pyrite dissolution over time interval given by TIME.

60 Limits pyrite dissolution to remaining moles of pyrite.

200 Return moles of reaction for time subinterval with SAVE. A SAVE statement must always be present in a rate pro-
gram.
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Table 8.-- Special Basic statements and functions for PHREEQC

Special PHREEQC
Statement or Function

Explanation

ACT("HCO3-")

ALK

CELL_NO
CHARGE_BALANCE
DIST

EQUI("Calcite")
EXISTSEL[, i2, ..])

GAS("CO2(g)")
GET(1[, i2, ..])

KIN("CH20")
LA("HCO3-")
LM("HCO3-")
M

MO

MISC1("Ca(x)Sr(1-x)S04")

MISC2("Ca(x)Sr(1-x)S04")

MOL("HCO3-")

MU

PARM()
PERCENT_ERROR
PRINT

PUNCH

PUT(, i1[, i2, ..])

RXN

SAVE

SI("Calcite")

SIM_NO

Activity of an aqueous, exchange, or surface species.
Alkalinity of solution.

Cell number iITRANSPORT or ADVECTION calculations
Agueous charge balance in equivalents.

Distance to midpoint of cell iITRANSPORT calculations, cell number iADVECTION calculations,
“-99” in all other calculations.

Moles of a phase in the pure-phase (equilibrium-phase) assemblage.

Determines if a value has been stored with a PUT statement for the list of one or more subscripts.The
function equals 1 if a value has been stored and 0 if no value has been stored. Values are stored in global
storage with PUT and are accessible by any Basic program. See description of PUT for more details.

Moles of a gas component in the gas phase.

Retrieves the value that is identified by the list of one or more subscripts.Value is zero if PUT has not
been used to store a value for the set of subscripts. Values stored in global storage with PUT are
accessible by any Basic program. See description of PUT for more details.

Moles of a kinetic reactant.

Log10 of activity of an aqueous, exchange, or surface species.

Log10 of molality of an aqueous, exchange, or surface species.

Current moles of reactant for which the rate is being calculated({BEETICS ).
Initial moles of reactant for which the rate is being calculated{H¢ETICS ).

Mole fraction of component 2 at the beginning of the miscibility gap, returns 1.0 if there is no
miscibility gap (se6&SOLID_SOLUTIONS).

Mole fraction of component 2 at the end of the miscibility gap, returns 1.0 if there is no miscibility gap
(seeSOLID_SOLUTIONS).

Molality of an aqueous, exchange, or surface species.
lonic strength of the solution.
Parameter array definedKFiNETICS data block.
Percent charge-balance error [100(cations-|anions|)/(cations + |anions|)].
Write to output file.
Write to selected-output file.

Saves value af in global storage that is identified by a sequence of one or more subscripts. Walue of
can be retrieved with GEIll([, i2, ..]) and a set of subscripts can be tested to determine if a value has
been stored with EXISTH(, i2, ..]). PUT may be used iRATES, USER_PRINT, or

USER_PUNCH Basic programs to store a value. The value may be retrieved by any of these Basic
programs. The value persists until overwritten using a PUT statement with the same set of subscripts, or
until the end of the run. ForkdNETICS data block, the Basic programs for the rate expressions are
evaluated in the order in which they are defined in the input file.

Amount of reaction (moles) as defined-stepsin REACTION data block for a batch-reaction
calculation, otherwise zero.

Last statement of Basic program that returns the moles of kinetic reactant, counted positive when the
solution concentration of the reactant increases.
Saturation index of a phaskmglog%)g

Simulation number, equals one more than the numbgX bf statements before current simulation.
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Table 8.-- Special Basic statements and functions for PHREEQC

Special PHREEQC
Statement or Function

Explanation

SIM_TIME
SR("Calcite")

STEP_NO

S_S("MgCO03")
TC

TK

TIME

TOT("Fe(2)")
TOTAL_TIME

Time (s) from the beginning of a kinetic batch-reaction or transport calculation.
Saturation ratio of a phasl(%—P

Step number in batch-reaction calculations, or shift numB&MECTION andTRANSPORT
calculations.

Current moles of a solid-solution component.
Temperature in Celsius.
Temperature in Kelvin.

Time interval for which moles of reaction are calculated in rate programs, automatically set in the
time-step algorithm of the numerical integration method.

Total molality of element or element redox state. TOT("water") is total mass of water (kg).

Cumulative time (s) including all advective (for whighme_stepis defined) and advective-dispersive
transport simulations from the beginning of the run or from-lagtal_time identifier.

applicable only for dissolution in the presence of oxygen and will be incorrect near equilibrium when oxygen is

depleted. Explanations of the Basic lines for this rate expression are given in table 7.

Some special statements and functions have been added to the Basic interpreter to allow access to quantitie
that may be needed in rate expressions. These functions are listed table 8 and the Basic statements that are

implemented in the interpreter are listed in table 9. Upper or lower case (case insensitive) may be used for
statement, function, and variable names. String variable names must end with the character “$".

The PRINT command in Basic programs is useful for debugging rate expressions. It can be used to write
guantities to the output file to check that rates are calculated correctly. However, the PRINT command will write

to the output file every time a rate is evaluated, which may be many times per time step. The sequence of

information from PRINT statements RATES definitions may be difficult to interpret because of the automatic

time-step adjustment of the integration method.

Table 9.-- Standard Basic statements and functions

[Character variables in Basic have “$” as the final character of the variable name]

Basic Statements and Functions Explanation

+,-, %/

stringl + string2
a“b

<, >, <=, >=, <>, 5
AND, OR, XOR, NOT
ABS(a)
ARCTAN(a)
ASC(characte)
CHR$nOumbej
COsg)

DIM a(n)

Add, subtract, multiply, and divide.
String concatenation

Exponentiationab

Relational and Boolean operators.

Absolute value.

Arctangent function.

Ascii value forcharacter.
Convert Ascii value to character.
Cosine function.

Dimension an array
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Table 9.-- Standard Basic statements and functions

[Character variables in Basic have “$” as the final character of the variable name]

Basic Statements and Functions Explanation
DATA list List of data.
EXP(@

( ) ea.

FORi =nTOmSTEPk
NEXT i

GOTOline
GOSUBIline

IF (expr) THEN statemenELSEstatement

“For” loop.

Go to line number.
Go to subroutine.
If, then, else statement (on one line; a '\’ may be used to concatenate lines).

LEN(string) Number of characters string.
LOG(a) Natural logarithm.
LOG10(@) Base 10 logarithm.

MID$(string,
MID$(string, n, M

aMODb
ON exprGOTOlinel, line2, ...

ON exprGOSUBIinel, line2, ...

Extract characters from positiorto end ofstring.
Extractm characters fromstring starting at positiom.

Returns remaindex / b.

If the expression’s value, rounded to an integé, igo to theNth line number in the
list. If N is less than one or greater than the number of line numbers listed, execution
continues at the next statement after the ON statement.

READ Read from DATA statement.

REM At beginning of line, line is a remark with no effect on the calculations.
RESTORHine Set pointer to DATA statement bifie for subsequent READ.
RETURN Return from subroutine.

SGN@) Sign ofa, +1 or -1.

SIN(a) Sine function.

SQREA) a2,

SQRT@) Ja.

STR$@) Convert number to a string.

TAN(a) Tangent function.

VAL(string) Convert string to number.

WHILE (expressioh “While” loop.

WEND

Example problems

The keywordRATES is used in example problems 6C, 9 and 15.

Related keywords

ADVECTION , KINETICS , andTRANSPORT.
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REACTION

This keyword data block is used to define irreversible reactions that transfer specified amounts of elements
to or from the aqueous solution during batch-reaction or transport calcul®EAETION steps are specified
explicitly and do not depend directly on solution composition or time KISETICS andRATES data blocks
instead of th(REACTION data block to model the rates of irreversible reactions that evolve with time and vary
with solution compaosition.

Example data block 1

Line O: REACTION 5 Add sodium chloride and calcite to solution.
Line 1a: NaCl 2.0

Line 1b:  Calcite 0.001

Line 2: 0.25 05 0.75 1.0 moles

Explanation 1

Line 0:REACTION [numbef [description
REACTION is the keyword for the data block.
numbef-Positive number to designate the following stoichiometric reaction. A range of numbers may
also be given in the forrm-n wheremandn are positive integersnis less tham, and the two
numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the stoichiometric reaction.
Line 1: phase namer formulg), [relative stoichiometry
phase namer formula-If a phase names given, the program uses the stoichiometry of that phase as
defined byPHASES input; otherwiseformulais a chemical formula to be used in the stoichi-
ometric reaction. Additional lines can be used to define additional reactants.
relative stoichiometrstAmount of this reactant relative to other reactants, it is a molar ratio between
reactants. In the example data block, the reaction contains 2000 times more NaCl than calcite.
Default is 1.0.
Line 2:list of reaction amountgunitg
list of reaction amountsA separate calculation will be made for each listed amount. If
INCREMENTAL_REACTIONS isfalse (default), example data block 1 performs the calcu-
lation as follows: the first step adds 0.25 mol of reaction to the initial solution; the second step
adds 0.5 mol of reaction to the initial solution; the third 0.75; and the fourth 1.0; each reaction
step begins with the same initial solution and adds only the amount of reaction specified. If
INCREMENTAL_REACTIONS keyword istrue, the calculations are performed as follows:
the first step adds 0.25 mol of reaction and the intermediate results are saved as the starting point
for the next step; then 0.5 mol of reaction are added and the intermediate results saved; then 0.75
mol; then 1.0 mol; the total amount of reaction added to the initial solution is 2.5 mol. The total
amount of each reactant added at any step in the reaction is the reaction amount times the relative
stoichiometric coefficient of the reactant. Additional lines may be used to define all reactant
amounts.
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units--Units may be moles, millimoles, or micromoles. Units must follow all reaction amounts. Default
is moles.
If line 2 is not entered, the default is one step of 1.0 mol.

Example data block 2

Line O: REACTIONS Add sodium chloride and calcite to reaction solution.
Line 1a: NaCl 2.0

Line 1b: Calcite 0.001

Line2: 1.0 moles in 4 steps

Explanation 2

Line 0:REACTION [numbet [description
Same as example data block 1.
Line 1: (phase namer formulg), [relative stoichiometrly
Same as example data block 1.
Line 2:reaction amounfunitg [in step$
reaction amountA single reaction amount is entered. This amount of reaction will be addazbin
steps.
units-Same as example data block 1.
in steps-“in” indicates that the stoichiometric reaction will be divided stepsnumber of steps. If
INCREMENTAL_REACTIONS is false (default), example data block 2 performs the calcula-
tions as follows: the first step adds 0.25 mol of reaction to the initial solution; the second step adds
0.5 mol of reaction to the initial solution; the third 0.75; and the fourth 1.0. If
INCREMENTAL_REACTIONS keyword istrue, the calculations are performed as follows:
each of the four steps adds 0.25 mol of reaction and the intermediate results are saved as the start-
ing point for the next step.
If line 2 is not entered, the default is one step of 1.0 mol.

Notes

TheREACTION data block is used to increase or decrease solution concentrations by specified amounts of
reaction. The specified reactions are added to or removed from solution without regard to equilibrium, time, or
reaction kinetics. Irreversible reactions for which time evolution or concentration-dependent rates are needed must
be modeled using tHeINETICS andRATES keywords, however, a kinetic rate expression is needed for this type
of modeling.

Example data block 1 wittNCREMENTAL_REACTIONS false and example data block 2 with
INCREMENTAL_REACTIONS True or Falsewill generate the same results--solutions after a total of 0.25, 0.5,
0.75, and 1.0 mol of reaction have been added. Example data block INAREMENTAL _REACTIONS true
generates results after a total of 0.25, 0.75, 1.5, and 2.5 mol of reaction have been added.

If a phase name is used to define the stoichiometry of a reactant, that phase must be défina8BBinput
in the database or in the input data file. If negative relative stoichiometries or negative reaction amounts are used, it
is possible to remove more of an element than is present in the system, which results in negative concentrations.
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Negative concentrations will cause the calculations to fail. It is possible to “evaporate” a solution by remg®ing H
or dilute a solution by adding 0. If more reaction steps are defined in REACTION_TEMPERATURE or
KINETICS data blocks than IREACTION , then the final reaction amount definedREYACTION will be
repeated for the additional steps. Suppose only one reaction step of 1.0 mole is spedfRIEAQTEON data

block and two temperature steps are specifiedREACTION_TEMPERATURE data block. If
INCREMENTAL_REACTIONS isfalse then the total amount of reaction added by the end of step 1 and 2 is
the same, 1.0 mole. However]NCREMENTAL_REACTIONS true , the total amount of reaction added by the
end of step 1 will be 1.0 mole and by the end of step two will be 2.0 mole.

Example problems

The keywordREACTION is used in example problems 4, 5, 6, 7, and 10.

Related keywords

INCREMENTAL_REACTIONS , KINETICS , PHASES, RATES, and
REACTION_TEMPERATURE .
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REACTION_TEMPERATURE

This keyword data block is used to define temperature during batch-reaction steps. It is necessary to enter this
data block if a temperature other than the default temperature is needed for batch-reaction calculations. This data
block can also be used to specify the temperature in a cell or range of cells during advective transport calculations
(ADVECTION ) and the initial temperature for a cell or range of cells in advective-dispersive transport calculations
(TRANSPORT).

Example data block 1

Line 0: REACTION_TEMPERATURE Three explicit reaction temperatures.
Linel: 15.0 25.0 35.0

Explanation 1

Line 0:REACTION_TEMPERATURE [numbef [description
REACTION_TEMPERATURE is the keyword for the data block.
number-Positive number to designate the following temperature data. A range of numbers may also be
given in the forrm-n, wheremandn are positive integersnis less tham, and the two numbers
are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the temperature data.
Line 1:list of temperatures
list of temperaturesA list of temperatures, in Celsius, that will be applied to batch-reaction calcula-
tions. More lines may be used to supply additional temperatures. One batch-reaction calculation
will be performed for each listed temperature.

Example data block 2

Line O: REACTION_TEMPERATUREThree implicit reaction temperatures.
Linel: 15.0 35.0 in 3 steps

Explanation 2

Line 0:REACTION_TEMPERATURE [numbe} [description
Same as example data block 1.
Line 1:temp, temp, in steps
temp--Temperature of first reaction step, in Celsius.
temp--Temperature of final reaction step, in Celsius.
in steps-“in” indicates that the temperature will be calculated for easltepsnumber of steps. The
temperature at each stépwill be calculated by the formula

_ (i-1)
temp = temp + -

——t—e—a—s—_—ﬁ(tem p,—temp); if steps= 1, then the temperature of the batch

reaction will betemp, . Example data block 2 performs exactly the same calculations as example
data block 1. If more batch-reaction steps are defineREBEXCTION or KINETICS input, the
temperature of the additional steps willtbenp.
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Notes

If more batch-reaction steps are defineREACTION or KINETICS than temperature steps in
REACTION_TEMPERATURE , then the final temperature will be used for all of the additional batch-reaction
stepsINCREMENTAL_REACTIONS keyword has no effect on tiREACTION_TEMPERATURE data
block. The default temperature of a reaction step is equal to the temperature of the initial solution or the
mixing-fraction-averaged temperature of a mixtREACTION_TEMPERATURE input can be used even if
there is nAREACTION input. The method of calculation of temperature steps usimgs slightly different than
that for reaction steps. tftemperature steps are defined withri’ in a REACTION_TEMPERATURE data
block, then the temperature of the first reaction step is equantp ; temperatures in the remaining steps changes
in n-1equal increments. i reaction steps are defined witimn” in a REACTION data block, then the reaction
is added im equal increments.

In an advective transport calculatioRVECTION ), if REACTION_TEMPERATURE nis defined (or
arange is defined-m), andnis less than or equal to the number of cells in the simulation, then the first temperature
in the data block cREACTION_TEMPERATURE nis used as the temperature in cglor cellsn-m) for all
shifts in the advective transport calculation. In advective-dispersive transport simul@Rz8FPORT), the
initial equilibration also occurs at the first temperatur@&ACTION_TEMPERATURE nin cell n. However,
depending on the setting tdfmperature_retardation_factor, an exchange of heat may take place that will cause
the temperature of the cell to change as the advective-dispersive transport calculation progresses.

Example problems

The keywordREACTION_TEMPERATURE is used in example problem 2.

Related keywords

ADVECTION , KINETICS , TRANSPORT, andREACTION .
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SAVE

This keyword data block is used to save the composition of a solution, exchange assemblage, gas phase,
pure-phase assemblage, solid-solution assemblage, or surface assemblage following a batch-reaction calculation.
The composition is stored internally in computer memory and can be retrieved subsequently Wisitkeyword
during the remainder of the computer run.

Example data block

Line Oa: SAVE equilibrium_phases 2
Line Ob: SAVE exchange 2

Line Oc: SAVE gas_phase 2

Line Od: SAVE solid_solution 1

Line Oe: SAVE solution 2

Line Of: SAVE surface 1

Explanation

Line 0: SAVE keyword number
SAVE is the keyword for the data block.
keyword-One of six keywordsexchangeequilibrium_phases gas_phasesolid_solution solution,
or surface Options forequilibrium_phases equilibrium , equilibria, pure_phasesor pure.
numbef-User defined positive integer to be associated with the respective composition. A range of
numbers may also be given in the formn, wherem andn are positive integersnis less tham,
and the two numbers are separated by a hyphen without intervening spaces.

Notes

SAVE affects only the internal storage of chemical-composition information and has effect only for the
duration of a run. To save results to a permanent fileSEBeECTED OUTPUT. TheSAVE data block applies
only at the end of batch-reaction calculations and has no effect following initial solution, initial
exchange-composition, initial surface-composition, initial gas-phase-composition, transport, or inverse
calculations. During batch-reaction calculations, the compositions of the solution, exchange assemblage, gas phase,
pure-phase assemblage, solid-solution assemblage, and surface assemblage vary to attain equilibrium. The
compositions which exist at the end of a simulation in temporary storage locations are overwritten by the next
simulation. These compositions ar@ automatically saved; however, they may be saved explicitly for use in
subsequent simulations within the run by usingS#%/E keyword. TheSAVE keyword must be used for each type
of composition that is to be saved (solution, exchange assemblage, gas phase, pure-phase assemblage, solid-solution
assemblage, or surface assemblagAYE assignsiumberto the corresponding composition. If one of the
compositions is saved innumberthat already exists, the old composition is deleted. There is no need to save the
compositions unless they are to be used in subsequent simulations within the run. Transport calculations
automatically save the results of calculations after each step agB8\kekeyword has no effect in these
calculations. Amounts of kinetic reactiondIETICS ) are automatically saved during all batch-reaction and
transport calculations and can not be saved witls R\ keyword. TheJSE keyword can be invoked in
subsequent simulations to use the saved compositions in additional batch-reaction calculations.
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Example problems

The keywordSAVE is used in example problems 3, 4, 7, 10, and 14.

Related keywords

EXCHANGE, EQUILIBRIUM_PHASES , GAS_PHASE SELECTED_OUTPUT,
SOLID_SOLUTIONS, SOLUTION, SURFACE, andUSE.
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SELECTED_OUTPUT

This keyword data block is used to produce a file that is suitable for processing by spreadsheets and other
data-management software. It is possible to print selected entities from the compositions of solution, exchange
assemblage, gas phase, pure-phase assemblage, solid-solution assemblage, and surface assemblage after the
completion of each type of calculation. The selected-output file contains a column for each data item defined through
the identifiers oSELECTED_OUTPUT. Initial print settings are shown in lines 1-4, 6-20 and 29 of the following
example data block.

Example data block

Line O: SELECTED_OUTPUT

Line 1: -file selected.out

Line 2: -selected_out true
Line 3: -user_punch true
Line 4: -high_precision false

# set value for all identifiers on lines 6 through 20
Line 5: -reset true

# By default, data for the identifiers marked "true"

# will be printed in order of line numbers,

# By default, data for the identifiers marked "false”

# will not be printed

Line 6: -simulation true
Line 7: -state true
Line 8: -solution true
Line 9: -distance true
Line 10: -time true
Line 11: -step true
Line 12: -ph true
Line 13: -pe true
Line 14: -reaction false
Line 15: -temperature false
Line 16: -alkalinity false
Line 17: -ionic_strength false
Line 18: -water false
Line 19: -charge_balance false
Line 20: -percent_error false

# define printout of selected properties
Line 21: -totals Hfo_s C C(4) C(-4) N N(0)
Line 21a: Fe Fe(3) Fe(2) Ca Mg Na CI
Line 22: -molalities Fe+2 Hfo_sOzZn+ ZnX2
Line 23: -activities H+ Ca+2 CO2 HCO3- C03-2
Line 24: -equilibrium_phases Calcite Dolomite Sphalerite
Line 25: -saturation_indices CO2(g) Siderite
Line 26: -gases CO2(g) N2(g) 02(9)
Line 27: -kinetic_reactants CH20 Pyrite
Line 28: -solid_solutions CaS04 Srso4
Line 29: -inverse_modeling true
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Explanation

Line 0: SELECTED_OUTPUT

SELECTED_OUTPUT is the keyword for the data block. No additional data are read on this line.

Optionally, SELECTED_OUT, SELECT_OUTPUT, or SELECT_OUT.
Line 1:-file file name

-file--ldentifier allows definition of the name of the file where the selected results are written. Option-
ally, file, or-f[ile].

file name-File name where selected results are written. If the file exists, the contents will be overwrit-
ten. File names must conform to operating system conventions. Defelitdéted.out

Line 2:-selected_ouf(Trueor Falség]

-selected_out-Controls printing to the selected-output file. Whselected_ouis set tdfalse all
printing to the selected-output file is halted. Printing can be resurrslatted_ouis set to
true in aSELECTED_OUTPUT data block in a subsequent simulation. Defauttuis.
Optionally,-se[lected_out] Note the hyphen is required to avoid a conflict with synonym of
keywordSELECTED_OUTPUT.

Line 3:-user_punch[(Trueor False)]

-user_punch-Controls printing of information defined INSER_PUNCHTto the selected-output file.
When-user_punchis set tdfalse, information defined iVSER_PUNCH will not be written
to the selected-output file. Writing this information to the selected-output file can be resumed if
-user_punchis settatrue in aSELECTED_OUTPUT data block in a subsequent simulation.
Default istrue. Optionally,-u[ser_puncH. Note the hyphen is required to avoid a conflict with
the keywordJSER_PUNCH

Line 4:-high_precision[(True or Falsé)]

-high_precision-Prints results to the selected-output file with extra numerical precision (12 decimal
places, default is 3 or 4). In addition, the criterion for convergence of the calculations is set to
le-12 (default is 1e-8convergence_tolerancén KNOBS data block). Default isrue. Initial
value at start of program false. Optionally,high_precision or-h[igh_precision].

Line 5:-reset[(Trueor False)]

-reset-Resets all identifiers listed in lines 6-20ttoe or false Default istrue. Optionally,reset or
-r[eset.

Line 6:-simulation [(True or Falsé)]

-simulation--Prints simulation number, or for advective-dispersive transport calculations the number
of advective-dispersive transport simulations, to each line of the selected-output file if value is
true, excludes print if value ialse Default istrue. Initial value at start of programtisie.
Optionally,simulation, sim, or-sim[ulation].

Line 7:-state[(Trueor Falsg]

-state--Prints type of calculation in each line of the selected-output file if valtreiés excludes print
if value isfalse The following character strings are used to identify each calculation type: initial
solution, “i_soln”; initial exchange composition, “i_exch”; initial surface composition, “i_surf”;
initial gas-phase composition, “i_gas”; batch-reaction, “react”; inverse, “inverse”; advection,
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“advect”; and transport, “transp”. Defaulttizie. Initial value at start of program tsue. Option-
ally, state, or-st[ate].
Line 8:-solution [(True or Falsé)]

-solution--Prints solution number used for the calculation in each line of the selected-output file if value
is true, excludes print if value ialse Default istrue. Initial value at start of programtsie.
Optionally,soln, -solu[tion], or -soln. Note the hyphen is required to avoid a conflict with the
keywordSOLUTION .

Line 9:-distance[(Trueor Falsé)]

-distance-Prints to the selected-output file (1) the X-coordinate of the cell for advective-dispersive
transport calculationsSTRANSPORT), (2) the cell number for advection calculatioAdXVEC-
TION), or (3) -99 for other calculations if valuetige, excludes print if value ialse Default
is true. Initial value at start of programtue. Optionally,distance dist, or-d[istancd.

Line 10:-time [(Trueor Falsé)]

-time--Prints to the selected-output file (1) the cumulative model time since the beginning of the simu-
lation for batch-reaction calculations with kinetics, (2) the cumulative transport time since the
beginning of the run (or sineaitial_time identifier was last defined) for advective-dispersive
transport calculations and advective transport calculations for wtioh_stepis defined, (3) the
advection shift number for advective transport calculations for wihiinle_stepis not defined,
or (4) -99 for other calculations if valuetisie, excludes print if value ifalse Default istrue.

Initial value at start of program faue. Optionally,time, or-ti[me].
Line 11:-step[(Trueor Falsé)]

-step--Prints to the selected-output file (1) advection shift number for transport calculations, (2) reaction
step for batch-reaction calculations, or (3) -99 for other calculations if vatiue jeexcludes
print if value isfalse Default istrue. Initial value at start of program tsue. Optionally,step, or
-ste[p].

Line 12:-pH [(Trueor Fals@]

-pH--Prints pH to each line of the selected-output file if valurauis, excludes print if value ialse

Default istrue. Initial value at start of programtisie. Optionally,pH (case insensitive).
Line 13:-pe[(Trueor Falsé]

-pe--Prints pe to each line of the selected-output file if valtimiés excludes print if value i&alse

Default istrue. Initial value at start of programtisie. Optionally,pe.
Line 14:-reaction [(Trueor Falsé)]

-reaction--Prints (1) reaction increment to the selected-output fiREACTION is used in the calcu-
lation or (2) -99 for other calculations if valudiige, excludes print if value i&lse Default is
true. Initial value at start of programfialse Optionally,rxn, -rea[ction], or -rx[n]. Note the
hyphen is required to avoid a conflict with the keywREIACTION .

Line 15:-temperature [(True or Falsé)]

-temperature--Prints temperature (Celsius) to the selected-output file if valtrags excludes print if
value isfalse Default istrue. Initial value at start of program false Optionally,temp, temper-
ature, or-te[mperature].
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Line 16:-alkalinity [(Trueor Falsé]

-alkalinity --Prints alkalinity (eg/kgw) to the selected-output file if valutrige, excludes printif value
is false Default istrue. Initial value at start of program fglse Optionally,alkalinity, alk, or
-al[kalinity ].

Line 17:-ionic_strength [(True or Falsé)]

-ionic_strength--Prints ionic strength to the selected-output file if valuteug, excludes print if value
isfalse Defaultistrue. Initial value at start of program false. Optionally,ionic_strength, mu,
-io[nic_strength], or -mu.

Line 18:-water [(Trueor Falsg]

-water--Writes mass of water to the selected-output file if valueus, excludes print if value ifalse

Default istrue. Initial value at start of programfialse. Optionally,water or -w[ater].
Line 19:-charge_balanceg(Trueor Falsg]

-charge_balance-Writes charge balance of solution (eq) to the selected-output file if vatue js
excludes print if value ifalse Default istrue. Initial value at start of program false Option-
ally, charge_balanceor -c[harge_balancég.

Line 20:-percent_error [(True or Falsé)]

-percent_error--Writes percent error in charge baIand@(}gZ:;gL]:ll ZE:EEE
put file if value igrue, excludes print if value i&lse Default istrue. Initial value at start of
program idalse Optionally,percent_error or -per[cent_error].

) to the selected-out-

Line 21:-totals element list

-totals--ldentifier allows definition of a list of total concentrations that will be written to the
selected-output file. Optionalligtals, or-t[otals].

element listList of elements, element valence states, exchange sites, or surface sites for which total
concentrations will be written. The list may continue on subsequent line(s) (line 2a). Elements,
valence states, exchange sites, and surface sites must have been defined in the first column of
SOLUTION_MASTER_SPECIES, EXCHANGE_MASTER_SPECIES, or
SURFACE_MASTER_SPECIESinput. After each calculation, the concentration (mol/kgw)
of each of the selected elements, element valence states, exchange sites, and surface sites wi
be written to the selected-output file. If an element is not defined or is not present in the calcu-
lation, its concentration will be printed as O.

Line 22:-molalities species list

-molalities--Identifier allows definition of a list of species for which concentrations will be written to
the selected-output file. Optionalipolalities, mol, or-m[olalities].

species listList of aqueous, exchange, or surface species for which concentrations will be written to
the selected-output file. The list may continue on subsequent line(s). Species must have been
defined bySOLUTION_SPECIES, EXCHANGE_SPECIES, or SURFACE_SPECIES
input. After each calculation, the concentration (mol/kgw) of each species in the list will be writ-
ten to the selected-output file. If a species is not defined or is not present in the calculation, its
concentration will be printed as 0.
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Line 23:-activities species list
-activities--Identifier allows definition of a list of species for which log of activity will be written to the
selected-output file. Optionallgictivities, or -a[ctivities].
species listList of agueous, exchange, or surface species for which log of activity will be written to the
selected-output file. The list may continue on subsequent line(s). Species must have been defined
by SOLUTION_SPECIES, EXCHANGE_SPECIES, or SURFACE_SPECIESinput. After
each calculation, the log (base 10) of the activity of each of the species will be written to the
selected-output file. If a species is not defined or is not present in the calculation, its log activity
will be printed as -999.999.
Line 24:-equilibrium_phasesphase list
-equilibrium_phases-Identifier allows definition of a list of pure phases for which (1) total amounts
in the pure-phase assemblage and (2) moles transferred will be written to the selected-output file.
Optionally,-e[quilibrium_phased, or -p[ure_phase$ Note the hyphen is required to avoid a
conflict with the keywordQUILIBRIUM_PHASES and its synonyms.

phase list-List of phases for which data will be written to the selected-output file. The list may continue
on subsequent line(s). Each phase must have been defiRetNSES input. After each calcu-
lation, two values are written to the selected-output file, (1) the moles of each of the phases
(defined byEQUILIBRIUM_PHASES ), and (2) the moles transferred. If the phase is not
defined or is not present in the pure-phase assemblage, the amounts will be printed as 0.

Line 25:-saturation_indicesphase list

-saturation_indices-Identifier allows definition of a list of phases for which saturation indices [or log
(base 10) partial pressure for gases] will be written to the selected-output file. Optionally,
saturation_indices si, -gaturation_indices], or -[i].

phase list-List of phases for which saturation indices [or log (base 10) partial pressure for gases] will
be written to the selected-output file. The list may continue on subsequent line(s). Each phase
must have been defined BYHASES input. After each calculation, the saturation index of each
of the phases will be written to the selected-output file. If the phase is not defined or if one or more
of its constituent elements is not in solution, the saturation index will be printed as -999.999.

Line 26:-gaseggas-component list

-gases-ldentifier allows definition of a list of gas components for which the amount in the gas phase
(moles) will be written to the selected-output file. Option@gses or -g[ase$.

gas-component lisiist of gas components. The list may continue on subsequent line(s). Each gas
component must have been definedyASESinput. After each calculation, the moles of each
of the selected gas components in the gas phase will be written to the selected-output file. If a gas
componentis not defined or is not present in the gas phase, the amount will be printed as 0. Before
the columns for the gas components, the flat file will contain the total pressure, total moles of gas
components, and the volume of the gas phase. Partial pressures of any gas, including the compo-
nents in the gas phase, can be obtained by use afatueation_indicesidentifier.

Line 27:-kinetic_reactantsreactant list
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-kinetic_reactants-ldentifier allows definition of a list of kinetically controlled reactants for which
two values are written to the selected-output file, (1) the current moles of the reactant, and (2)
the moles transferred of the reactant. Optionkity, -k[ineticg], kinetic_reactants or
-k[inetic_reactantd. Note the hyphen is required to avoid a conflict with the keyWOHIET-

ICS.

reactant list-List of kinetically controlled reactants. The list may continue on subsequent line(s). Each
reactant is identified by the rate name inKfRETICS data block. (The rate name in turn
refers to a rate expression defined VIRINTES data block.) After each calculation, the moles
and the moles transferred of each of the kinetically controlled reactants will be written to the
selected-output file. If the reactant is not defined, the amount will be printed as 0.

Line 28:-solid_solutionscomponent list

-solid_solutions-ldentifier allows definition of a list of solid-solution components for which the
moles in a solid solution is written to the selected-output file. Optiorsdfyid_solutions).
Note the hyphen is required to avoid a conflict with the key\8@dID SOLUTIONS.

component listList of solid-solution components. The list may continue on subsequent line(s). Each
component is identified by the component name defined 8@heéD SOLUTIONS data
block. (The component names are also phase names which have been defineti XxSBES
data block.) After each calculation, the moles of each solid-solution component in the list will
be written to the selected-output file. If the component is not defined in any of the solid solutions,
the amount will be printed as 0.

Line 29:-inverse_modeling[(True or Falseé)]

-inverse_modeling-Prints results of inverse modeling to the selected-output file if vatageis
excludes print if value i&lse For each inverse model, three values are printed for each solution
and phase defined in thlVERSE_MODELING data block: the central value of the mixing
fraction or mole transfer, and the minimum and maximum of the mixing fraction or mole trans-
fer, which are zero unlessange is specified in thétNVERSE_MODELING data block.

Default istrue. Initial value at start of programtsie. Optionally,inverse or
-i[nverse_modelind. Note the hyphen is required to avoid a conflict with the keyword
INVERSE_MODELING .

Notes

The selected-output file contains a column for each data item defined through the identifiers of
SELECTED_OUTPUT. Additional columns may be defined through th8 ER_ PUNCHdata block. In the input
for theSELECTED_OUTPUT data block, all element names, species names, and phase names must be spellec
exactly, including the case and charge for the species names. One line containing an entry for each of the items wil
be written to the selected-output file after each calculation--that is, after any initial solution, initial
exchange-composition, initial surface-composition, or initial gas-phase-composition calculation and after each
step in batch-reaction or each shift in transport calculations-setected_outputdentifier in thePRINT data
block can be used to selectively suspend and resume writing results to the selected-output file. In transport
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simulations, the frequency at which results are written to the selected-output file can be controlled by the
-punch_cellsand-punch_frequencyidentifiers inADVECTION andTRANSPORT data blocks).

Several data items are included by default at the beginning of each line in the selected-output file to identify
the type of calculation that has been performed. These data are described in lines 14 through 21. Data described in
lines 22 through 28 may also be included in the output file. All of the data described by lines 14 through 28 may be
simultaneously included or excluded from the selected-output file withiélsetidentifier. Unlike most oPHREEQC
input, the order in which the identifiers are entered is important when usifrggbtidentifier. Any identifier set
before theresetin the data block will be reset wheresetis encountered. Thusesetshould be specified before
any of the identifiers described in lines 14 through 28.

The first line of the selected-output file contains a description of each data column. The columns of data are
written in the following order: items described by lines 14 through 28, totals, molalities, log activities, pure phases
(two columns for each phase--total amount of phase and mole transfer for current calculation), saturation indices,
gas-phase data (multiple columns), kinetically controlled reactants (two columns for each reactant--total amount of
reactant and mole transfer for current calculation), solid-solution components, and data defined by the
USER_PUNCHdata block. A data item within an input list (for example an aqueous species withimttalities
list) is printed in the order of the list. If the selected-output file contains data for ggessssflentifier), the total
pressure, total moles in the gas phase, and the total volume of the gas phase precede the moles of each gas component
specified by the identifier.

Example problems

The keywordSELECTED_OUTPUT is used in example problems 2, 5, 6,7, 8,9, 10, 11, 12, 13, 14, and 15.

Related keywords

ADVECTION , EQUILIBRIUM_PHASES , EXCHANGE_MASTER_SPECIES,
EXCHANGE_SPECIES, GAS_PHASE INVERSE_MODELING , KINETICS , KNOBS, PHASES PRINT,
REACTION , SOLUTION_MASTER_SPECIES, SOLID_SOLUTIONS, SOLUTION_SPECIES,
SURFACE_MASTER_SPECIES SURFACE_SPECIES TRANSPORT, andUSER_PUNCH
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SOLID_SOLUTIONS

This keyword data block is used to define a solid-solution assemblage. Each solid solution may be nonideal
with two components or ideal with any number of components. The amount of each component in each solid
solution is defined in this keyword data block. Any calculation involving solid solutions assumes that all solid
solutions dissolve entirely and reprecipitate in equilibrium with the solution.

Example data block

Line O: SOLID_SOLUTIONS 1 Two solid solutions
Line la: CaSrBaS0O4 # greater than 2 components, ideal

Line 2a: -comp Anhydrite 1.500
Line 2b: -comp Celestite 0.05
Line 2c: -comp Barite 0.05
Line 1b: Ca(x)Mg(1-x)CO3 # Binary, nonideal
Line 3: -compl Calcite 0.097
Line 4: -comp2 Ca.5Mg.5C0O3 0.003
Line 5: -temp 25.0
Line 6: -tempk  298.15
Line 7: -Gugg_nondim  5.08 1.90
Optional definitions of excess free-energy parameters for nonideal solid solutions:
Line 8: -Gugg_Kj 12.593 4.70
Line 9: -activity_coefficients 24.05 1075. 0.0001 0.9999
Line 10: -distribution_coefficients .0483 1248. .0001 .9999
Line 11: -miscibility_gap 0.0428 0.9991
Line 12: -spinodal_gap 0.2746 0.9483
Line 13: -critical_point 0.6761 925.51
Line 14: -alyotropic_point 0.5768 -8.363
Line 15: -Thompson 17.303 7.883
Line 16: -Margules -0.62 7.6
Explanation

Line 0: SOLID_SOLUTIONS [numbet [description
SOLID_SOLUTIONS is the keyword for the data block. OptionaBQLID _SOLUTION .
numbesf-Positive number to designate the following solid-solution assemblage and its composition. A
range of numbers may also be given in the farmm, wherem andn are positive integersnis
less tham, and the two numbers are separated by a hyphen without intervening spaces. Default
is 1.
description-Optional comment that describes the surface assemblage.
Line 1:solid-solution name
solid-solution nameUser-defined name of a solid solution.
Line 2:-comp phase name, moles
-comp--ldentifier indicates a component of an ideal solid solution is defined. Component is part of the
solid solution defined by the last Line 1 encountered. Optiomaltyp, component or
-clomponent].
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phase nameName of the pure phase that is a component in the solid solution. A phase with this name
must have been defined ilPRIASES data block.
moles-Moles of the component in the solid solution.
Line 3:-complphase name, moles
-compl--ldentifier indicates the first component of a nonideal, binary solid solution is defined. The
component is part of the solid solution defined by the last Line 1 encountered. OptionailyL
phase nameName of the pure phase that is component 1 of the nonideal solid solution. A phase with
this name must have been defined PHASES data block.
moles-Moles of the component in the solid solution.
Line 4:-comp2phase name, moles
-comp2-Identifier indicates the second component of a nonideal, binary solid solution is defined. The
component is part of the solid solution defined by the last Line 1 encountered. Optionaily2
phase nameName of the pure phase that is component 2 of the nonideal solid solution. A phase with
this name must have been defined PHASES data block.
moles-Moles of the component in the solid solution.
Line 5:-temp temperature in Celsius
-temp--Temperature at which excess free-energy parameters are defined, in Celsius. Temperature,
eithertemp (tempc) or tempk, is used if excess free-energy parameters are input with any of the
following options:-gugg_nondim -activity coefficients -distribution_coefficients,
-miscibility_gap, -spinodal_gap -alyotropic_point, or-margules Optionally,temp, tempc, or
-tfempd. Default is 25C.
Line 6:-tempk temperature in Kelvin
-tempk--Temperature at which excess free-energy parameters are defined, in Kelvin. Temperature,
eithertemp (tempc) ortempk, is used if excess free-energy parameters are input with any of the
following options:-gugg_nondim -activity _coefficients -distribution_coefficients,
-miscibility_gap, -spinodal_gap -alyotropic_point, or-margules Optionally,tempk. Default
is 298.15 K.
Line 7:-Gugg_nondimag, &
-Gugg_nondim-Nondimensional Guggenheim parameters are used to calculate dimensional Guggen-
heim parameters. Optionallyyigg_nondimensionglparms, -glugg_nondimensiong], or
-p[arms].
ap--Guggenheinay parameter, dimensionless. Default is 0.0.
a;--Guggenheina, parameter, dimensionless. Default is 0.0.
Line 8:-Gugg_kJ gy, 01
-Gugg_kJ-Guggenheim parameters with dimensions of kJ/mol define the excess free energy of the
nonideal, binary solid solution. Optionaltygg_kJ, or-gugg_KJ].
0o--Guggenheinay parameter, kJ/mol. Default is 0.0.
0;--Guggenheina; parameter, kJ/mol. Default is 0.0.

Line 9:-activity _coefficients a a

comp ' “comp,’ X1 X%
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-activity _coefficients-Activity coefficients for components 1 and 2 are used to calculate dimensional
Guggenheim parameters. Optionadlgtivity coefficients or-a[ctivity _coefficientd.

acomg——Activity coefficient for component 1 in the solid solution. No default.

acomg--Activity coefficient for component 2 in the solid solution. No default.

X1--Mole fraction of component 2 for Whml:omg applies. No default.

Xo--Mole fraction of component 2 for Whicz%ncomQ applies. No default.

Line 10:-distribution_coefficients k, , K, , X, X,

-distribution_coefficients--Two distribution coefficients are used to calculate dimensional Guggen-
heim parameters. Optionallgistribution_coefficients, or-d[istribution_coefficients].
k, --Distribution coefficient of component 2 at mole fractiqrof component 2, expressed as

(Xo/X1)
(ay/ay)

, Wherex is the mole fraction in the solid aad is the aqueous activity. No default.

k, --Distribution coefficient of component 2 at mole fractignof component 2, expressed as above.
No default.
X1--Mole fraction of component 2 for whidhy  applies. No default.
Xo--Mole fraction of component 2 for whidk,  applies. No default.
Line 11:-miscibility_gap Xq, %

-miscibility_gap--The mole fractions of component 2 that delimit the miscibility gap are used to cal-
culate dimensional Guggenheim parameters. Optiomaiggibility _gap, or
-m[iscibility_gap].

X1--Mole fraction of component 2 at one end of the miscibility gap. No default.

Xo--Mole fraction of component 2 at the other end of the miscibility gap. No default.

Line 12:-spinodal_gapxy, X

-spinodal_gap-The mole fractions of component 2 that delimit the spinodal gap are used to calculate
dimensional Guggenheim parameters. Optionaflinodal_gap or-g pinodal_gap|.

X1--Mole fraction of component 2 at one end of the spinodal gap. No default.

Xo--Mole fraction of component 2 at the other end of the spinodal gap. No default.

Line 13:-critical_point xgp, tc,

-critical_point--The mole fraction of component 2 at the critical point and the critical temperature
(Kelvin) are used to calculate dimensional Guggenheim parameters. Opticnidiigl _point,
or -cr[itical_point].

X.p-Mole fraction of component 2 at the critical point. No default.

tcp--CriticaI temperature, in Kelvin. No default.

Line 14:-alyotropic_point Xy, 10g,4(ZM)

-alyotropic_point--The mole fraction of component 2 at the alyotropic point and the total solubility
product at that point are used to calculate dimensional Guggenheim parameters. Optionally,
alyotropic_point, or-al[yotropic_point].

Xay—-Mole fraction of component 2 at the alyotropic point. No default.
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log,o(2MM) --Total solubility product at the alyotropic point, whetBl = (a; +a,)a . No

default.

common ion

Line 15:-Thompsonwg,, wg

-Thompson-Thompson and Waldbaum parametggs andwg, are used to calculate dimensional
Guggenheim parameters. Optionathompson, or -th[ompsor].

wgy--Thompson and Waldbaum parametep, kJ/mol. No default.
wg;--Thompson and Waldbaum parametey, kJ/mol. No default.
Line 16:-Margules alpha, alpha

-Margules--Margules parameteedpha, andalphag are used to calculate dimensional Guggenheim
parameters. Optionalliargules, or-Ma][rgules].

alphay--Margules parameteatipha,, dimensionless. No default.
alphas--Margules parameteatphag, dimensionless. No default.

Notes

Multiple solid solutions may be defined by multiple sets of lines 1, 2, 3, and 4. Line 2 may be repeated as
necessary to define all the components of an ideal solid solution. Nonideal solid solution components must be
defined with Lines 3, and 4. Calculations with solid solutions assume that the entire solid recrystallizes to be in
equilibrium with the aqueous phase. This assumption is usually unrealistic because it is likely that only the outer
layer of a solid would re-equilibrate with the solution, even given long periods of time. In most cases, the use of ideal
solid solutions is also unrealistic because nonideal effects are nearly always present in solids.

Lines 7-16 provide alternative ways of defining the excess free energy of a nonideal, binary solid solution.
Only one of these lines should be included in the definition of a single solid solution. The parameters in the example
data block are taken from Glynn (1991) and Glynn (1990) for “nondefective” calcit (®48) and dolomite
(expressed as @aMgg sCO3, log K -8.545; note that a phase for dolomite with the given name, composition, and
log K would have to be defined ilPAHHASES data block because it differs from the standard stoichiometry for
dolomite in the databases). In the example data block, lines 7 through 16, except Line 14 (alyotropic point), define
the same dimensional Guggenheim parameters. Internally, the program converts any one of these forms of input into
dimensional Guggenheim parameters. When a batch-reaction or transport calculation is performed, the temperature
of the calculation (as defined by mixing of solutioREACTION_TEMPERATURE data block, or heat transport
in TRANSPORT simulations) is used to convert the dimensional Guggenheim parameters to nondimensional
Guggenheim parameters, which are then used in the calculation.

The identifiersgugg_nondim -activity _coefficients -distribution_coefficients, -miscibility_gap,
-spinodal_gap -alyotropic_point, or-margulesdefine parameters for a particular temperature which are converted
to dimensional Guggenheim parameters using the default temperature of 25 C or the temperature specified in line 5
or 6. If more than one line 5 and (or) 6 is defined, the last definition will take precedeab@mtitbpic_point or
-distribution_coefficientsidentifiers are used to define excess free-energy parameters, the dimensional
Guggenheim parameter are dependent on (1) the values included with these two identifiers and (2) the equilibrium
constants for the pure-phase components. The latter are defin€H#SESdata block in the input file or database
file.
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The parameters for excess free energy are dependent on which component is labeled “1” and which
component is labeled “2". It is recommended that the component with the smaller valu& did@glected as
component 1 and the component with the larger value oKlbg selected as component 2. The excess free-energy
parameters must be consistent with this numbering. A positive valye of  (nondimensional Guggenheim
parameter) og; (dimensional Guggenheim parameter) will result in skewing the excess free-energy function
toward component 2 and, if a miscibility gap is present, it will not be symmetric about a mole fraction of 0.5, but
instead will be shifted toward component 2. In the calcite-dolomite example, the positive valpe of  (1.90) results
in a miscibility gap extending almost to pure dolomite (mole fractions of miscibility gap are 0.0428 to 0.9991).

After a batch-reaction with a solid-solution assemblage has been simulated, it is possible to save the resulting
solid-solution compositions with tH@AVE keyword. If the new compositions are not saved, the solid-solution
compositions will remain the same as they were before the batch reaction. After it has been defined or saved, tl
solid-solution assemblage may be used in subsequent simulations throU@ttkeyword. Solid-solution
compositions are automatically saved following each shift in transport calculations.

Example problems

The keywordSOLID_SOLUTIONS is used in example problem 10.

Related keywords

PHASES, SAVE solid_solution andUSE solid_solution
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SOLUTION

This keyword data block is used to define the temperature and chemical composition of initial solutions. All
input concentrations are converted internally to units of molality or, equivalently, moles of elements and element
valence states and mass of water. Speciation calculations are performed on each solution and each solution is then
available for subsequent batch-reaction, transport, or inverse-modeling calculations. Capabilities exist to adjust
individual element concentrations to achieve charge balance or equilibrium with a pure phase.

Example data block

Line O: SOLUTION25 Test solution number 25
Line 1: temp 25.0
Line 2: pH 7.0 charge
Line 3: pe 4.5
Line 4: redox 0(-2)/0(0)
Line 5: units ppm
Line 6: density 1.02
Line7a: Ca 80.
Line 7b:  S(6) 96. as SO4
Line 7c:  S(-2) 1. as S
Line 7d: N(5) N(3) 14. as N
Line7e: O(0) 8.0
Line7f: C 61.0 as HCO3 CO02(g) -3.5
Line 7g: Fe 55. ug/kgs as Fe S(6)/S(-2) Pyrite
Line 8a: -isotope  13C -12. 1. # permil PDB
Line 8b: -isotope  34S 15. 1.5# permil CDT
Line 9: -water 0.5 #kg
Explanation

Line 0: SOLUTION [numbef [description
SOLUTION is the keyword for the data block.
number-Positive number to designate the following solution composition. A range of numbers may
also be given in the formm-n wherem andn are positive integersy is less tham, and the two
numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the solution.
Line 1:temp temperature
temp--Indicates temperature is entered on this line. Optiortaltyperature, or-tfemperature].
temperature Temperature in degrees Celsius. Default 25 °C.
Line 2:pH pH [(charge or phase namésaturation indejR]
pH--Indicates pH is entered on this line. Optionaibh.
pH--pH value, negative log of the activity of hydrogen ion.
charge--Indicates pH is to be adjusted to achieve charge balancbatyeis specified for pH, it may
not be specified for any other element.
phase namepH will be adjusted to achieve specified saturation index with the specified phase.
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saturation indexpH will be adjusted to achieve this saturation index for the specified phase. Default
is 0.0.
If line 2 is not entered, the default pH is 7.0. Specifying bectthrgeand a phase name is not allowed.
Be sure that specifying a phase is reasonable; it may not be possible to adjust the pH to achieve the
specified saturation index.
Line 3:pepe[(charge or phase namgsaturation indeR]
pe--Indicates pe is entered on this line. Optionafg.
pe--pe value, conventional negative log of the activity of the electron.
charge--(Not recommended) indicates pe is to be adjusted to achieve charge balance.
phase namepe will be adjusted to achieve specified saturation index with the specified phase.
saturation indexpe will be adjusted to achieve this saturation index for the specified phase. Default
is 0.0.
If line 3 is not entered, the default pe is 4.0. Specifying laithrgeand a phase name is not allowed.
Adjusting pe for charge balance is not recommended. Care should also be used in adjusting pe to ¢
fixed saturation index for a phase because frequently this is not possible.
Line 4:redox redox couple
redox--Indicates the definition of a redox couple that is used to calculate pe. This pe will be used for
any redox element for which a pe is needed to determine the distribution of the element among
its valence states. Optionally[edoX.
redox couple-Redox couple which defines pe. A redox couple is specified by two valence states of an
element separated by a “/". No spaces are allowed.
If line 4 is not entered, the input pe value will be the default. The useenlox does not change the
input pe. The example data block uses the dissolved oxygen concentration [defined by O(0) in line 7¢]
and the redox half-reaction for formation o5 @y from water (defined in th&OLUTION_SPECIES
data block of the default databases) to calculate a default pe.
Line 5:units concentration units
units--Indicates default concentration units are entered on this line. Opticnftiis].
concentration unitsDefault concentration units. Three groups of concentration units are allowed,
concentration (1) per liter (“/L"), (2) per kilogram solution (“/kgs”), or (3) per kilogram water
(“/kgw™). All concentration units for a solution must be within the same group. Within a group,
either grams or moles may be used, and prefixes milli (m) and micro (u) are acceptable. Parts
per thousand, “ppt”; parts per million, “ppm”; and parts per billion, “ppb”, are acceptable in the
“per kilogram solution” group. Default is mmol/kgw (millimoles per kilogram water).
Line 6:density density
density--Indicates density is entered on this line. Optionakyns or-d[ensity].
density-Density of the solution, kg/L (equals g/@mDefault is 1.0.
The density is used only if the input concentration units are “per liter”.
Line 7: element list, concentratiofunitd, ([asformulg or [gfw gfw]), [redox coupl§ [(charge or phase
name[saturation indej]
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element listAn element name or a list of element valence states separated by white space (see line 7d).
The element names and valence states must correspond to the items in the first column in
SOLUTION_MASTER_SPECIES.

concentratior-Concentration of element in solution or sum of concentrations of element valence states
in solution.

units-Concentration unit for element (see line 7g). If units are not specified, the defaultinitgs (
value if line 5 is present, or mmol/kgw if line 5 is absent) are assumed.

asformula-Indicates a chemical formuligrmula, will be given from which a gram formula weight
will be calculated. A gram formula weight is needed only when the input concentration is in mass
units. The calculated gram formula weight is used to convert mass units into mole units for this
element and this solution; it is not stored for further use. If a gram formula weight is not specified,
the default is the gram formula weight defined S®LUTION_MASTER_SPECIES. For alka-
linity, the formula should give the gram equivalent weight. For alkalinity reported as calcium car-
bonate, the formula for the gram equivalent weight is48203), 5 this is the default in the
phreeqc.daandwateq4f.datdatabase files distributed with this program.

gfw gfw--Indicates a gram formula weigltgfw, will be entered. A gram formula weight is needed only
when the input concentration is in mass units. The specified gram formula weight is used to con-
vert mass units into mole units only for this element and this solution; it is not stored for further
use. If a gram formula weight is not specified, the default is the gram formula weight defined in
SOLUTION_MASTER_SPECIES. For alkalinity, the gram equivalent weight should be
entered. For alkalinity reported as calcium carbonate, the gram equivalent weight is approxi-
mately 50.04 g/eq.

redox couple-Redox couple to use for the element or element valence statésnent listDefinition
of a redox couple is appropriate only when the element being defined is redox active and either
(1) the total amount of the element is specified (no parentheses in the element name) or (2) two
or more valence-states are specified (a valence state is defined in parentheses following element
name); definition of a redox couple is not needed for non-redox-active elements or for individual
valence states of an element. Initial solution calculations do not require redox equilibrium among
all redox couples of all redox elements. Specifyinmgdox couplewill force selective redox equi-
librium; the redox element being defined will be in equilibrium with the specifieldx couple
A redox couple is specified by two valence states of an element separated by a “/”. No spaces are
allowed. The specified redox couple overrides the default pe or default redox couple and is used
to calculate a pe by which the element is distributed among valence states. If no redox couple is
entered, the default redox couple defined by line 4 will be used, or the pe if line 4 is not entered.

charge--Indicates the concentration of this element will be adjusted to achieve charge balance. The ele-
ment must have ionic specieschiargeis specified for one element, it may not be specified for
pH or any other element. (Note that it is possible to have a greater charge imbalance than can be
adjusted by removing all of the specified element, in which case the problem is unsolvable.)

phase nameThe concentration of the element will be adjusted to achieve a specified saturation index
for the given pure phase. Be sure that specifying equilibrium with the phase is reasonable; the ele-

DESCRIPTION OF DATA INPUT 151



ment should be a constituent in the phd&gase namenay not be used ithargehas been spec-
ified for this element.

saturation indexThe concentration of the element will be adjusted to achieve this saturation index for
the given pure phase. Default is 0.0.

Line 8:-isotopename value,[uncertainty limit

-isotope-Indicates isotopic composition for an element or element valence state is entered on this line.
Isotope data are used only in inverse modeling. Optionsdiigpe or -i[sotopd.

name-Name of the isotope. The name must begin with mass number followed by an element or ele-
ment-valence-state name that is defined thr&@hUTION_MASTER_SPECIES.

value-Isotopic composition of element or element valence state; units are usually a ratio, permil, or
percent modern carbon.

uncertainty limit-The uncertainty limit to be used in inverse modeling. This value is optional in the
SOLUTION data block and alternatively a default uncertainty limit may be used (see
INVERSE_MODELING) or an uncertainty limit may be defined with thisotopesidentifier
of theINVERSE_MODELING data block.

Line 9:-water mass

-water--Indicates mass of water is entered on this line. Molalities of solutes are calculated from input
concentrations and the moles of solutes are determined by the mass of water in solution. Option-
ally, water, or -w[ater].

mass-Mass of water in the solution (kg). Default is 1 kg.

Notes

The order in which the lines &OLUTION input are entered is not important. Specifying baiti and
“gfw” within a single line is not allowed. Specifying bottharge’ and a phase name within a single line is not
allowed. Specifying the concentration of a valence state or an element concentration twice is not allowed. For
example, specifying concentrations for both total Fe and Fe(+2) is not allowed, because ferrous iron is implicitly
defined twice.

Alkalinity or total carbon or both may be specified in solution input. If both alkalinity and total carbon are
specified, the pH is adjusted to attain the specified alkalinity. If the units of alkalinity are reported as calcium
carbonate, the correct formula to useas Ca0.5(C03)0.5", because the gram equivalent weight is 50.04, which
corresponds to one half the formula CagBowever, to avoid frequent errors, #8CaCO3” is entered, the value
of 50.04 will still be used as the equivalent weight.

All concentrations defined in tfeOLUTION data block are converted into molality. The absolute number
of moles is usually numerically equal to the molality because a kilogram of solvent water is assumed. It is possible
to define a solution with a different mass of water by using-tteter identifier. In that case, the moles of solutes
are scaled to produce the molality as converted from the input data. A 1-mol/kgw solution of NaGhai¢hn “

0.5” has 0.5 moles of Na and Cl and 0.5 kilograms of water. Batch-reaction calculations may also cause the mas:
of water in a solution to deviate from 1 kilogram.

Isotope values are used only in conjunction withiMMERSE_MODELING data block. Uncertainty
limits for isotopes in mole-balance modeling may be defined in three ways: default uncertainty limits may be used,
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uncertainty limits may be defined in tS©LUTION data block, or uncertainty limits may be defined in the
INVERSE_MODELING data block. Uncertainty limits defined in thidVERSE_MODELING data block take
precedence over ttf®OLUTION data block, which in turn take precedence over the defaults given in table 5.

After a batch reaction has been simulated, it is possible to save the resulting solution composition with the
SAVE keyword. If the new batch-reaction composition is not saved, the solution composition will remain the same
as it was before the batch reaction. After it has been defined or saved, a solution may be used in subsequent
simulations through theSE keyword. Solution compositions for a cell are automatically saved after each shift in
transport calculations.

Example problems

The keywordSOLUTION is used in all example problems, 1 through 18.

Related keywords

INVERSE_MODELING , SAVE solution, SOLUTION_SPECIES, SOLUTION_MASTER_SPECIES,
andUSE solution
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SOLUTION_MASTER_SPECIES

This keyword is used to define the correspondence between element names and aqueous primary and
secondary master species. The alkalinity contribution of the master species, the gram formula weight used to
convert mass units, and the element gram formula weight also are defined in this data block. Normally, this date
block is included in the database file and only additions and modifications are included in the input file.

Example data block

Line O: SOLUTION_MASTER_SPECIES

Linela: H H+ -1.0 1.008 1.008
Line 1b:  H(0) H2 0.0 1.008
Linelc: S S0O4-2 0.0 SO4 32.06

Line 1d:  S(6) S0O4-2 0.0 SO4
Line le: S(-2) HS- 10 S
Line 1f:  Alkalinity CO3-2 1.0 Ca0.5(C03)0.5 50.04

Explanation

Line 0: SOLUTION_MASTER_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1: element name, master species, alkaliniyam formula weighor formula), gram formula weight

of element

element nameAn element name or an element name followed by a valence state in parentheses. The
element name must begin with a capital letter, followed by zero or more lower case letters or
underscores (*_").

master species~ormula for the master species, including its charge. létbenent namedoes not con-
tain a valence state in parentheses, the corresponding master species is a primary master specie
If the element name does contain a valence state in parentheses, the master species is a secon
ary master species. Thaaster speciesiust be defined in tfeOLUTION_SPECIES data
block.

alkalinity--Alkalinity contribution of the master species. The alkalinity contribution of agueous
non-master species will be calculated from the alkalinities assigned to the master species.

gram formula weightDefault value used to convert input data in mass units to mole units for the ele-
ment or element valence. For alkalinity, the gram equivalent weight is entered. gigimefor-
mula weightor formulais required, but these items are mutually exclusive.

formula-Chemical formula used to calculate gram formula weight, which is used to convert input data
from mass units to mole units for the element or element valence. For alkalinity, the formula for
the gram equivalent weight is entered. Eittpeam formula weighor formulais required, but
these items are mutually exclusive.

gram formula weight for elementhis field is required for primary master species and must be the
gram formula weight for the pure element, not for an agueous species.
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Notes

Line 1 must be repeated for each element and each element valence state to be used by the program. Each
element must have a primary master species. If secondary master species are defined for an element, then the
primary master species additionally must be defined as a secondary master species for one of the valence states.
PHREEQCwWiIll reduce all chemical reaction equations to a form that contains only primary and secondary master
species. Each primary master species must be defins@OhWTION_SPECIES input to have an identity reaction
with log K of 0.0. For example, the definition of the primary master specig’é BQAheSOLUTION_SPECIES
data block of the databaphreeqc.dats SO4-2 = SO4-2, lo& 0.0. Secondary master species that are not primary
master species must be defined3®LUTION_SPECIES input to have a reaction that contains electrons and the
log K in general will not be 0.0. For example, the definition of the secondary master spearetheS
SOLUTION_SPECIES data block of the databapbreeqc.dats SO4-2 + 9 H+ + 8 e- = HS- + 4 H20, |1d§33.65.

The treatment of alkalinity is a special case and “Alkalinity” is defined as an additional element. In most cases, the
definitions iNSOLUTION_MASTER_SPECIES for alkalinity and carbon in the default database files should be
used without modification.

Thegram formula weighaindformulaare defined for convenience in converting units. For example, if data
for nitrate are consistently reported in mg/L of nitrate ag'NtBengram formula weighshould be set to 62.0 or
formulashould be set to “NO3". Then it will not be necessary to usagbegfw options in thesOLUTION or
SOLUTION_SPREAD data block. If nitrate is reported as mg/L as N, tlyggam formula weighshould be set to
14.0 orformulashould be set to “N”, as is the case in the default databases. These vargbhtaddrmula weight
andformula) are only used if the concentration units are in terms of mass; if the data are reported in moles, then the
variables are not used. The valuegpdm formula weight for elemeit required for primary master species and its
value is used to calculate the gram formula weight wHemaulais given either in
SOLUTION_MASTER_SPECIES, SOLUTION, or SOLUTION_SPREAD data block.

Example problems

The keywordSOLUTION_MASTER_SPECIES is used in example problems 1, 9 and 15. See also the
listing of the default database file in Attachment B.

Related keywords

SOLUTION, SOLUTION_SPREAD, andSOLUTION_SPECIES.
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SOLUTION_SPECIES

This keyword data block is used to define chemical reaction,lagd activity-coefficient parameters for
each aqueous species. Normally, this data block is included in the database file and only additions and
modifications are included in the input file.

Example data block

Line O: SOLUTION_SPECIES
Line 1la: SO4-2 = SO4-2

Line 2a: log_k 0.0

Line 5a: -gamma 50 -0.04
Line 1b: SO4-2 + 9H+ + 8e- = HS- + 4H20
Line 2b: log_k 33.652

Line 3b: delta_ h  -40.14

Line 5b: -gamma 35 0.0
Line 1c: H20 = OH- + H+

Line 2c: log_k -14.000

Line 3c: delta_h 13.362 kcal
Line 4c: -a_e -283.971-0.05069842 13323.0 102.24447 -1119669.0
Line 5c: -gamma 3.5 0.0

Line 1d: HS- = S2-2 + H+

Line 2d: log_k -14.528

Line 3d: delta_h 11.4

Line 6: -no_check

Line 7d: -mole_balance S(-2)2

Explanation

Line 0: SOLUTION_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1: Association reaction
Association reaction for aqueous species. The defined species must be the first species to the right o
the equal sign. The association reaction must precede any identifiers related to the aqueous specie:
The association reaction is an identity reaction for each primary master species.
Line 2:log_klog K
log_k--ldentifier for logK at 2%°C. Optionally,-log_k, logk, -I[og_K], or -I[ogK].
log K--Log K at 28°C for the reaction.og K must be 0.0 for primary master species. Default is 0.0.
Line 3:delta_h enthalpy[unitg
delta_h--Identifier for enthalpy of reaction at 5. Optionally,-delta_h, deltah, -d[elta_h], or
-d[eltah].
enthalpy-Enthalpy of reaction at 2& for the reaction. Default is 0.0.
units-Default units are kilojoules per mole. Units may be calories, kilocalories, joules, or kilojoules
per mole. Only the energy unitis needed (per mole is assumed) and abbreviations of these units
are acceptable. Explicit definition of units for all enthalpy values is recommended. The enthalpy
of reaction is used in the van't Hoff equation to determine the temperature dependence of the
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equilibrium constant. Internally, all enthalpy calculations are performed with the units of kilo-
joules per mole.
Line 4:-analytical_expressionAq, Ay, Ag, Ay, A5
-analytical_expression-ldentifier for coefficients for an analytical expression for the temperature
dependence of lol§. Optionally,analytical_expressiona_e aeg -a[nalytical_expressiod,
-a[_dg, -a[€].

A, Ao, Ag, Ay, As--Five values defining lo as a function of temperature in the expression
Ag Ag . .
log oK = A+ AT + T +Aylog T + — whereT is in Kelvin.
T

Line 5:-gammaDebye-Huckel a, Debye-Hiickel b
-gamma-Indicates activity-coefficient parameters are to be enteregartfimais not input for a spe-
cies, for charged species the Davies equation is used to calculate the activity coefficient:

[/

logy = —A22Dl —0.3p%; for uncharged species the following equation is used
+AH

logy = 0.1u. If -gammais entered, then the equation framaTEQ (Truesdell and Jones, 1974)

A2
1+Ba ./
strength, and\ andB are constants at a given temperature. Optiongllgmma.
Debye-Hiickel aParameter® in thewATEQ activity-coefficient equation.
Debye-Huickel BParameteb in thewATEQ activity-coefficient equation.
Line 6:-no_check
-no_check-Indicates the reaction equation should not be checked for charge and elemental balance.
The only exceptions might be polysulfide species which assume equilibrium with a solid phase;
this assumption has the effect of removing solid sulfur from the mass-action equation. By default,
all equations are checked. However, the identifresle_balanceis needed to ensure that the
proper number of atoms of each element are included in mole-balance equations (see
-mole_balancg. Optionally,no_check or-n[o_checK.
Line 7:-mole_balanceformula
-mole_balance-Indicates the stoichiometry of the species will be defined explicitly. Optionally,
mole_balance mass_balancemb, -m[ole_balancg, -mass_balance-m[b].
formula-Chemical formula defining the stoichiometry of the species. Normally, both the stoichiometry
and mass-action expression for the species are determined from the chemical equation that
defines the species. Rarely, it may be necessary to define the stoichiometry of the species sepa-
rately from the mass-action equation. The polysulfide species provide an example. These species
are usually assumed to be in equilibrium with native sulfur. The activity of a pure solid is 1.0 and
thus the term for native sulfur does not appear in the mass-action expression (Line 1d). The S
species contains two atoms of sulfur, but the chemical equation indicates it is formed from species
containing a total of one sulfur atom. Thmole_balancedentifier is needed to give the correct
stoichiometry. Note that unlike all other chemical formulas usetHiREEQG the valence state of

is used,ogy = +bp . Inthese equationys, is the activity coefficient, is ionic
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the element can and should be included in the formula (Line 7d). The example indicates that the
polysulfide species will be summed into the S(-2) mole-balance equation in any initial solution
calculations for which total sulfide is defined.

Notes

Line 1 must be entered first in the definition of a species. Additional sets of lines (lines 1-7 as needed) may
be added to define all of the aqueous species. K lmgist be defined for each species with eitbgrk (line 2)
or -analytical_expression(line 4); default is 0.0, but is not meaningful except for primary master species. In this
example data block, the following types of aqueous species are defined: (a) a primary master sp‘@cﬁsﬂa SO
reaction is an identity reaction and l&gs 0.0; (b) a secondary master species, e reaction contains electrons;
(c) an aqueous species that is not a master speciesa@dt(d) an aqueous species for which the chemical equation
does not balance,3.

By default, equation checking for charge and elemental balance is in force for each equation that is
processed. Checking can only be disabled by usiogcheckfor each equation that is to be excluded from the
checking process.

Example problems

The keywordSOLUTION_SPECIES is used in example problem 1, 9 and 15. See also the listing of the
default database file in Attachment B.

Related keywords

SOLUTION_MASTER_SPECIES.
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SOLUTION_SPREAD

TheSOLUTION_SPREAD data block is an alternative input format ®OLUTION that is compatible with
the output of many spreadsheet programs. Inpu@itUTION_SPREAD is transposed from the input for
SOLUTION, that is, the rows of input foBOLUTION become the columns of input f&OLUTION_SPREAD.
The data are entered in columns which are tab-delimited (“\t” in the example data block).

Example data block

Line 0: SOLUTION_S # “\t” indicates the tab character

Line 1: -temp 25
Line 2: -ph 7.1

Line 3: -pe 4

Line 4: -redox 0(0)/0(-2)
Line 5: -units mmol/kgw
Line 6: -density 1

Line 7: -water 1.0

Line 8a: -isotope 34S 15.0 1.0
Line 8b: -isotope 13C  -12.0

Line 9: -isotope_uncertainty 13C 1.0

Line 10: Number\t 13C\t uncertainty\t pH\t Ca\t Na\t CI\t Alkalinity\t Description

Line 11: \t \t ‘t @t Mt \t  \tmg/kgw as HCO3\t
Line 12a: 10-11\t -10.2\t 0.05\t 6.9\t 23\t 6\t 10.5\t 61\t soln 10-11

Line 12b: 1\t -12.1\t 0.1\t M 17\t 6\t 9.\t 55\t My well 1

Line 12c: 5\t -14.1\t 0.2\t \t 27\t 9\t 9.5\t 70\t My well 5

Explanation

Line 0: SOLUTION_SPREAD
Keyword for the data block. No other data are input on the keyword line.
Line 1:-temp temperature
-temp--ldentifier for temperature. The temperature will be used for all subsequent solutions in the data
block if no column has the headitemperature (ortemp) or if the entry for theemperature
column is empty for a solution. Optionaltgmp, -t[emp], temperature, or-t[emperature].
temperature Temperature, degrees Celsius. Default is 25.0.
Line 2:-pH pH
-pH--Identifier for pH. The pH will be used for all subsequent solutions in the data block if no column
has the headingH or if the entry for thggH column is empty for a solution. Optionalph.
pH--pH value, negative log of the activity of hydrogen ion. Default is 7.0.
Line 3:-pepe
-pe--Identifier for pe. The valupewill be used as default for all subsequent solutions in the data block
if no column has the headime or if the entry for thegpe column is empty for a solution. Option-
ally, pe.
pe--pe value, conventional negative log of the activity of the electron. Default is 4.0.
Line 4:-redox redox couple
-redox--ldentifier for the redox couple to be used to calculate pe. This pe will be used for any redox
element for which a pe is needed to determine the distribution of the element among its valence
states. The redox couple will be used for all subsequent solutions in the data block if no column
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has the headingedox or if the entry for theedox column is empty for a solution. If no redox
couple is specified, the pe will be used. Optionadlgox or -r[edoX.
redox coupleRedox couple to use for pe calculations. A redox couple is specified by two valence
states of an element separated by a “/”. No spaces are allowed. Dgfault is
Line 5:-units concentration units

-units--Identifier for concentration units. The concentration units will be used for all subsequent solu-
tions in the data block if no column has the headimis (or unit) or if the entry for theunits
column is empty for a solution. Optionallypit, units, or-u[nits].

concentration unitsDefault concentration units. Three groups of concentration units are allowed,
concentration (1) per liter (“/L"), (2) per kilogram solution (“/kgs”), or (3) per kilogram water
(“/kgw™). All concentration units for a solution must be within the same group. Within a group,
either grams or moles may be used, and prefixes milli (m) and micro (u) are acceptable. Parts
per thousand, “ppt”; parts per million, “ppm”; and parts per billion, “ppb”, are acceptable in the
“per kilogram solution” group. Default is mmol/kgw.

Line 6:-density density

-density--Identifier for solution density. The density will be used for all subsequent solutions in the
data block if no column has the headidensity (or deng or if the entry for thedensity column
is empty for a solution. Density is used only if concentration units are per liter. Optiodetiy,
density, or-d[ensity].

density-Density of solution, kg/L. Default is 1.0 kg/L.

Line 7:-water mass

-water--ldentifier for mass of water. The mass of water will be used for all subsequent solutions in the
data block if no column has the headwvgter or if the entry for thevater column is empty for
a solution. Molalities of solutes are calculated from input concentrations and the moles of sol-
utes are determined by the mass of water in solution. Optiowallgy, or -w[ater].
mass-Mass of water in the solution (kg). Default is 1.0 kg.
Line 8:-isotopename, valueluncertainty_limi}
-isotope-ldentifier for default ratio for an isotope. The isotope ratio and uncertainty limit will be used
for all subsequent solutions in the data block if no column has the sameas a heading or if
the entry for that column is empty for a solution. Isotopes and isotope uncertainty limits can be
used only in inverse modeling. Optionallsetopeor -i[sotopd.
name-Name of the isotope. The name must begin with mass number followed by an element name or
element redox state that is defined thro8gH.UTION_MASTER_SPECIES.
value-lsotopic value, units are usually a ratio, permil, or percent modern carbon.
uncertainty limit-Uncertainty limit to be used in mole-balance modeling. This value is optional in the
SOLUTION data block and alternatively the internally defined default uncertainty limit may be
used or an uncertainty limit may be defined with-teetopesidentifier of the
INVERSE_MODELING data block.
Line 9:-isotope_uncertaintyname, uncertainty _limit
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-isotope_uncertainty-ldentifier for uncertainty limit in the ratio for an isotope. The uncertainty limit
for the isotope ratio will be used as for all subsequent solutions in the data block if no column has
the samaamedirectly followed by a column headedcertainty or if the entry for theincer-
tainty column is empty for a solution. Isotopes and isotope uncertainty limits are used only in
inverse modeling. Optionallyncertainty, -unc[ertainty], uncertainties, unc[ertainties],
isotope_uncertainty or-isotope _[uncertainty].

name-Name of the isotope, beginning with mass number.

uncertainty_limit-Uncertainty limit for the isotope to be used in inverse modeling.

Line 10:column headings

column headingsColumn headings are element names, element valence-state names (element chemi-

cal symbol followed by valence state in parentheses), isotope names (element chemical symbol
preceded by the mass number), one of the identifiers in Lines 1-7 (without the hypherber,
description, or uncertainty. Most often the headings are equivalent to the first data item of line
7 of theSOLUTION data block. A column headingtimber” is used to specify solution num-
bers or range of solution numbers that are specified following the keywordS®OtHéTION
data block. Similarly, a column headinggscription” allows the entry of the descriptive infor-
mation that is entered following the keyword and solution number iIS®EUTION data block.
A column headeduncertainty” may be entered adjacent to the right of any isotope column to
define uncertainty limits for isotope data in inverse modeling. One and only one line of headings
must be entered.

Line 11: subheadingls

subheadingsSubheadings are used to specify element-specific units, redox couples, and concentra-
tion-determining phases. Anything entered following the second data item of line 79Oihg-
TION data block can be entered on this line, includirsggfw, redox couple, or phase name and
saturation index. Tabs, not spaces, must delimit the columns; data within a column must be space
delimited. Subheadings are optional. At most one line of subheadings can be entered directly fol-
lowing the line of headings and it is identified as a line in which all fields begin with a character.

Line 12:chemical data

chemical dataAnalytical data, one line for each solution. For most columns, the data are equivalent to
the second data item of line 7 of t®OLUTION data block. Tabs, not spaces, must delimit the
columns. Solution numbers or ranges of numbers are defined in a column with the haaing
ber; default numbering begins sequentially from 1 or sequentially from the largest solution num-
ber that has been defined by &QLUTION, SOLUTION_SPREAD, or SAVE data block in
this or any previous simulation. Descriptive information can be entered in a column with the head-
ing description. One Line 12 is needed for each solution.

Notes

SOLUTION_SPREAD is a complete equivalent to tB®©LUTION data block that allows data entry in a
tabular or spreadsheet format. In general, column headings are elements or element valence states and succeeding
lines are the data values for each solution, with one solution defined on each line. Read the documentation for
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SOLUTION for detailed descriptions of input capabilities to convert mass units to mole units, to change default
redox calculations, and to adjust concentrations to obtain equilibrium with a specified phase. This information is
entered as a subheadingd@OLUTION_SPREAD. The identifiers o6OLUTION are included in
SOLUTION_SPREAD, but inSOLUTION_SPREAD, the values defined for the identifiers apply to all
subsequently defined solutions. Identifiers can precede or follow data lines (Line 12), and will apply to any
subsequently defined solutions until the end of the data block or until the identifier is redefined. In the example data
block, the pH of solutions 10-11 is defined to be 6.9 by an entry ipHheolumn; the pH for solutions 1 and 5 is

the default defined bypH identifier, 7.1. Empty entries in columns with headings that are not identifiers are
interpreted as zero concentrations or missing values. If a column heading can not be interpreted as part of the
solution input, warnings are printed and the data for that column are ignored.

Example problems

The keywordSOLUTION_SPREAD is used in example problem 16.

Related keywords

SOLUTION.
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SURFACE

This keyword data block is used to define the amount and composition of each surface in a surface assemblage.
The composition of a surface assemblage can be defined in two ways: (1) implicitly, by specifying that the surface
assemblage is in equilibrium with a solution of fixed composition or (2) explicitly, by defining the amounts of the
surfaces in their neutral form (for example, SurfboOH). A surface assemblage may have multiple surfaces and each
surface may have multiple binding sites, which are identified by letters following an underscore.

Example data block 1

Line Oa: SURFACEL Surface in equilibrium with solution 10

Line la: -equilibrate with solution 10

Line 2a: Surfa_ w 1.0 1000. 0.33

Line 2b: Surfa_s 0.01

Line 2c: Surfb 0.5 1000. 0.33

Line Ob: SURFACRB Sites related to pure phase and kinetic reactant

Line 1b: -equilibrate with solution 10

Line 3a: Surfc_ wOH Fe(OH)3(a) equilibrium_phase 0.1 1le5
Line 3b: Surfc_sOH Fe(OH)3(a) equilibrium_phase 0.001

Line 3b: Surfd_sOH AI(OH)3(a) kinetic 0.001 2e4
Line 4: -no_edl

Line Oc: SURFACE Explicit calculation of diffuse layer composition

Line 1c: -equilibrate with solution 10

Line 2d: Surfe w 0.5 1000. 0.33

Line 5: -diffuse_layer 2e-8

Line 6: -only_counter_ions

Explanation 1

Line 0: SURFACE [numbef [description
SURFACE is the keyword for the data block.
numbesf-Positive number to designate the following surface assemblage and its composition. A range
of numbers may also be given in the formn wheremandn are positive integersis less than
n, and the two numbers are separated by a hyphen without intervening spaces. Default is 1.
description-Optional comment that describes the surface assemblage.
Line 1:-equilibrate number
-equilibrate--Indicates that the surface assemblage is defined to be in equilibrium with a given solution
composition. Optionallyequil, equilibrate, or-g[quilibrate].
numbef-Solution number with which the surface assemblage is to be in equilibrium. Any alphabetic
characters following the identifier and preceding an integer (“with solution” in line 1a) are
ignored.
Line 2:surface binding-site name, sites, specific_area_per_gram, mass
surface binding-site nam&lame of a surface binding site.
sites-Total number of sites for this binding site, in moles.
specific_area_per_grasSpecific area of surface, inffg. Default is 600 Hig.
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mass-Mass of solid for calculation of surface area, in g; surface amadgimes
specific_area_per_granbefault is 0 g.
Line 3: surface binding-site formula, namgequilibrium_phase or kinetic_reactant)], sites_per_mole,
specific_area_per_mole
surface binding-site formwa-ormula of surface species including stoichiometry of surface site and
other elements connected with a pure phase or kinetic reactant. The formula must be charge bal-
anced and is normally the OH-form of the surface binding site. If no elements other than the sur-
face site are included in the formula, then the surface site must be uncharged. If elements are
included in the formula, then these elements must be present in the pure phase or kinetic reac:
tant.
name-Name of the pure phase or kinetic reactant that has this kind of surface saenédfs the name
of a phase, the moles of the phase inB@UILIBRIUM_PHASES data block with the same
number as this surface number (3, in the example data block) will be used to determine the num-
ber of moles of surface sites (moles of phase tigiies_per_molequals moles of surface sites).
If nameis the rate name for a kinetic reactant, the moles of the reactant KINEETICS data
block with the same number as this surface number (3, in the example data block) will be used
to determine the number of surface sites (moles of kinetic reactant sitess per_molequals
moles of surface sites). Note the stoichiometry of the phase or reactant must contain sufficient
amounts of the elements in the surface complexes defined in Line 3. In the example data block,
there must be at least 0.101 mol of oxygen and hydrogen per mole of Fe(OH)3(a).
equilibrium_phase or kinetic_reactant--If equilibrium_phase is used, th@ameon the line is a
phase defined in &8QUILIBRIUM_PHASES data block. lkinetic_reactant is used, the
name on the line is the rate name for a kinetic reactant definddiINEA'ICS data block.
Default isequilibrium_phase. Optionally,e or k, only the first letter is checked.
sites_per_moleMoles of this surface sites per mole of phase or kinetic reactant, unitless (mol/mol).

specific_area_per_moleSpecific area of surface, in4mol of equilibrium phase or kinetic reactant.

Default is 0 mi/mol.
Line 4:-no_edl

-no_edH-Indicates that no electrostatic terms will be used in the mass-action equations for surface spe-
cies and no charge-balance equations for the surfaces will be used. The idemiifiexdland
-diffuse_layer are mutually exclusive and apply to all surfaces in the surface assemblage.
Optionally,no_edl -n[o_edl, no_electrostatiG -n[o_electrostatig.

Line 5:-diffuse_layer[thicknes}

-diffuse_layer--Indicates that the composition of the diffuse layer will be estimated, such that, the net
surface charge plus the net charge in the diffuse layer will sum to zero. See notes following the
example data block. The identifiediffuse_layer and-no_edlare mutually exclusive and
apply to all surfaces in the surface assemblage. Optioddflyse_layer or -d[iffuse_layer].

thickness Thickness of the diffuse layer in meters. Default i$ 10 (equals 100 Angstrom).

Line 6:-only_counter_ions
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-only_counter_ions-Indicates that the surface charge will be counterbalanced in the diffuse layer with
counter-ions only (the sign of charge of counter-ions is opposite to the surface charge). Charge
balance by co-ion exclusion is neglected (co-ions have the same sign of charge as the surface).
See notes following the example. The identHarly _counter_ionsonly applies when the
-diffuse_layeridentifier is used and applies to all surfaces in the surface assemblage. Optionally,
only_counter_ionsor-o[nly_counter_iong.

Notes 1

The default databases contain thermodynamic data for a surface namedHytbd(sferric oxide) that are
derived from Dzombak and Morel (1990). Two sites are defined in the databases: a strong binding site, Hfo_s, and
a weak binding site Hfo_w. Note that Dzombak and Morel (1990) used 0.2 mol weak sites and 0.005 mol strong
sites per mol Fe, a surface area of 5.33é/mol Fe, and a gram-formula weight of 89 g Hfo/mol Fe; to be consistent
with their model, the relative number of strong and weak sites should remain constant as the total number of sites
varies.

The order of lines 1, 2, 3, 4, and 5 is not important. Lines 1 and, optionally, 4, 5, or 6 should occur only once
within the keyword data block. Lines 2 and 3 may be repeated to define the amounts of all binding sites for all
surfaces.

Lines 1a, 1b, and 1c require the program to make three calculations to determine the composition of each of
the surface assemblages, termed “initial surface-composition calculations”. Before any batch-reaction or transport
calculations, three initial surface-composition calculations will be performed to determine the composition of the
surface assemblages that would exist in equilibrium with the specified solution (solution 10 for all three surface
assemblages in this example data block). The composition of the solution will not change during these calculations.
In contrast, during a batch-reaction calculation, when a surface assemblage (defined as in example data block 1 or
example data block 2 of this section) is placed in contact with a solution with which it is not in equilibrium, both the
surface composition and the solution composition will adjust to reach a new equilibrium.

SURFACE 1 has two surfaces, Surfa and Surfb. Surfa has two binding sites, Surfa_w and Surfa_s; the surface
area and mass for Surfa must be defined in the input data for at least one of the two binding sites. Surfb has only one
kind of binding site and the area and mass must be defined as part of the input for the single binding site.

SURFACE 3 has one surface, Surfc, which has two binding sites, Surfc_w and Surfc_s. The number of
binding sites for these two kinds of sites is determined by the amount of Fg(@®H)EQUILIBRIUM_PHASES
3, where 3 is the same number as the surface numberefiresents the moles of Fe(Q) in
EQUILIBRIUM_PHASES 3, then the number of sites of Surfc_w is®.{mol) and of Surfc_s is 0.00d (mol).
The surface area for Surfc is defined relative to the moles of Fef@}puch that the surface areais 1001000°).
During batch-reaction simulations the moles of Fe(g{&)inEQUILIBRIUM_PHASES 3 may change, in which
case the number of sites of Surfc will change as will the surface area associated with Surfc. Whenever Fe(OH)3(a)
precipitates, the specified amounts of Surfc_wOH and Surfc_sOH are formed. These formulas are charge balanced
and the OH groups are part of the formula for Fe(OH)3(a). The OH is not used in the initial surface-composition
calculation, but is critical when amounts of Fe(OH)3(a) vary. Erroneous results will occur if the formula is not
charge balanced; an error message will result if the elements in the surface complex (other than the surface site itself)
are not contained in sufficient quantities in the equilibrium phase or kinetic formula.
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The number of sites of Surfd in the example data block is determined by the amount of a kinetic reactant
defined inKINETICS 3, where 3 is the same number as the surface number. Sites related to a kinetic reactant are
exactly analogous to sites related to an equilibrium phase. The same restrictions apply--the formula must be charg
balanced and the elements in the surface complex (other than the surface site itself) must be included in the formul
of the reactant.

When-diffuse_layeris not used (default), to account for the charge that develops on the surface, an equal,
but opposite, charge imbalance is attributed to the solution. Thus, charge imbalances accumulate in the solutior
and on the surface when surfaces and solutions are separated. This handling of charge imbalances for surface:
physically incorrect. Consider the following, where a charge-balanced surface is brought together with a
charge-balanced solution. Assume a positive charge develops at the surface. Now remove the surface from the
solution. With the present formulation, a positive charge imbalance is associated with the Zyrtauea negative
charge imbalanc&, is associated with the solution. In reality, the charged surface plus the diffuse layer
surrounding it would be electrically neutral and both should be removed when the surface is removed from
solution. This would leave an electrically neutral solution. The default formulation is workable; its main defect is
that the counter-ions that should be in the diffuse layer are retained in the solution. The model results are adequatse
provided solutions and surfaces are not separated or the exact concentrations of aqueous counter-ions are not
critical to the investigation.

The-diffuse_layeridentifier is a switch that activates a different model to account for the accumulation of
surface charge. When thdiffuse_layeridentifier is used, the composition of the diffuse layer is calculated and
an additional printout of the elemental composition of the diffuse layer is produced. The moles of each aqueous
species in the diffuse layer are calculated according to the method of Borkovec and Westall (1983) and the
assumption that the diffuse layer is a constant thickness (optional inpudifftrse_layer, default is 10° m). The
variation of thickness of the diffuse layer with ionic strength is ignored. The net charge in the diffuse layer exactly
balances the net surface charge. Conceptually, the results of using this alternative approach are correct--charge
imbalances on the surface are balanced in the diffuse layer and the solution remains charge balanced. Great
uncertainties exist in the true composition of the diffuse layer and the thickness of the diffuse layer. The ion
complexation in the bulk solution is assumed to apply in the diffuse layer, which is unlikely because of changes in
the dielectric constant of water near the charged surface. The thickness of the diffuse layer is purely an assumptiol
that allows the volume of water in the diffuse layer to remain small relative to the solution volume. It is possible,
especially for solutions of low ionic strength, for the calculated concentration of an element to be negative in the
diffuse layer. In these cases, the assumed thickness of the diffuse layer is too small or the entire diffuse-layer
approach is inappropriate. However, the identifagrly _counter_ionsoffers an option to let only the counter-ions
increase in concentration in the diffuse layer, and to leave the co-ions at the same concentration in the diffuse laye
as in the bulk solution. The counter-ions have a higher concentration in the diffuse layer than without this option,
because co-ion exclusion is neglected. The calculation of the diffuse-layer composition involves a computer
intensive integration and an additional set of iterations.-Tifeuse_layeridentifier causes calculations to be 5 to
10 times slower than calculations with the default approach.

A third alternative for modeling surface-complexation reactions, in addition to the default and
-diffuse_layer, is to ignore the surface potential entirely. he_edlidentifier eliminates the potential term from
mass-action expressions for surface species, eliminates any charge-balance equations for surfaces, and elimina
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any charge-potential relationships. The charge on the surface is calculated and saved with the surface composition
and an equal and opposite charge is stored with the agueous phase. All of the cautions about separation of charge,
mentioned in the previous paragraphs, apply to the calculation-nsingdl

For transport calculations, it is much faster in terms of cpu time to use either the default (no explicit diffuse
layer calculation) ofno_edl However-diffuse_layer can be used to test the sensitivity of the results to
diffuse-layer effects. All solutions should be charge balanced for transport calculations.

Example data block 2

Line Od: SURFACEL Neutral surface composition

Line 7a:  Surf wOH 0.3 660. 0.25

Line 7b:  Surf sOH 0.003

Line 3a:  Surfc_ sOH Fe(OH)3(a) equilibrium_phase 0.001
Line 3b:  Surfd_ sOH AI(OH)3(a) kinetic 0.001

Explanation 2

Line 0d:SURFACE [numbet [description
Same as example data block 1.
Line 7:surface binding-site formula, sites, specific_area_per_gram, mass
surface binding-site formwa-ormula of the surface binding site in its OH form, Surf_sOH and
Surf_wOH in this example data block. It is important to include the OH in the formula or hydro-
gen and oxygen will be extracted from the solution during the reaction step, which will cause
unexpected redox or pH reactions.
sites-Total number of sites for this binding site, in moles.
specific_area_per_granSpecific area of surface, inzfg. Default is 600 r?lg.
mass-Mass of solid for calculation of surface area, in g; surface ameadgimes
specific_area_per_granbefault is 0 g.

Line 3: surface binding-site formula, namggequilibrium_phase or kinetic_reactant)], sites_per_mole,
specific_area_per_mol&ame as example data block 1.

Notes 2

The difference between example data block 2 and example data block 1 is that no initial surface-composition
calculation is performed in example data block 2; the initial states of the surfaces are defined to be in their OH form
and not in equilibrium with any solution. Additional surfaces and binding sites can be defined by repeating lines 7
or 3. The-diffuse_layer, -only_counter_ions or-no_edlidentifier can also be included.

After a set of batch-reaction calculations has been simulated, it is possible to save the resulting surface
composition with theSAVE keyword. If the new composition is not saved, the surface composition will remain the
same as it was initially defined before the batch-reaction calculations. After it has been defined or saved, the surface
composition may be used in subsequent simulations throughSE&eyword. INADVECTION and
TRANSPORT simulations, the surface assemblages in the column are automatically updated after each shift.
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Example problems

The keywordSURFACE is used in example problems 8 and 14.

Related keywords

ADVECTION , SURFACE_MASTER_SPECIES SURFACE_SPECIES SAVE surface,
TRANSPORT, andUSE surface
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SURFACE_MASTER_SPECIES

This keyword data block is used to define the correspondence between surface binding-site names and surface
master species. Normally, this data block is included in the database file and only additions and modifications are
included in the input file. The default databases contain master species for Hfo_s and Hfo_w, which represent the
weak and strong binding sites of hydrous ferric oxides (Dzombak and Morel, 1990).

Example data block

Line O: SURFACE_MASTER_SPECIES
Linela: Surf s  Surf sOH
Line 1b:  Surf w  Surf_ wOH

Explanation

Line 0: SURFACE_MASTER_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1:surface binding-site name, surface master species

surface binding-site namdéName of a surface binding site. It must begin with a capital letter, followed
by zero or more lower case letters. Underscores (“_") plus one or more lower case letters are used
to differentiate types of binding sites on a single surface. Multiple binding sites can be defined for
each surface.

surface master specieormula for the surface master species, usually the OH-form of the binding site.

Notes

In this example data block, a surface named “Surf” has a strong and a weak binding site. Association reactions
must be defined witBURFACE_SPECIESfor the master species associated with each binding site and for any
additional surface complexation species. All reactions for the binding sites of a surface (Surf_s and Surf_w, in this
example data block) must be written in terms of the surface master species (Surf_sOH and Surf_ wOH in this
example data block). Each surface master species must be defined by an identity reactiokvatt®l0dn
SURFACE_SPECIESIinput. The number of sites, in moles, for each binding site must be definedSUREACE
data block. Information defining the surface area is also specified witBUiRFACE data block. In setting up the
equations for a simulation that includes multiple binding sites, one mole-balance equation is included for each
binding site for each surface and one charge-balance equation is included for each surface (including all of its
binding sites).

Example problems

The keywordSURFACE_MASTER_SPECIESis not used in the example problems. See the listing of the
default database file in Attachment B for examples.

Related keywords

SURFACE andSURFACE_SPECIES
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SURFACE_SPECIES

This keyword data block is used to define a reaction anl fog each surface species, including surface
master species. Normally, this data block is included in the database file and only additions and modifications are
included in the input file. Surface species defined in Dzombak and Morel (1990) are defined in the default
databases; the master species are Hfo_w and Hfo_s for the weak and strong binding sites of hydrous ferric oxide

Example data block

Line O: SURFACE_SPECIES
Line 1a: Surf_sOH = Surf_sOH

Line 2a log_k 0.0

Line 1b: Surf_sOH + H+ = Surf_sOH2+
Line 2b: log_k 6.3

Line 1c: Surf_wOH = Surf_wOH

Line 2c log_k 0.0

Line 1d: Surf_ wOH + H+ = Surf_wOH2+
Line 2d: log_k 4.3

Explanation

Line 0: SURFACE_SPECIES
Keyword for the data block. No other data are input on the keyword line.
Line 1: Association reaction
Association reaction for surface species. The defined species must be the first species to the right o
the equal sign. The association reaction must precede all identifiers related to the surface spe-
cies. Line la is a master-species identity reaction.
Line 2:log_klog K
log_k--Identifier for logK at 25C. Optionally,-log_k, logk, -I[og_K], or -I[ogK].
log K--Log K at 2%°C for the reaction. Lot for a master species is 0.0. Default is 0.0.

Notes

This example data block assumes that Surf_w and Surf_s are definBUREACE_MASTER_SPECIES
data block. Lines 1 and 2 may be repeated as necessary to define all of the surface reactions. An identity reactio
is needed to define each master surface species, lines 1a and 1c in this example data block fbnélegddentity
reaction must be 0.0, lines 2a and 2c in this example data block. This example data block assumes that Surf_w an
Surf_s are defined in9WJRFACE_MASTER_SPECIESdata block.

An underscore plus one or more lowercase letters is used to define different binding sites for the same
surface. In the example data block, association reactions for a strong and a weak binding site are defined for th
surface named “Surf”. Multiple surfaces may be defined simply by defining multiple master surface species (for
example, Surfa, Surfb, and Surfc). Multiple binding sites can be defined for each surface by using an underscor
followed by one or more lower case letters. Association reactions for each surface and binding site must be definec
with SURFACE_SPECIESinput.
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Temperature dependence of Iigan be defined with enthalpy of reaction (identifietta_h) and the van't
Hoff equation or with an analytical expressieatalytical_expression. SeeSOLUTION_SPECIES or PHASES
for examples.

The identifie-no_checkcan be used to disable checking charge and elemental balances (see
SOLUTION_SPECIES). The use ofno_checkis not recommended. 4ho_checkis used, then the
-mole_balancedentifier is needed to ensure the correct stoichiometry for the surface spe@agERQCversion
1, the-no_checkoption was included to permit the stoichiometry of a species to be defined separately from the
mass-action equation. Specifically, the sorption of uranium on iron oxides as described by Waite and others (1994)
provides an example, where they use different coefficients in the mass-action equation than the mole-balance
equations. However, activity of a surface species is defined as mole fraction of sites occupied by the species in
PHREEQcversion 2 which is inconsistent with activity that is defined as molality by Waite and others (1994) and
PHREEQcversion 1. It is noted that formulas with coefficients of only 1 in the mass-action-equation will give
identical results foPHREEQcCversion 1 and 2. Theno_checkand-mole_balancedentifiers have been retained in
version 2, but its use should be restricted to special sorption formulas.

Example problems

The keywordSURFACE_SPECIES:is used in example problems 8 and 14. See the listing of the default
database file in Attachment B for additional examples.

Related keywords

PHASES SOLUTION_SPECIES, SURFACE, andSURFACE_MASTER_SPECIES
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TITLE

This keyword data block is used to include a comment for a simulation in the output file. The comment will
appear in the echo of the input data and it will appear at the beginning of the simulation calculations.

Example data block

Line O: TITLE The title may begin on this line,

Line 1a: or on this line.

Line 1b: It continues until a keyword is found at the beginning of a line
Line 1c: or until the end of the file.

Explanation

Line O: TITLE comment
TITLE is the keyword for the data block. OptionalGOMMENT .
commentThe first line of a title (or comment) may begin on the same line as the keyword.
Line 1:comment
commentThe title (or comment) may continue on as many lines as necessary. Lines are read and
saved as part of the title until a keyword begins a line or until the end of the input file.

Notes

Be careful not to begin a line of the title with a keyword because that signals the endldLtbedata
block. TheTITLE data block is intended to document a simulation in the output file. If more than one title keyword
is entered for a simulation, each will appear in the output file as part of the echo of the input data, but only the last
will also appear at the beginning of the simulation calculations. The characters “#” and “;” have special meanings
in PHREEQCInput files; in theTITLE data block, the “#” will cause the remainder of the line to be excluded from
commentand “;” will have the same effect as a line break at that character position. Lines that are entirely white
space (tabs and spaces) and comments (characters following “#") are eliminated.

Example problems

The keywordTITLE is used in all examples, 1 through 18.
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TRANSPORT

This keyword data block is used to simulate 1D transport processes that include advection and dispersion,
diffusion, and diffusion into stagnant zones adjacent to the 1D flow system. All chemical processes modeled by
PHREEQG including kinetically controlled reactions, may be included in an advective-dispersive transport
simulation. Purely advective transport plus reactions--without diffusion, dispersion, or stagnant zones--can be
simulated with thADVECTION data block.

Example data block

Line O: TRANSPORT

Line 1: -cells 5

Line 2: -shifts 25

Line 3: -time_step 3.15e7

Line 4: -flow_direction forward

Line 5: -boundary_conditions flux constant
Line 6: -lengths 4*1.02.0
Line 7: -dispersivities 4*0.1 0.2

Line 8: -correct_disp true

Line 9: -diffusion_coefficient 1.0e-9
Line 10: -stagnant 168e6 03 0.1
Line 11: -thermal_diffusion 3.0 0.5e-6
Line 12: -initial_time 1000

Line 13: -print_cells 1-35

Line 14: -print_frequency 5

Line 15: -punch_cells 2-5

Line 16: -punch_frequency 5

Line 17: -dump dump.file

Line 18: -dump_frequency 10

Line 19: -dump_restart 20

Line 20: -warnings false

Explanation

Line 0: TRANSPORT
TRANSPORT is the keyword for the data block. No other data are input on the keyword line.
Line 1:-cellscells
-cells-Indicates that the number of cells in the 1D column will be given. Optiogallg,or -c[ells].
cells-Number of cells in a 1D column to be used in the advective-dispersive transport simulation.
Default is 0.
Line 2:-shifts shifts
-shifts--Indicates that the number of shifts or diffusion periods in the advective-dispersive transport
simulation will be given. Optionallghifts or -ghifts].
shifts-For advective-dispersive transpatiftsis the number of advective shifts or time steps, which
is the number of times the solution in each cell will be shifted to the next higher or lower num-
bered cell; the total time simulatedshiftsx time step . For purely diffusive transgbif{sis
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the number of diffusion periods that are simulated; the total diffusion time is
shiftsx time stepDefault is 1.
Line 3:-time_steptime step
-time_step-Defines time step associated with each advective shift or diffusion period. The number of
shifts or diffusion periods is given bghifts. Optionally,timest, -t[imest], time_step or
-t[ime_steq.
time step-Time, in seconds, associated with each shift or diffusion period. Default is 0.
Line 4:-flow_direction (forward, back, or diffusion_only)
-flow_direction--Defines direction of flow. Optionallgirection, flow, flow_direction, -dir [ection],
or -f[low_direction].
forward, back, or diffusion_only--(1) Forward, advective flow direction is forwaraptionally,
florward], (2) Backward, advective flow direction is backward; optionalijackward], or (3)
Diffusion_only, only diffusion occurs, there is no advective flow; optiondli§fusion_only]
orn[o_flow]. Default isforward .
Line 5:-boundary_conditionsfirst, last
-boundary_conditions-Defines boundary conditions for the first and last cell. Optionladybcond,
-b[cond], boundary_condition, -b[oundary_condition]. Three types of boundary conditions
are allowed at either end of the column (indicatecbyy ):

constant-Concentration is constar€(x,,4t) = C, , also known as first type or
Dirichlet boundary condition. Optionallgg[nstant] or 1.

0C(Xopg 1)
closed-No flux at boundary,T = 0 , also known as second type or Neumann
boundary condition. Optionallgl[osed or 2.
. _ D 0C(Xeng V) .
flux--Flux boundary conditionC(x,,41t) = Co+ v also known as third

type or Cauchy boundary condition. Optional[{tix] or 3.
first--Boundary condition at the first cetlipnstant, closed or flux. Default isflux.

last-Boundary condition at the last calbhnstant, closed orflux. Default isflux.
Line 6:-lengthslist of lengths
-lengths-Defines length of each cell for advective-dispersive transport simulations (m). Optionally,
length, lengths or-I[engthg.
list of lengths-Length of each cell (m). Any number t@ngthsup to the total number of cellg€lls)
may be entered. tellsis greater than the numberlehgthsentered, the final value read will
be used for the remaining cells. Multiple lines may be used. Repeat factors can be used to input
multiple data with the same value; in the example data block, 4*1.0 is interpreted as 4 values of
1.0. Default is 1.
Line 7:-dispersivitieslist of dispersivities
-dispersivities-Defines dispersivity of each cell for advective-dispersive transport simulations (m).
Optionally,disp, dispersivity, dispersivities -dis[persivity], or -dis[persivities].
list of dispersivitiesDispersivity assigned to each cell (m). Any numbedispersivitiesup to the
total number of cellsdells) may be entered. iellsis greater than the number dispersivities
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entered, the final value read will be used for the remaining cells. Multiple lines may be used.
Repeat factors can be used to input multiple data with the same value; in the example data block,
4*0.1 is interpreted as 4 values of 0.1. Default is 0.
Line 8:-correct_disp [(True or Falség]
Whentrue, dispersivity is multiplied with (1 + ells) for column ends with flux boundary conditions.
This correction is recommended when modeling effluent composition from column experiments.
Optionally,correct_dispor-co[rrect_disp]. Default isTrue, value at beginning of run Balse
Line 9:-diffusion_coefficientdiffusion coefficient
-diffusion_coefficient-Defines diffusion coefficient for all aqueous speciednOptionally,
diffusion_coefficient, diffc, -dif [fusion_coefficieni, or -dif[fc].
diffusion coefficientDiffusion coefficient. Default is 0.3e-94fs.

Line 10:-stagnantstagnant_cell§exchange_facto6 , 6, ]

-stagnant-Defines the maximum number of stagnant (immobile) cells associated with each cell in
which advection occurs (mobile cell). The immobile cells are usually defined to be a 1D column
that is connected to the mobile cell; however, the connections among the immobile cells may be
defined arbitrarily wittMIX data blocks. The immobile cells associated with a mobile cell,
are numbered as follows:x cells+ 1+ cell , wharellsis number of mobile cells and

1< n< stagnantcells. Each immobile cell that is used must have a defined soluB@1.(U-
TION, SOLUTION_SPREAD, or SAVE data block) and eitherMIX data block must be
defined or, for the first-order exchange model gkehange_factomust be defined (only appli-
cable ifstagnant_cellgquals 1). Mixing will be performed at each diffusion/dispersion time step.
EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE KINETICS , REACTION,
REACTION_TEMPERATURE , SOLID_SOLUTIONS, andSURFACE may be defined for
an immobile cell. Thermal diffusion in excess of hydrodynamic diffusion can only be calculated
for the first-order exchange model. Optionadiggnantor -stfagnant.

stagnant_cellsNumber of stagnant (immobile) cells associated with each mobile cell. Default is O.

exchange_factetFactor describing exchange between mobile and immobile c@)isTse
exchange_factois used only istagnant_cellss 1 and all immobile cells have the same proper-
ties. WARNING: Ifexchange_factaois entered, all previously defindfiX structures will be
deleted and/IX structures for the first order exchange model for a dual porosity medium will be
created. Default is 0.

0,,,--Porosity in each mobile cell. TH&,  is used onlgtiignant_cellss 1 and allimmobile cells have
the same properties. Default is O.

0;,,--Porosity in eachimmobile cell. Th& . is used onlgtignant_cellss 1 and all immobile cells
have the same properties. Default is 0.

Line 11:-thermal_diffusion temperature retardation factor, thermal diffusion coefficient

-thermal_diffusion--Defines parameters for calculating the diffusive part of heat transport. Diffusive
heat transport will be calculated as a separate process if the temperature in any of the solutions of
the transport domain differs by more than 1°C, and whethtéemal diffusion coefficiens larger
than the effective (aqueoudiffusion coefficientOtherwise, diffusive heat transport is calculated
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as a part of aqueous diffusion. Tieenperature retardation factas defined as the ratio of the
heat capacity of the total aquifer over the heat capacity of water in the pores, and equals
. (1-6) pkg
0 Puky
heat (kJ°C'kg 1), and subscriptes andsindicate water and solid, respectively. The thermal dif-
Kt
ekaW
aquifer, including pore water and solid (kJ*@1s?). The value ofc, may be 100-1500 times
larger than the aqueous diffusion coefficient, or about 1€46.m temperature change during
transport is reduced by the temperature retardation factor (-) to account for the heat capacity of
the matrix. Optionallysth[ermal_diffusion].
retardation factor-Temperature retardation factor, unitless. Default is 2.0.
thermal diffusion coefficienfThermal diffusion coefficient. Default is the aqueous diffusion coeffi-
cient.
Line 12:-initial_time initial_time
-initial_time --Identifier to set the time at the beginning of a transport simulation. The identifier sets
the initial value of the variable controlled Hime in theSELECTED_ OUTPUT data block.
Optionally,initial_time or -i[nitial_time].
initial_time--Time (seconds) at the beginning of the transport simulation. Default is the cumulative
time including all precedingDVECTION simulations for whichtime_stephas been defined
and all precedingRANSPORT simulations.
Line 13:-print_cells list of cell numbers
-print_cells--ldentifier to select cells for which results will be written to the output file. Optionally,
print, print_cells, or-pr[int_cells]. Note the hyphen is required to avoid a conflict with the key-
word PRINT.
list of cell numbersPrinting to the output file will occur only for these cell numbers. The list of cell
numbers may be continued on the succeeding line(s). A range of cell numbers may be included
in the list in the formm-n, wherem andn are positive integers is less tham, and the two
numbers are separated by a hyphen without intervening spaces. Defalldt 1-
Line 14:-print_frequency print_modulus
-print_frequency--ldentifier to select shifts for which results will be written to the output file. Option-
ally, print_frequency, -print_f [requency], output_frequency, or-o[utput_frequencyj.
print_modulus-Printing to the output file will occur after evepyint_modulusadvection shifts or dif-
fusion periods. Default is 1.
Line 15:-punch_cellslist of cell numbers
-punch_cells-Identifier to select cells for which results will be written to the selected-output file.
Optionally,punch, punch_cells -pu[nch_celld, selected_cellsor-selected_fells).
list of cell numbersPrinting to the selected-output file will occur only for these cell numbers. The list
of cell numbers may be continued on the succeeding line(s). A range of cell numbers may be
included in the list in the forrm-n, wheremandn are positive integersnis less tham, and the
two numbers are separated by a hyphen without intervening spaces. Defllidt 1-

Ry =1 , whereb is the water filled porositp,  is density (kg is specific

fusion coefficient can be estimated us'mgz , whelre is the heat conductivity of the
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Line 16:-punch_frequencypunch_modulus

-punch_frequency-ldentifier to select shifts for which results will be written to the selected-output
file. Optionally,punch_frequency -punch_frequency], selected_output_frequency
-selected_futput_frequency].

punch_modulusPrinting to the selected-output file will occur after eyaupch_moduluadvection
shifts or diffusion periods. Default is 1.

Line 17:-dump dump file

-dump--ldentifier to write complete state of a advective-dispersive transport simulation after every
dump_moduluadvection shifts or diffusion periods. The file is formatted as an input file that can
be used to restart calculations. Optionallymp or -du[mp].

dump file-Name of file to which complete state of advective-dispersive transport simulation will be
written. Default igphreeqc.dmp

Line 18:-dump_frequencydump_modulus

-dump_frequency--Complete state of a advective-dispersive transport simulation will be written to
dump file aftedump_moduluadvection shifts or diffusion periods. Optionally,
dump_frequencyor-dump_flrequency].

dump_modulusComplete state will be printed aftdgemp_moduluadvection shifts or diffusion peri-
ods. Default ishiftd2 or 1, whichever is larger.

Line 19:-dump_restart shift number

-dump_restart--If an advective-dispersive transport simulation is restarted from a dump file, the start-
ing shift number is given on this line. Optionaliyymp_restart or -dump_r[estart].

shift numbes-Starting shift number for the calculations, if restarting from a dump file. The shift number
is written in the dump file bypHREEQC It equals the shift number at which the dump file was cre-
ated. Default is 1.

Line 20:-warnings [(Trueor Falsé)]

-warnings--ldentifier enables or disables printing of warning messages for transport calculations. In
some cases, transport calculations could produce many warnings that are not errors. Once it is
determined that the warnings are not due to erroneous input, disabling the warning messages can
avoid generating large output files. Optionallarnings, warning, or-w[arnings].

[(Trueor False]--If value is true, warning messages are printed to the screen and the output file; if value
is false, warning messages are not printed to the screen or the output file. The value set with
-warnings is retained in all subsequent transport simulations until changed. Defauléis
value at beginning of run iErue.

Notes

The advective-dispersive transport capabilitieBHHEEQCare derived from a formulation of 1D,
advective-dispersive transport presented by Appelo and Postma (1993). The 1D column is defined by a series of cells
(number of cells igells), each of which has the same pore volume. Lengths are defined for each cell and the time
step {ime stepgives the time necessary for a pore volume of water to move through each cell. Thus, the velocity of
water in each cell is determined by the length of the cell divided by the time step. In the example data block, a column
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of five cells cellg) is modeled and 5 pore volumes of filling solution are moved through the colsinifts(cellsis
5). The total time of the simulation is 25 yeashiftsx timestep ). The total length of the column is 6 m (four
1-m cells and one 2-m cell).

At each shift, advection is simulated by moving solutg@tis-1to cell cells solutioncells-2to cell cells-1,
and so on, until solution 0 is moved to cell 1 (upwind scheme). With flux-type boundary conditions, the dispersion
steps follow the advective shift. With Dirichlet boundary conditions, the dispersion step and the advective shift are
alternated. After each advective shift and dispersion step, kinetic reactions and chemical equilibria are calculated
The moles of pure phases and the compositions of the exchange assemblage, surface assemblage, gas phase
solid-solution assemblage, and kinetic reactants in each cell are updated after each chemical equilibration.

The-time_stepidentifier defines the length of time associated with each advective shift or diffusion period.
This time step may be subdivided into smaller dispersion time steps if necessary to calculate dispersion accurately
Each dispersion time step may be further subdivided to integrate the kinetic readiNESICS data block).
Kinetic reactions are likely to slow the calculations by up to a factor of six or more compared to pure equilibrium
calculations.

The numerical scheme is for cell-centered concentrations, which has consequences for data interpretatior
Thus, the composition in a boundary cell is a half-cell distance away from the column outlet and needs a half time
step to arrive at (or from) the column end. The half time step must be added to the total residence time in the columr
when effluent from a column is simulated [use (TOTAL_TIMEme stef) for time, see example 15, or
(STEP_NO + 0.5¥klls) for pore volumes, see example 11]. The kinetics time for advective transport into the
boundary cell is the advective time step divided by 2. Also, the cell-centered scheme does not account for
dispersion in the border half-cell in case of a flux boundary condition. The idemidfiezct_disp provides an
option to correct the ignored dispersion, by increasing the dispersivity for all cells in the column by the appropriate
amount. The correction will improve the comparison with analytical solutions for conservative elements when the
number of cells is small.

It has been shown in the section “Transport in Dual Porosity Media” that a “dual porosity” model, in which
part of the porosity allows advective flow and part of the porosity is accessible only by diffusion, can be developed
with a first-order exchange model and with finite-differences, and both approaches can be defined in terms of a
mixing among cells. With th# RANSPORT data block, one column of mobile cells is used to represent the part
of the flow system in which advection occurs, and then additional immobile cells connected to the mobile cells are
used to represent the stagnant zone that is accessible only by diffusion. The stagnhant zone can be defined to b
parallel or perpendicular to the column of mobile cells or to be a combination of the two by proper definition of
mixing factors inMIX data blocks. A shortcut is available for the classical formulation of a dual porosity medium
with a first-order rate of exchange. In this cas@gnantis used to define one stagnant cell for each mobile cell
(stagnant_cells 1), an exchange factoexchange_factgifor the exchange between immobile and mobile cells,
and the porositie8,, ar@,, for the mobile and immobile cells. WARNING: If this shortcut method is used to
define the stagnant zone, then all previously defiviied structures will be deleted aniX structures for first
order exchange in a dual porosity medium are set up.

Thermal diffusion can be modeled for a stagnant zone with first-order exchange between mobile and
immobile cells. Thermal exchange is calculated after subtracting the part that is associated with hydrodynamic
diffusion (see “Transport of Heat'PHREEQCuses the value of thiiffusion coefficiento find the correct heat
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exchange factor, and the value entered with identifl#fusion_coefficientshould be the same as has been used in
equation 125 to calculate the exchange faator

Most of the information for advective-dispersive transport calculations must be entered with other keyword
data blocks. Advective-dispersive transport assumes that solutions with numbers 1 ttetisigéive been defined
usingSOLUTION, SOLUTION_SPREAD, or SAVE data blocks. In addition the infilling solution must be
defined. If-flow direction is forward, solution 0 is the infilling solution; ifflow_direction is backward, solution
cells+ 1is the infilling solution, itflow direction is diffusion_only, then infilling solutions at both column ends
are optional. If stagnant zones are modeled, solution compositions for the stagnant-zone cells must be defined with
SOLUTION, SOLUTION_SPREAD, or SAVE data blocks.

Pure-phase assemblages may be definedB@UILIBRIUM_PHASES or SAVE, with the number of the
assemblage corresponding to the cell number. Likewise, an exchange assemblage, a surface assemblage, a gas phase,
and a solid-solution assemblage can be defined for each cell tHEXGQHANGE , SURFACE, GAS_PHASE,
SOLID_SOLUTIONS, or SAVE keywords, with the identifying number corresponding to the cell number.
Kinetically controlled reactions can be defined for each cell througKINETICS data block. Note that ranges of
numbers can be used to define multiple solutions, exchange assemblages, surface assemblages, gas phases,
solid-solution assemblages, or kinetic reactions simultaneously ari8idVigtallows definition of a range of
numbers. Constant-rate reactions can be defined for mobile or immobile cells tREAGRION data blocks,
again with the identifying number of tiIREACTION data block corresponding to the cell number.
REACTION_TEMPERATURE data blocks can be used to specify the initial temperatures of the cells in the
transport simulation. Temperatures in the cells may change during the transport simulation depending on the
temperature distribution and the temperature retardation factor definemnvipy retardation_factor.

By default, the composition of the solution, pure-phase assemblage, exchange assemblage, surface
assemblage, gas phase, solid-solution assemblage, and kinetic reactants are printed for each cell for each shift. Use
of -print_cells and-print_frequency will limit the amount of data written to the output file.-[rint_cells has been
defined then only the specified cells will be written, otherwise, all cells will be written. The identifier
-print_frequency will restrict writing to the output file to those shifts that are evenly divisiblgbgt _modulusin
the example data block, results for cells 1, 2, 3, and 5 are written to the output file after each integer pore volume (5
shifts) has passed through the column. Data written to the output file can be further limited with the kejRAMgId
(see-reset falsg.

If a SELECTED_OUTPUT data block has been defined (recommended), then selected data are written to
the selected-output file. Use gfunch_cellsand-punch_frequencyin theTRANSPORT data block will limit the
data that are written to the selected-output filepifnch_cellshas been defined then only the specified cells will be
written, otherwise, all cells will be written. The identifipunch_frequencywill restrict writing to the
selected-output file to those shifts that are evenly divisiblpunych_moduludn the example data block, results are
written to the selected-output file for cells 2, 3, 4, and 5 after each integer pore volume (5 shifts) has passed through
the column.

At the end of a advective-dispersive transport simulation, all the physical and chemical data (for example,
compositions of solutions, equilibrium-phase assemblages, surfaces, exchangers, solid solutions, and kinetic
reactants) are automatically saved and are identified by the cell number in which they reside. These data are available
for subsequent simulations within a single run. Transient conditions can be simulated by including subsequent
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TRANSPORT data blocks, which may define new chemical boundary and transport conditions. Only parameters
that differ from the previous advective-dispersive transport simulation need to be redefined, such as new infilling
solution SOLUTION 0), a change from advection to diffusion onfyofv_direction diffusion_only), or a

change in flow direction from forward to backwarfigw_direction backward). All parameters not specified in

the newTRANSPORT data block remain the same as the previous advective-dispersive transport simulation.
Normally, the diffusion coefficient, lengths of cells, dispersivities, and stagnant zone definitions would remain the
same through all advective-dispersive transport simulations and thus need not be redefined.

For long advective-dispersive transport calculations, it may be desirable to save intermediate states in the
calculation, either because of hardware failure or because of nonconvergence of the numerical method. The
-dump_frequencyidentifier allows intermediate states to be saved at intervals during the calculatiomuhine
identifier allows the definition of a file name in which to write these intermediate states. The dump file is formatted
as an input file foPHREEQG so calculations can be resumed from the point at which the dump file was made. The
-dump_restart identifier allows a shift number to be specified from which to restart the calculations.

Example problems

The keywordTRANSPORT is used in example problems 11, 12, 13, and 15.

Related keywords

ADVECTION , EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE, KINETICS , MIX, PRINT,
REACTION , REACTION_TEMPERATURE , SAVE, SELECTED_OUTPUT, SOLID_SOLUTIONS,
SOLUTION, andSURFACE.
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USE

This keyword data block is used to specify explicitly which solution, exchange assemblage, pure-phase
assemblage, solid-solution assemblage, and surface assemblage are to be used in the batch-reaction calculation of a
simulation.USE can also specify previously defined kinetically controlled reactiéi¢ETICS data block),
reaction parameterREACTION data block), reaction-temperature parameteESACTION_TEMPERATURE
data block), and mixing parameteklX data block) to be used in a batch-reaction calculation.

Example data block

Line Oa: USE equilibrium_phases none
Line Ob: USE exchange 2

Line Oc: USE gas_phase 3

Line Od: USE kinetics 1

Line Oe: USE mix 1

Line Of: USE reaction 2

Line Og: USE reaction_temperature 1
Line Oh: USE solid_solution 6

Line Oi: USE solution 1

Line Oj: USE surface 1

Explanation

Line 0: USE keyword (hnumberor none)
USE is the keyword for the data block.
keyword-One of ten keywordgquilibrium_phases exchange gas_phasgkinetics, mix, reaction,
reaction_temperature solid_solutions solution, or surface
numbef-Positive integer associated with previously defined composition or reaction parameters.
none--No data of the type of the specified keyword will be used in the batch-reaction calculation.

Notes

Batch-reactions are defined by allowing a solution or mixture of solutions to come to equilibrium with one or
more of the following entities: an exchange assemblage, a pure-phase assemblage, a solid-solution assemblage, a
surface assemblage, or a gas phase. In addition, kinetically controlled reactions, fixed-stoichiometry reactions, and
reaction temperatures can be specified for batch-reaction calculations.

Entities can be defined implicitly: a solution or mixtuB_LUTION or MIX keywords) must be defined
within the simulation, then the first of each kind of entity defined in the simulation will be used to define the reaction
system. Thus, the first solution (or mixture) will be brought together with the first of each of the following entities
that is defined in the simulation: exchange assembBYEKIANGE ), gas phase3AS_PHASE), pure-phase
assemblageHQUILIBRIUM_PHASES ), solid-solution assemblag8@LID_SOLUTIONS), surface
assemblageSURFACE); equilibrium among these entities will be calculated and maintained. Irreversible reactions
may also be added implicitly to the system, and again, the first of the following entities that is defined in the
simulation is added: kinetically controlled reactiGdNETICS ), stoichiometric reactiorREACTION ), and
reaction temperaturé&REACTION_TEMPERATURE ).
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Entities to be included in the system can be defined explicitly witb 8tekeyword. Any combination of
USE keyword numbedata blocks can be used to define a systahSE keywordnon€’ can be used to eliminate
an entity that was implicitly defined to be in the system. For example, if only a solution and a surface are defined
in a simulation and the surface is defined to be in equilibrium with the solution, then implicitly, an additional
batch-reaction calculation will be made to equilibrate the solution with the surface. Though not incorrect, the
batch-reaction calculation will produce the same compositions for the solution and surface as previously defined.
By including “USE solution noné, the batch-reaction calculation will be eliminated.

The composition of the solution, exchange assemblage, solid-solution assemblage, surface assemblage,
pure-phase assemblage, or gas phase can be saved after a set of batch-reaction calculatioB8\W&th the
keyword.

Example problems

The keywordJSE s used in example problems 3, 6, 7, 8, 10, and 14.

Related keywords

EQUILIBRIUM_PHASES , EXCHANGE , GAS_PHASE KINETICS , MIX , REACTION,
REACTION_TEMPERATURE , SAVE, SOLID_SOLUTIONS, SOLUTION, andSURFACE.
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USER_PRINT

This keyword data block is used to define Basic programs that print user-defined quantities to the output file.
Any Basic “PRINT” statement will write to the output file.

Example data block

Line O: USER_PRINT

Line 1: -start

Basic: 10 REM convert to ppm

Basic: 20 PRINT "Sodium: ", MOL("Na+")* 22.99 * 1000
Basic: 30 PRINT "Magnesium: ", MOL("Mg+2")* 24.3 * 1000
Basic: 40 pairs = MOL("NaCO3-") + MOL("MgCO03")

Basic: 50 PRINT "Pairs (mol/kgw): ", pairs

Basic: 60 REM print reaction increment

Basic: 70 PRINT "Rxn incr: ", RXN

Line 2: -end

Explanation

Line 0:USER_PRINT
USER_PRINT is the keyword for the data block. No other data are input on the keyword line.
Line 1:-start
-start--Indicates the start of the Basic program. Optional.
Basic:numbered Basic statement
numbered Basic stateme valid Basic language statement that must be numbered. The program
should contain at least one “PRINT” statement. The statements are evaluated in numerical order.
Statements and functions that are available through the Basic interpreter are listed in tables 8 and
9.
Line 2:-end
-end--Indicates the end of the Basic program. Optional. Note the hyphen is required to avoid a conflict
with the keywordeND.

Notes

USER_PRINT allows the user to write Basic programs to make calculations and print selected results as the
program is running. Results of PRINT Basic statements are written directly to the output file after each calculation.
More information on the Basic interpreter is available in the description ®RAEES keyword. All of the functions
defined in tables 8 and 9 are availabléJSER_PRINT Basic programs. Writing results tfiSER_PRINT can be
enabled or suspended with theser_print identifier in thePRINT data block. ThR&JSER_PUNCHdata block is
similar toUSER_PRINT, except PUNCH Basic statements are used to write results to the selected-output file.

Example problems

The keywordJSER_PRINT is used in example problem 6, 10, and 12.
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Related keywords

PRINT, RATES, SELECTED_OUTPUT, andUSER_PUNCH
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USER_PUNCH

This keyword data block is used to define Basic programs that print user-defined quantities to the
selected-output file. Any Basic “PUNCH” statement will write to the selected-output file.

Example data block

Line O: USER_PUNCH

Line1: - headings Na+ Mg+2 Pairs Rxn_increment
Line 2: -start

Basic: 10 REM convert to ppm

Basic: 20 PUNCH MOL("Na+")* 22.99 * 1000

Basic: 30 PUNCH MOL("Mg+2")* 24.3 * 1000
Basic: 40 pairs = MOL("NaCO3-") + MOL("MgCO3")
Basic: 50 PUNCH pairs

Basic: 60 REM punch reaction increment

Basic: 70 PUNCH RXN

Line 3: -end

Explanation

Line 0: USER_PUNCH
USER_PUNCHis the keyword for the data block. No other data are input on the keyword line.
Line 1:-headingslist of column headings
-headings-Headings will appear on the first line of the selected-output file. Optiorredhgling head-
ings, or-h[eadingg.
list of column headingsWhite-space-delimited (any combination of spaces and tabs) list of column
headings.
Line 2:-start
-start--Indicates the start of the Basic program. Optional.
Basic:numbered Basic statement
numbered Basic stateme#¥ valid Basic language statement that must be numbered. The program
should contain at least one “PUNCH?” statement. The statements are evaluated in numerical order.
Statements and functions that are available through the Basic interpreter are listed in tables 8 and
9.
Line 2:-end
-end--Indicates the end of the Basic program. Optional. Note the hyphen is required to avoid a conflict
with the keywordeND.

Notes

USER_PUNCHallows the user to write a Basic program to make calculations and print selected results to
the selected-output file as the program is running. Results of PUNCH Basic statements are written directly to the
selected-output file after each calculation. The Basic program is useful for writing results in the correct form, so that
they can be plotted directly. All of the functions defined in tables 8 and 9 are availdl3ER PRINT Basic
programs. More information on the Basic interpreter is available in the descriptionRATIEES keyword.
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USER_PUNCH has no effect unlessSELECTED_OUTPUT data block has been defined. Writing results of
USER_PUNCHcan be enabled or suspended with-lger_punchidentifier in theSELECTED_OUTPUT data
block. If the-selected_outputidentifier in thePRINT data block is false, then all selected output, including
USER_PUNCH is disabled.

Example problems

The keywordJSER_PUNCH s used in example problems 6C, 9, 10, 11, 12, 13, 14, and 15.

Related keywords

PRINT, RATES, SELECTED_OUTPUT, andUSER_PRINT.
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SUMMARY OF DATA INPUT

ADVECTION

ADVECTION

-cellscells

-shifts shifts

-time_steptime step

-initial_time initial_time
-print_cells list of cell numbers
-print_frequency print_modulus
-punch_cellslist of cell numbers
-punch_frequencypunch_modulus
-warnings [(True or Falsé)]

END
EQUILIBRIUM_PHASES

EQUILIBRIUM_PHASES [numbef [description
phase namgsaturation indeX(alternative formuleor alternative phasg[amount]]

EXCHANGE

EXCHANGE [numbef [descriptior

exchange formula, amount

exchange formula, namgequilibrium_phase or kinetic_reactant)], exchange_per_mole
-equilibrate number

EXCHANGE_MASTER_SPECIES

EXCHANGE_MASTER_SPECIES
exchange name, exchange master species

EXCHANGE_SPECIES

EXCHANGE_SPECIES

Association reaction

log_k log K

delta_henthalpy[unitg
-analytical_expressionA, A, Ag, Ay, Ag
-gammaDebye-Hickel a, Debye-Huckel b
-davies

-no_check
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-mole_balanceformula
GAS_PHASE
Fixed-pressure gas phase

GAS_PHASE [numbet [description
-fixed_pressure
-pressurepressure

-volume volume

-temperature temp

phase name, partial pressure

Fixed-volume gas phase: Define initial moles of components with partial pressures

GAS_PHASE [numbet [description
-fixed_volume

-volume volume

-temperature temp

phase name, partial pressure

Fixed-volume gas phase: Define initial moles of components by equilibrium with a solution

GAS_PHASE [numbet [description
-fixed_volume

-equilibrium number

-volume volume

phase name

INCREMENTAL_REACTIONS
INCREMENTAL_REACTIONS [(Trueor Falsé]
INVERSE_MODELING

INVERSE_MODELING [numbet [description

-solutionslist of solution numbers

-uncertainty list of uncertainty limits

-phases

phase nam§force] [dissolveor precipitate] [list of isotope name, isotope ratio, isotope uncertainty Jlimit
-balances

element or valence state narflest of uncertainty limitp

-isotopes

isotope_name, list of uncertainty limits

-range [maximunp
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-minimal

-tolerancetol

-force_solutionslist of (True or False
-uncertainty_water moles
-mineral_water [(Trueor Fals@)]

KINETICS

Explicit definition of steps

KINETICS [numbef [description

rate name

-formula list of formula,[stoichiometric coefficieipt
-m moles

-mO initial moles

-parms list of parameters

-tol tolerance

-stepslist of time steps

-step_dividestep_divide

-runge_kutta (1, 2, 3, or6)

Equal-increment definition of steps

-stepstotal time[in step$

KNOBS

MIX

KNOBS

-iterations iterations
-convergence_toleranceonvergence_tolerance
-tolerancetolerance
-step_sizestep_size
-pe_step_sizepe_step_size
-diagonal_scal€g(Trueor Falsé)]
-debug_diffuse_layerf(Trueor Falsée)]
-debug_invers€(Trueor Falsé]
-debug_model[(Trueor Falsé]
-debug_prep[(Trueor Falsée)]
-debug_sef(Trueor Falsé)]

-logfile [(Trueor Falsé)]

MIX [numbet [description
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solution number, mixing fraction

PHASES

PHASES

Phase name

Dissolution reaction

log_klog K

delta_henthalpy[unitg
-analytical_expressionA, A, Ag, Ay, Ag
-no_check

PRINT

PRINT

-reset[(Trueor Falsé)]

-eh[(Trueor False)]
-equilibrium_phases|[(True or Falsé]
-exchang€g[(True or Falsé)]
-gas_phasd(Trueor Falsé]
-headings[(True or Falsé]
-inverse_modeling[(True or False)]
-kinetics [(True or Falsé)]

-other [(Trueor Falsg]
-saturation_indices[(True or Falség)]
-solid_solutions[(True or Falsé)]
-specieq(Trueor Falsé)]
-surface[(Trueor Falsg]

-totals [(True or Falsé)]

-user_print [(Trueor Falség]
-selected_outpuf(True or Falsé)]
-status[(True or Falsé)]

RATES

RATES

name of rate expression
-start

numbered Basic statements
-end
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REACTION
Explicit definition of steps

REACTION [numbef [description
(phase namer formula), [relative stoichiometrly
list of reaction amountgunitg

Equal increment definition of steps
reaction amounfunitg [in step$
REACTION_TEMPERATURE
Explicit definition of steps

REACTION_TEMPERATURE [numbet [description
list of temperatures

Equal increment definition of steps
temp, temp, in steps
SAVE
SAVE keyword number
SELECTED_OUTPUT

SELECTED_OUTPUT

-file file name
-selected_ouf(True or Falsg]
-user_punch[(Trueor Falsé)]
-high_precision[(True or Falsé)]
-reset[(Trueor Falsé)]
-simulation [(True or Falség]
-state[(Trueor Falsg)]
-solution [(True or Falség)]
-distance[(Trueor Falsé)]
-time [(True or Falsé)]
-step[(Trueor Falsé)]

-pH [(Trueor Falség)]
-pe[(Trueor Falsé]

-reaction [(Trueor Falsé)]
-temperature [(True or Falség]
-alkalinity [(Trueor Falsé)]
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-ionic_strength[(True or Falsé)]
-water [(Trueor Falsé)]
-charge_balancg(True or Falsé)]
-percent_error [(Trueor False)]
-totals element list

-molalities species list
-activities species list
-equilibrium_phasesphase list
-saturation_indicesphase list
-gasegyas-component list
-kinetic_reactantsreactant list
-solid_solutionscomponent list
-inverse_modeling[(True or Falsé)]

SOLID_SOLUTIONS

SOLID_SOLUTIONS [numbet [description}
solid-solution name

-comp phase name, moles

-complphase name, moles

-comp2 phase hame, moles

-temp temperature in Celsius

-tempk temperature in Kelvin
-Gugg_nondimao, al

-Gugg_kJao, al

-activity _coefficients Acomp Bcomp X1 X2

-distribution_coefficients k; , K, , X3, %
-miscibility_gap Xq, %
-spinodal_gapxy, X

-critical_point X¢p, tep
-alyotropic_point Xy, 10g,(ZI1)
-Thompsonwg,, wg;

-Margules alpha, alpha;

SOLUTION

SOLUTION [numbet [description

temp temperature

pH pH [(charge or phase namégsaturation inde})]
pe pe[(charge or phase namésaturation indeR]
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redox redox couple
units concentration units
density density

element list, concentratiofunitg, (Jasformulg or [gfw gfw]), [redox couplg [(chargeor phase namgsat-
uration inde})]

-isotopename value,[uncertainty limi}
-water mass

SOLUTION_MASTER_SPECIES

SOLUTION_MASTER_SPECIES
element name, master species, alkalifigyam formula weighor formula), gram formula weight of element

SOLUTION_SPECIES

SOLUTION_SPECIES

Association reaction

log_klog K

delta_henthalpy[unitg
-analytical_expressionA, Ay, Ag, Ay, As
-gammaDebye-Hiickel a, Debye-Huckel b
-no_check

-mole_balanceformula

SOLUTION_SPREAD

SOLUTION_SPREAD

-temp temperature

-pH pH

-pe pe

-redox redox couple

-units concentration units

-density density

-water mass

-isotopename, valuejuncertainty_limit
-isotope_uncertaintyname, uncertainty_limit
column headings

[subheadingls

chemical data
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SURFACE
Implicit definition of surface composition

SURFACE [numbet [description

-equilibrate number

surface binding-site name, sites, specific_area_per_gram, mass

surface binding-site formula, namgequilibrium_phase or kinetic_reactant)], sites_per_mole,
specific_area_per_mole

-no_edl

-diffuse_layer[thicknes}

-only_counter_ions

Explicit definition of surface composition

SURFACE [numbef [description

surface binding-site formula, sites, specific_area_per_gram, mass

surface binding-site formula, namgequilibrium_phase or kinetic_reactant)], sites_per_mole,
specific_area_per_mole

SURFACE_MASTER_SPECIES

SURFACE_MASTER_SPECIES
surface binding-site name, surface master species

SURFACE_SPECIES

SURFACE_SPECIES

Association reaction

log_k log K

delta_h enthalpyJunitg
-analytical_expressionA, Ay, Ag, Ay, As
-no_check

-mole_balanceformula

TITLE

TITLE comment
comment

TRANSPORT

TRANSPORT
-cellscells
-shifts shifts

194 User's Guide to PHREEQC (Version 2)



-time_steptime step

-flow_direction (forward, back, or diffusion_only)
-boundary_conditionsfirst, last

-lengthslist of lengths

-dispersivitieslist of dispersivities
-correct_disp[(Trueor Falsé)]

-diffusion_coefficient diffusion coefficient

-stagnantstagnant_cell§exchange_facto®,, 6,1

-thermal_diffusion temperature retardation factor, thermal diffusion coefficient
-initial_time initial_time

-print_cells list of cell numbers

-print_frequency print_modulus

-punch_cellslist of cell numbers

-punch_frequencypunch_modulus

-dump dump file

-dump_frequencydump_modulus

-dump_restart shift number

-warnings [(True or Falsé)]
USE

USE keyword (numberor noneg)
USER_PRINT

USER_PRINT
-start
numbered Basic statements

-end
USER_PUNCH

USER_PUNCH

-headingslist of column headings
-start

numbered Basic statements

-end
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EXAMPLES

In this section of the report example calculations usingeeQcare presented that demonstrate most of the
capabilities of the program. Several of the examples are derived from examplesHreEEQEManual (Parkhurst
and others, 1980). The input files for all examples are included in tables, which should serve as templates for
modeling other geochemical processes. Only selected output from each of the example runs is presented.

Example 1.--Speciation Calculation

This example calculates the distribution of agueous species in seawater and the saturation state of seawat:
relative to a set of minerals. To demonstrate how to expand the model to new elements, uranium is added to the
agueous model defined pyreeqc.dat[One of the database files included with the program distribution,
wateq4f.datis derived fronwATEQ4F (Ball and Nordstrom, 1991) and includes uranium.]

Table 10.-- Seawater composition

[Concentration is in parts per million (ppm) unless specified otherwise]

Analysis P:oT:til(E)SC Concentration
Calcium Ca 412.3
Magnesium Mg 1291.8
Sodium Na 10768.0
Potassium K 399.1
Iron Fe .002
Manganese Mn .0002
Silica, as SiQ Si 4.28
Chloride Cl 19353.0
Alkalinity, as HCQ; Alkalinity 141.682
Sulfate, as Sg¥ S(6) 2712.0
Nitrate. as N@ N(5) 29
Ammonium, as Nif* N(-3) .03
Uranium U .0033
pH, standard units pH 8.22
pe, unitless pe 8.451
Temperature’C temperature 25.0
Density, kilograms per liter density 1.023

The essential data needed for a speciation calculation are the temperature, pH, and concentrations of
elements and (or) element valence states. These data for seawater are given in table 10. The input data set for tf
example calculation is shown in table 11. A comment about the calculations performed in this simulation is
included with theTITLE keyword. TheSOLUTION data block defines the composition of seawater. Note that
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valence states are identified by the chemical symbol for the element followed by the valence in parentheses [S(6),
N(5), N(-3), and O(0)].

The pe to be used for distributing redox elements and for calculating saturation indices is specified by the
redox identifier. In this example, a pe is to be calculated from the O(-2)/0(0) redox couple, which corresponds to
the dissolved oxygen/water couple, and this calculated pe will be used for all calculations that requirespg. If
were not specified, the default would be the input pe. The default redox identifier can be overridden for any redox
element, as demonstrated by the manganese input, where the input pe will be used to speciate manganese among its
valence states, and the uranium input, where the nitrate/ammonium couple will be used to calculate a pe with which
to speciate uranium among its valence states.

The default units are specified to be ppm in this dataigdty identifier). This default can be overridden for
any concentration, as demonstrated by the uranium concentration, which is specified to be ppb instead of ppm.
Because ppm is a mass unit, not a mole unit, the program must use a gram formula weight to convert each
concentration into molal units. The default gram formula weights for each master species are specified in the
SOLUTION_MASTER_SPECIES input (the values for the default databgdeeeqc.daare listed in table 4 and
in Attachment B). If the data are reported relative to a gram formula weight different from the default, it is necessary
to specify the appropriate gram formula weight in the input data set. This can be done vgtiv identifier, where
the actual gram formula weight is input--the gram-formula weight by which to convert nitrate is specified to be
62.0 g/mol, or more simply with thes identifier, where the chemical formula for the reported units is input, as
shown in the input for alkalinity and ammonium in this example. Note finally that the concentration of O(0),
dissolved oxygen, is given an initial estimate of 1 ppm, but that its concentration will be adjusted until a log partial
pressure of oxygen gas of -0.7 is achieved. [02(g) is defined BRI ES input of the default database file
(Attachment B).] When using phase equilibria to specify initial concentrations [like O(0) in this example], only one
concentration is adjusted. For example, if gypsum were used to adjust the calcium concentration, the concentration
of calcium would vary, but the concentration of sulfate would remain fixed.

Table 11.--Input data set for example 1

TITLE Example 1.--Add uranium and speciate seawater.
SOLUTION 1 SEAWATER FROM NORDSTROM ET AL. (1979)

units ppm

pH 822

pe 8.451

density 1.023

temp 25.0

redox O(0)/O(-2)

Ca 412.3

Mg 1291.8

Na 10768.0

K 399.1

Fe 0.002

Mn 0.0002 pe

Si 4.28

Cl 19353.0
Alkalinity  141.682 as HCO3
S(6) 2712.0

N(5) 0.29 gfw 62.0
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N(-3) 0.03 as NH4

U 3.3 ppb N(5)/N(-3)

0O(0) 1.0 02(g)-0.7
SOLUTION_MASTER_SPECIES

U U+4 0.0 238.0290 238.0290

Uu@é4) U+4 0.0 238.0290

UpB) UO2+ 0.0 238.0290

u®) UO2+2 0.0 238.0290
SOLUTION_SPECIES

#primary master species for U

#is also secondary master species for U(4)

U+4 = U+4
log_k 0.0

U+4 + 4 H20 = U(OH)4 + 4 H+
log_k -8.538

delta_h 24.760 kcal
U+4 + 5 H20 = U(OH)5- + 5 H+
log_k -13.147
delta_h 27.580 kcal
#secondary master species for U(5)
U+4 + 2 H20 = UO2+ + 4 H+ + e-
log_k -6.432
delta_h 31.130 kcal
#secondary master species for U(6)
U+4 + 2 H20 = UO2+2 + 4 H+ + 2 e-
log_k -9.217
delta_h 34.430 kcal
UO2+2 + H20 = UO20H+ + H+
log_k -5.782
delta_h 11.015 kcal
2U02+2 + 2H20 = (UO2)2(OH)2+2 + 2H+
log_k -5.626
delta_h -36.04 kcal
3U02+2 + 5H20 = (UO2)3(0OH)5+ + 5H+
log_k -15.641
delta_h -44.27 kcal
UO2+2 + C0O3-2 = UO2CO3
log_k 10.064
delta_h 0.84 kcal
UO2+2 + 2C03-2 = UO2(C03)2-2
log_k 16.977
delta_h 3.48 kcal
UO2+2 + 3C0O3-2 = UO2(C03)3-4
log_k 21.397
delta_h -8.78 kcal

PHASES
Uraninite
UO2 + 4 H+ =U+4 + 2 H20
log_k -3.490
delta_h -18.630 kcal
END
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Uranium is not included iphreeqc.datone of the database files that is distributed with the program. Thus,
data to describe the thermodynamics and composition of aqueous uranium species must be included in the input data
when using this database file. Two keyword data blocks are needed to define the uranium species,
SOLUTION_MASTER_SPECIES andSOLUTION_SPECIES. By adding these two data blocks to the input
data file, aqueous uranium species will be defined for the duration of the run. To add uranium permanently to the list
of elements, these data blocks should be added to the database file. The data for uranium shown here are intended
to be illustrative and are not a complete description of uranium speciation.

Itis necessary to define a primary master species for uraniun8@thJTION_MASTER_SPECIES input.

Because uranium is a redox-active element, it is also necessary to define a secondary master species for each valence
state of uranium. The data blo8BOLUTION_MASTER_SPECIES (table 11) defines tf as the primary master

species for uranium and also as the secondary master species for the +4 valence stasthd®econdary master

species for the +5 valence state, andzt?Gs the secondary master species for the +6 valence state. Equations
defining these aqueous species plus any other complexes of uranium must be defined through
SOLUTION_SPECIES input.

Inthe data bloclSOLUTION_SPECIES (table 11), the primary and secondary master species are noted with
comments. A primary master species is always defined in the form of an identity reaction (U+4 = U+4). Secondary
master species are the only aqueous species that contain electrons in their chemical reaction. Additional hydroxide
and carbonate complexes are defined for the +4 and +6 valence states, but none for the +5 state.

Finally, a new phase, uraninite, is defined VIRtHASESinput. This phase will be used in calculating
saturation indices in speciation modeling, but could also be used, without redefinition, for batch-reaction, transport,
or inverse calculations within the computer run.

Table 12.--Output for example 1

Input file: ex1
Output file: ex1.out
Database file: ../phreeqc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

Reading input data for simulation 1.

TITLE Example 1.--Add uranium and speciate seawater.
SOLUTION 1 SEAWATER FROM NORDSTROM ET AL. (1979)

units  ppm

pH 8.22

pe 8451

density 1.023

temp 25.0

redox O(0)/O(-2)

Ca 412.3

Mg 1291.8

Na 10768.0

K 399.1

Fe 0.002

Mn 0.0002 pe

Si 4.28

Cl 19353.0

Alkalinity  141.682 as HCO3
S(6) 2712.0

N(5) 0.29 gfw 62.0
N(-3) 0.03 as NH4
U 3.3  ppb N(5)/N(-3)
0(0) 1.0 02(g)-0.7
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SOLUTION_MASTER_SPECIES
U U+4 0.0 238.0290 238.0290
U@4) U+4 0.0 238.0290
U(5) UO2+ 0.0 238.0290
U() UO2+2 0.0 238.0290
SOLUTION_SPECIES

U+4 = U+4
log_k 0.0

U+4 + 4 H20 = U(OH)4 + 4 H+
log_k -8.538

delta_h 24.760 kcal
U+4 + 5 H20 = U(OH)5- + 5 H+
log_k -13.147
delta_h 27.580 kcal
U+4 + 2 H20 = UO2+ + 4 H+ + e-
log_k -6.432
delta_h 31.130 kcal
U+4 + 2H20 = UO2+2 + 4 H+ + 2 e-
log_k -9.217
delta_h 34.430 kcal
UO2+2 + H20 = UO20H+ + H+
log_k -5.782
delta_h 11.015 kcal
2U02+2 + 2H20 = (UOZ)Z(OH)2+2 + 2H+
log_k -5.6.
delta_h -36. 04 kcal
3U02+2 + 5H20 = (UO2)3(OH)5+ + 5H+
log_k -15.641
delta_h -44. 27 kcal
UO2+2 + CO3-2 = UO2CO3
log_k 10.064
delta_h 0.84 kcal
UO2+2 + 2C03-2 = U02(C03)2 -2
log_k 16.977
delta_h 3.48 kcal
UO2+2 + 3CO3-2 = UO2(CO3)3-4
log_k 21.397
delta_h -8.78 kcal

PHASES
Uraninite
UO2 + 4 H+ = U+4 + 2 H20
log_k -3.490
delta_h -18.630 kcal
END
TITLE

Example 1.--Add uranium and speciate seawater.

Beginning of initial solution calculations.

Initial solution 1.  SEAWATER FROM NORDSTROM ET AL. (1979)

Elements Molality Moles
Alkalinity 2.406e-03 2.406e-03
Ca 1.066e-02 1.066e-02
Cl 5.657e-01 5.657e-01
Fe 3.711e-08 3.711e-08
K 1.058e-02 1.058e-02
Mg 5.507e-02 5.507e-02
Mn 3.773e-09 3.773e-09
N(-3) 1.724e-06 1.724e-06
N(5) 4.847e-06 4.847e-06
Na 4.854e-01 4.854e-01
0(0) 3.746e-04 3.746e-04 Equilibrium with O2(g)
S(6) 2.926e-02 2.926e-02
Si 7.382e-05 7.382e-05
U 1.437e-08 1.437e-08

pH = 8.220
pe = 8.451
Activity of water = 0.981
lonic strength = 6.748e-01
Mass of water (kg) = 1.000e+00
Total carbon (mol/kg) = 2.180e-03
Total CO2 (mol/kg) = 2.180e-03
Temperature (deg C) = 25 000

Electrical balance (eq) = 7.936e-04
Percent error, 100*(Cat- |An|)/(Cat+|An|) 0.07
Iterations =

Total H =1.110147e+02
Total O =5.563047e+01

Redox couples:
Redox couple pe Eh (volts)

N(-3)/N(5) 46750 0.2766
0(-2)/0(0) 12.3893  0.7329
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Log Log Log
Species Molality ~Activity Molality Activity Gamma
OH- 2.674e-06 1.629e-06 -5.573 -5.788 -0.215
H+ 7.981e-09 6.026e-09 -8.098 -8.220 -0.122
H20 5.551e+01 9.806e-01 -0.009 -0.009 0.000
C(4) 2.180e-03

HCO3- 1.514e-03 1.023e-03 -2.820 -2.990 -0.170
MgHCO3+ 2.195e-04 1.640e-04 -3.658 -3.785 -0.127
NaHCO3 1.667e-04 1.948e-04 -3.778 -3.710 0.067
MgCO3 8.913e-05 1.041e-04 -4.050 -3.982 0.067
NaCO3- 6.718e-05 5.020e-05 -4.173 -4.299 -0.127
CaHCO3+ 4.597e-05 3.106e-05 -4.337 -4.508 -0.170
C03-2 3.821e-05 7.959e-06 -4.418 -5.099 -0.681
CaCo3 2.725e-05 3.183e-05 -4.565 -4.497 0.067
co2 1.210e-05 1.413e-05 -4.917 -4.850 0.067

UO2(CO3)3-4 1.255e-08 1.184e-10 -7.901 -9.927 -2.025
UO2(C0O3)2-2 1.814e-09 5.653e-10 -8.741 -9.248 -0.506

MnCO3 2.696e-10 3.150e-10 -9.569 -9.502 0.067
MnHCO3+ 6.077e-11 4541le-11 -10.216 -10.343 -0.127
U02C03 7.429e-12 8.678e-12 -11.129 -11.062 0.067
FeCO3 1.952e-20 2.281e-20 -19.709 -19.642 0.067
FeHCO3+ 1.635e-20 1.222e-20 -19.786 -19.913 -0.127
Ca 1.066€-02
Ca+2 0.504e-03 2.380e-03 -2.022 -2.623 -0.601
CaSO4 1.083e-03 1.266e-03 -2.965 -2.898 0.067
CaHCO3+ 4597e-05 3.106e-05 -4.337 -4.508 -0.170
CaCO3 2.725e-05 3.183e-05 -4.565 -4.497 0.067
CaOH+ 8.604e-08 6.429¢-08 -7.065 -7.192 -0.127
CaHSO4+ 5.979e-11 4.467e-11 -10.223 -10.350 -0.127
cl 5.657e-01
cl- 5.657e-01 3.528e-01 -0.247 -0.452 -0.205
MnCl+ 0582e-10 7.160e-10 -9.019 -9.145 -0.127
MnCI2 9.439e-11 1.103e-10 -10.025 -9.958 0.067
MnCI3- 1.434e-11 1.071e-11 -10.844 -10.970 -0.127
FeCl+2 9.557e-19 2.978e-19 -18.020 -18.526 -0.506
FeCl2+ 6.281e-19 4.693e-19 -18.202 -18.329 -0.127
FeCl+ 7.786e-20 5.817e-20 -19.109 -19.235 -0.127
FeCl3 1.417e-20 1.656e-20 -19.849 -19.781 0.067
Fe(2) 6.909e-19
Fe+2 5205e-19 1.195e-19 -18.284 -18.923 -0.639
FeCl+ 7.786e-20 5.817e-20 -19.109 -19.235 -0.127
FeSO4 4.845e-20 5.660e-20 -19.315 -19.247 0.067
FeCO3 1.952e-20 2.281e-20 -19.709 -19.642 0.067
FeHCO3+ 1.635e-20 1.222e-20 -19.786 -19.913 -0.127
FeOH+ 8.227e-21 6.147e-21 -20.085 -20.211 -0.127
FeHSO4+ 3.000e-27 2.242e-27 -26.523 -26.649 -0.127
Fe(3) 3.711e-08
Fe(OH)3 2.841e-08 3.318e-08 -7.547 -7.479 0.067
Fe(OH)4- 6.591e-09 4.924e-09 -8.181 -8.308 -0.127
Fe(OH)2+ 2.118e-09 1.583e-09 -8674 -8.801 -0.127
FeOH+2 9.425e-14 2.937e-14 -13.026 -13.532 -0.506
FeSO4+ 1.093¢-18 8.167e-19 -17.961 -18.088 -0.127
FeCl+2 9.557e-19 2.978e-19 -18.020 -18.526 -0.506
FeCl2+ 6.281e-19 4.693e-19 -18.202 -18.329 -0.127
Fe+3 3.509e-19 2.796e-20 -18.455 -19.554 -1.099
Fe(SO4)2-  6.372e-20 4.761e-20 -19.196 -19.322 -0.127
FeCI3 1.417e-20 1.656e-20 -19.849 -19.781 0.067

Fe2(OH)2+4 2.462e-24 2.322e-26 -23.609 -25.634 -2.025
FeHS04+2 4.228e-26 1.318e-26 -25.374 -25.880 -0.506
Fe3(OH)4+5 1.122e-29 7.679e-33 -28.950 -32.115 -3.165

H(0) 0.000e+00
H2 0.000e+00 0.000e+00 -44.436 -44.369 0.067
K 1.058e-02
K+ 1.042e-02 6.495e-03 -1.982 -2.187 -0.205
KSO4- 1.627e-04 1.216e-04 -3.789 -3.915 -0.127
KOH 3.137e-09 3.665e-09 -8.503 -8.436 0.067
Mg 5.507e-02
Mg+2 4.742¢-02 1.371e-02 -1.324 -1.863 -0.539
MgSO4 7.330e-03 8.562e-03 -2.135 -2.067 0.067
MgHCO3+ 2.195e-04 1.640e-04 -3.658 -3.785 -0.127
MgCO3 8.913e-05 1.041e-04 -4.050 -3.982 0.067
MgOH+ 1.084e-05 8.100e-06 -4.965 -5.092 -0.127
Mn(2) 3.773e-09
Mn+2 2.171e-09 4.982e-10 -8.663 -9.303 -0.639
MnCl+ 0582e-10 7.160e-10 -9.019 -9.145 -0.127
MnCO3 2.696e-10 3.150e-10 -9.569 -9.502 0.067
MnSO4 2.021e-10 2.360e-10 -9.695 -9.627 0.067
MnCI2 9.439e-11 1.103e-10 -10.025 -9.958 0.067
MnHCO3+ 6.077e-11 4.541e-11 -10.216 -10.343 -0.127
MnCI3- 1.434e-11 1.071e-11 -10.844 -10.970 -0.127
MnOH+ 2.789e-12 2.084e-12 -11555 -11.681 -0.127
Mn(NO3)2 1.375e-20 1.606e-20 -19.862 -19.794 0.067
Mn(3) 5.993e-26
Mn+3 5.9936-26 4.349e-27 -25.222 -26.362 -1.139
N(-3) 1.724e-06
NH4+ 1.609e-06 9.049e-07 -5.794 -6.043 -0.250
NH3 7.326e-08 8.558e-08 -7.135 -7.068 0.067
NH4S04- 4.157e-08 3.106e-08 -7.381 -7.508 -0.127
N(5) 4.847e-06
NO3- 4.847e-06 2.846e-06 -5315 -5546 -0.231

Mn(NO3)2 1.375e-20 1.606e-20 -19.862 -19.794 0.067
Na 4.854e-01

Na+ 4.791e-01 3.387e-01 -0.320 -0.470 -0.151
NasSO4- 6.053e-03 4.523e-03 -2.218 -2.345 -0.127
NaHCO3 1.667e-04 1.948e-04 -3.778 -3.710 0.067
NaCO3- 6.718e-05 5.020e-05 -4.173 -4.299 -0.127
NaOH 3.117e-07 3.641e-07 -6.506 -6.439 0.067
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0(0) 3.746e-04
o

2 1.873e-04 2.188e-04 -3.727 -3.660 0.067
S(6) 2.926e-02
S04-2 1.463e-02 2.664e-03 -1.835 -2.574 -0.740
MgSO4 7.330e-03 8.562e-03 -2.135 -2.067 0.067
NaSO4- 6.053¢-03 4.523e-03 -2.218 -2.345 -0.127
CasS04 1.083e-03 1.266e-03 -2.965 -2.898 0.067
KSO4- 1.627e-04 1216e-04 -3.789 -3.915 -0.127
NH4S04- 4.157e-08 3.106e-08 -7.381 -7.508 -0.127
HSO4- 2.089¢-09 1.561e-09 -8.680 -8.807 -0.127
MnSO4 2.021e-10 2.360e-10 -9.695 -9.627 0.067
CaHSO4+ 5.979e-11 4.467e-11 -10.223 -10.350 -0.127
FeSO4+ 1.093e-18 8.167e-19 -17.961 -18.088 -0.127
Fe(SO4)2-  6.372e-20 4.761e-20 -19.196 -19.322 -0.127
FeSO4 4.845¢-20 5.660e-20 -19.315 -19.247 0.067
FeHS04+2 4.228e-26 1.318e-26 -25.374 -25.880 -0.506
FeHSO4+ 3.000e-27 2.242e-27 -26.523 -26.649 -0.127
Si 7.382e-05
H4Si04 7.110e-05 8.306e-05 -4.148 -4.081 0.067
H3Si04- 2.720e-06 2.032e-06 -5.565 -5.692 -0.127
H2Si04-2 7.362e-11 2.294e-11 -10.133 -10.639 -0.506
u(4) 1.034e-21
U(OH)5- 1.034e-21 7.726e-22 -20.985 -21.112 -0.127
U(OH)4 1.652e-25 1.930e-25 -24.782 -24.715 0.067
U+4 0.000e+00 0.000e+00 -46.997 -49.022 -2.025
u) 1.622e-18
uo2+ 1.622e-18 1.212e-18 -17.790 -17.916 -0.127
u(e) 1.437e-08

UO2(CO3)3-4 1.255e-08 1.184e-10 -7.901 -9.927 -2.025
U02(C03)2-2 1.814e-09 5.653e-10 -8.741 -9.248 -0.506

UO2CO3 7.429e-12 8.678e-12 -11.129 -11.062 0.067
UO20H+ 3.385e-14 2.530e-14 -13.470 -13.597 -0.127
U02+2 3.019e-16 9.409e-17 -15.520 -16.026 -0.506

(UO2)2(OH)2+2  1.780e-21 5.547e-22 -20.750 -21.256 -0.506
(UO2)3(0OH)5+  2.908e-23 2.173e-23 -22.536 -22.663 -0.127

—————————————————————————————— Saturation indices:

Phase Sllog IAP log KT

Anhydrite -0.84 -5.20 -4.36 CaSO4
Aragonite 0.61 -7.72 -8.34 CaCO3
Calcite 0.76 -7.72 -8.48 CaCO3
Chalcedony -0.51 -4.06 -3.55 SiO2
Chrysotile 3.36 35.56 32.20 Mg3Si205(0OH)4

CO2(q) -3.38 -21.53 -18.15 CO2
Dolomite 2.41 -14.68 -17.09 CaMg(CO3)2
Fe(OH)3(a)  0.19 -3.42 -3.61 Fe(OH)3
Goethite 6.09 -3.41 -9.50 FeOOH
Gypsum -0.63 -5.21 -4.58 CaSO4:2H20
H2(g) -41.22 1.82 43.04 H2

H20(g) 2152 -0.01 151 H20

Halite 250 -0.92 1.58 NaCl

Hausmannite 1.57 19.56 17.99 Mn304

Hematite 14.20 -6.81 -21.01 Fe203

Jarosite-K -7.52 -42.23 -34.71 KFe3(S04)2(OH)6
Manganite 239 6.21 3.82 MnOOH

Melanterite  -19.35 -21.56 -2.21 FeS04:7H20
NH3(g) -8.84 2.18 11.01 NH3

02(g) -0.70 -3.66 -2.96 02

Pyrochroite  -8.08 7.12 15.20 Mn(OH)2

Pyrolusite 6.96 5.30 -1.66 MnO2

Quartz -0.08 -4.06 -3.98 Si0O2

Rhodochrosite  -3.27 -14.40 -11.13 MnCO3

Sepiolite 1.16 16.92 15.76 Mg2Si307.50H:3H20
Sepiolite(d) -1.74 16.92 18.66 Mg2Si307.50H:3H20
Siderite -13.13 -24.02 -10.89 FeCO3

SiO2(a) -1.35 -4.06 -2.71 SiO2

Talc 6.04 27.44 21.40 Mg3Si4010(OH)2
Uraninite -12.67 4.39 17.06 UO2

The output from the model (table 12) contains several blocks of information delineated by headings. First,
the names of the input, output, and database files for the run are listed. Next, all keywords encountered in reading
the database file are listed under the heading “Reading data base”. Next, the input data, excluding comments a
empty lines, is echoed under the heading “Reading input data for simulation 1”. The simulation is defined by all
input data up to and including tEEND keyword.

Any comment entered within the simulation with thEF'LE keyword is printed next. The title is followed
by the heading, “Beginning of initial solution calculations”, below which are the results of the speciation
calculation for seawater. The concentration data, converted to molality are given under the subheading “Solutior
composition”. For initial solution calculations, the number of moles in solution is numerically equal to molality,
because 1 kg of water is assumed. Finater identifier can be used to define a different mass of water for a
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solution. During batch-reaction calculations, the mass of water may change and the moles in the aqueous phase will
not exactly equal the molality of a constituent. Note that the molality of dissolved oxygen that produces a log partial
pressure of -0.7 has been calculated and is annotated in the output.

After the subheading “Description of solution”, some of the properties listed in the first block of output are
equal to their input values and some are calculated. In this example, pH, pe, and temperature are equal to the input
values. The ionic strength, total carbon (alkalinity was the input datum), total inorganic carbon (“Total CO2"),
electrical balance, and percent error have been calculated by the model.

Under the subheading “Redox couples” the pe and Eh are printed for each redox couple for which data were
available, in this case, ammonium/nitrate and water/dissolved oxygen.

Under the subheading “Distribution of species”, the molalities, activities, and activity coefficients of all
species of each element and element valence state are listed. The lists are alphabetical by element name and
descending in terms of molality within each element or element valence state. Beside the name of each element or
element valence state, the total molality is given.

Finally, under the subheading “Saturation indices”, saturation indices for all minerals that are appropriate for
the given analytical data are listed alphabetically by phase name near the end of the output. The saturation index is
given in the column headed “SlI”, followed by the columns for the log of the ion activity product (“log IAP”) and
the log of the solubility constant (“log KT”). The chemical formulas for each of the phases is printed in the
right-hand column. Note for example, that no aluminum bearing minerals are included because aluminum was not
included in the analytical data. Also note that mackinawite (FeS) and other sulfide minerals are not included in the
output because no analytical data were specified for S(-2). If a concentration for S [instead of S(6)] or S(-2) had been
entered, then a concentration of S(-2) would have been calculated and a saturation index for mackinawite and other
sulfide minerals would have been calculated.

Example 2.--Equilibration with Pure Phases

This example determines the solubility of the most stable phase, gypsum or anhydrite, over a range of
temperatures. The input data set is given in table 13. Only the pH and temperature are used to define the pure water
solution. Default units are millimolal, but no concentrations are specified. By default, pe is 4.0, the default redox
calculation uses pe, and the density is 1.0 (not needed because no concentrations are “per liter”). All phases that are
allowed to react to a specified saturation index during the batch-reaction calculation are listed in
EQUILIBRIUM_PHASES , whether they are initially present or not. The input data include the name of the phase
(previously defined througRHASES input in the database or input file), the specified saturation index, and the
amount of the phase present, in moles. If a phase is not present initially, it is given 0.0 mol in the pure-phase
assemblage. In this example, gypsum and anhydrite are allowed to react to equilibrium (saturation index equal to
0.0), and the initial phase assemblage has 1 mol of each mineral. Each mineral will react either to equilibrium or
until it is exhausted in the assemblage. In most cases, 1 mol of a single phase is sufficient to reach equilibrium.

Table 13.--Input data set for example 2

TITLE Example 2.--Temperature dependence of solubility
of gypsum and anhydrite
SOLUTION 1 Pure water
pH 7.0
temp 25.0
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EQUILIBRIUM_PHASES 1
Gypsum 0.0 1.0
Anhydrite 00 1.0

REACTION_TEMPERATURE 1
25.0 75.0 in 51 steps

SELECTED_OUTPUT
-file ex2.sel
-si  anhydrite gypsum

END

A set of 51 temperatures is specified inREACTION_TEMPERATURE data block. The input data
specify that for every degree of temperature, beginning®a a6d ending at P&, the phases defined by
EQUILIBRIUM_PHASES (gypsum and anhydrite) will react to equilibrium, if possible, or until both phases are
completely dissolved. Finall gELECTED_OUTPUT is used to write the saturation indices for gypsum and
anhydrite to the filex2.selfter each calculation. This file was then used to generate figure 5.
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Figure 5.-- Saturation indices of gypsum and anhydrite in solutions that have equilibrated with the more stable of the two
phases over the temperature range 25 to 75° Celsius.

The results of the initial solution calculation and the first batch-reaction step are shown in table 14. The
distribution of species for pure water is shown under the heading “Beginning of initial solution calculations”. The
equilibration of the system with the given amounts of gypsum and anhydrit€@tig e first batch-reaction step,
which is displayed after the heading “Beginning of batch-reaction calculations”. Immediately following this
heading, the batch-reaction step is identified, followed by a list of the identity of the keyword data used in the
calculation. In this example, the solution composition stored as number 1, the pure-phase assemblage stored a
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number 1, and the reaction temperatures stored as number 1 are used in the calculation. Conceptually, the solution
and the pure phases are put together in a beaker, which is regulatéd,tar&ballowed to react to system
equilibrium.

Under the subheading “Phase assemblage”, the saturation indices and amounts of each of the phases defined
by EQUILIBRIUM_PHASES are listed. In the first batch-reaction step, the final phase assemblage contains no
anhydrite, which is undersaturated with respect to the solution (saturation index equals -0.22), and 1.985 mol of
gypsum, which is in equilibrium with the solution (saturation index equals 0.0). All of the anhydrite has dissolved
and most of the calcium and sulfate have reprecipitated as gypsum. The “Solution composition” indicates that 15.64
mmol/kgw of calcium and sulfate remain in solution, which defines the solubility of gypsum in pure water. However,
the total number of moles of each constituent in the aqueous phase is only 15.08 because the mass of water is only
0.9645 kg (“Description of solution”). In precipitating gypsum (Ca26,0), water has been removed from
solution. Thus, the mass of solvent water is not constant in batch-reaction calculations; reactions and waters of
hydration in dissolving and precipitating phases may increase or decrease the mass of solvent water.

The saturation indices for all of the batch-reaction steps are plotted in figure 5. In each step, pure water was
reacted with the phases at a different temperature (the reactions are not cumulative). The default database for
PHREEQCindicates that gypsum is the stable phase (saturation index equals 0.0) at temperatures belo@pout 57
above this temperature, anhydrite is calculated to be the stable phase.

Table 14.-- Selected output for example 2

Beginning of initial solution calculations.

Initial solution 1. Pure water

Elements Molality Moles

Pure water

pH = 7.000
pe = 4.000
Activity of water = 1.000
lonic strength = 1.001e-07
Mass of water (kg) = 1.000e+00
Total alkalinity (eq/kg) = 1.082e-10
Total carbon (mol/kg) = 0.000e+00
Total CO2 (mol/kg) = 0.000e+00
Temperature (deg C) = 25.000
Electrical balance (eq) = -1.082e-10
Percent error, 100*(Cat-|An|)/(Cat+|An]) = -0.05
Iterations = 0
Total H = 1.110124e+02
Total O =5.550622e+01

Log Log Log

Species Molality ~Activity Molality Activity ~Gamma
OH- 1.002e-07 1.001e-07 -6.999 -6.999 -0.000
H+ 1.001e-07 1.000e-07 -7.000 -7.000 -0.000

H20 5.551e+01 1.000e+00 0.000 0.000 0.000
H(0) 1.416€-25

H2 7.079e-26 7.079e-26 -25.150 -25.150 0.000
0(0) 0.0006+00

02 0.000e+00 0.000e+00 -42.080 -42.080 0.000

------------------------------ Saturation indices

Phase Sllog IAP log KT
H2(g) -22.00 -22.00 0.00 H2
H20(g) -1.51 0.00 1.51 H20
02(g) -39.12 44.00 83.12 02

Beginning of batch-reaction calculations.
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Reaction step 1.

Using solution 1. Pure water
Using pure phase assemblage 1.
Using temperature 1.

............................... Phase assemblag

Moles in assemblage

Phase Sllog IAP log KT Initial  Final  Delta
Anhydrite -0.22 -4.58 -4.36 1.000e+00 -1.000e+00
Gypsum 0.00 -4.58 -4.58 1.000e+00 1.985e+00 9.849e-01

Elements Molality Moles
Ca 1.564e-02 1.508e-02
S 1.564e-02 1.508e-02

pH = 7.067 Charge balance
pe = 10.686  Adjusted to redox equilibrium
Activity of water = 1.000
lonic strength = 4.178e-02
Mass of water (kg) = 9.645e-01
Total alkalinity (eq/kg) = 1.122e-10
Total carbon (mol/kg) = 0.000e+00
Total CO2 (mol/kg) = 0.000e+00
Temperature (deg C) = 25.000
Electrical balance (eq) = -1.082e-10
Percent error, 100*(Cat-|An|)/(Cat+|An]) = -0.00
Iterations = 19
Total H = 1.070728e+02
Total O =5.359671e+01

Log Log Log
Species Molality ~Activity Molality Activity Gamma
OH- 1.417e-07 1.167e-07 -6.849 -6.933 -0.084
H+ 9.957e-08 8.575e-08 -7.002 -7.067 -0.065
H20 5.551e+01 9.996e-01 -0.000 -0.000 0.000
Ca 1.564e-02
Ca+2 1.045e-02 5.176e-03 -1.981 -2.286 -0.305
CasO4 5.191e-03 5.242e-03 -2.285 -2.281 0.004
CaOH+ 1.204e-08 1.001e-08 -7.919 -7.999 -0.080
CaHSO4+ 3.166e-09 2.633e-09 -8.499 -8.580 -0.080

H(0) 4.383e-39

H2 2.192e-39 2.213e-39 -38.659 -38.655 0.004
0(0) 1.685e-15

02 8.424e-16 8.505e-16 -15.074 -15.070 0.004
S(-2) 0.000e+00

HS- 0.000e+00 0.000e+00 -117.646 -117.731 -0.084

H2S 0.000e+00 0.000e+00 -117.860 -117.856 0.004

S-2 0.000e+00 0.000e+00 -123.270 -123.582 -0.312
S(6) 1.564e-02

S04-2 1.045e-02 5.075e-03 -1.981 -2.295 -0.313

Caso4 5.191e-03 5.242e-03 -2.285 -2.281 0.004

HSO4- 5.088¢-08 4.231e-08 -7.293 -7.374 -0.080

CaHSO4+ 3.1666-09 2.633e-09 -8.499 -8.580 -0.080

------------------------------ Saturation indices

Phase Sl log IAP log KT

Anhydrite -0.22 -4.58 -4.36 CasSO4
Gypsum 0.00 -4.58 -4.58 CaS04:2H20
H2(g) -35.51 -35.51 0.00 H2

H20(g) -1.51 -0.00 1.51 H20

H2S(g) -116.86 -158.45 -41.59 H2S

02(g) -12.11 71.01 83.12 O2

Sulfur -87.23-122.94 -35.71 S

Example 3.--Mixing

This example demonstrates the capabilitieBHfEEQCto perform a series of geochemical simulations, with
the final simulations relying on results from previous simulations within the same run. The example investigates
diagenetic reactions that may occur in zones where seawater mixes with carbonate ground water. The example
divided into five simulations, labeled A through E in table 15. (A) Carbonate ground water is defined by
equilibrating pure water with calcite ai%o2 of4Batm. (B) Seawater is defined using the major-ion data
given in table 10. (C) The two solutions are mixed together in the proportions 70 percent ground water and 30
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percent seawater. (D) The mixture is equilibrated with calcite and dolomite. Finally, (E) the mixture is equilibrated
with calcite only, to investigate the chemical evolution if dolomite precipitation is assumed to be negligible.

Table 15.--Input data set for example 3

TITLE Example 3, part A.--Calcite equilibrium at log Pco2 = -2.0 and 25C.
SOLUTION 1 Pure water

pH 7.0
temp 25.0
EQUILIBRIUM_PHASES
CO2(g) -2.0
Calcite 0.0
SAVE solution 1
END

TITLE Example 3, part B.--Definition of seawater.
SOLUTION 2 Seawater

units ppm
pH 8.22
pe 8451
density 1.023
temp 25.0
Ca 412.3
Mg 1291.8
Na 10768.0
K 399.1
Si 4.28
Cl 19353.0
Alkalinity  141.682 as HCO3
S(6) 2712.0
END
TITLE Example 3, part C.--Mix 70% ground water, 30% seawater.
MIX 1
1 07
2 03
SAVE solution 3
END

TITLE Example 3, part D.--Equilibrate mixture with calcite and dolomite.
EQUILIBRIUM_PHASES 1
Calcite 0.0
Dolomite 0.0
USE solution 3
END
TITLE Example 3, part E.--Equilibrate mixture with calcite only.
EQUILIBRIUM_PHASES 2
Calcite 0.0
USE solution 3
END

The input for part A (table 15) consists of the definition of pure waterS@hUTION input, and the
definition of a pure-phase assemblage VEQUILIBRIUM_PHASES input. In the definition of the phases, only
a saturation index was given for each phase. Because it was not entered, the amount of each phase defaults to 10.0
mol, which is essentially an unlimited supply for most phases. The batch reaction is implicitly defined to be the
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equilibration of the first solution defined in this simulation with the first pure-phase assemblage defined in the
simulation. (Explicit definition of batch-reaction entities is done witHiB& keyword.) TheSAVE keyword

instructs the program to save the batch-reaction solution composition from the final batch-reaction step as solutior
number 1. Thus, when the simulation begins, solution number 1 is pure water. After the batch-reaction calculations
for the simulation are completed, the batch-reaction solution--water in equilibrium with calcite arel<<Dored

as solution 1.

Part B defines the composition of seawater, which is stored as solution number 2. Part C mixes ground water
(solution 1) with seawater (solution 2) in a closed system in \Am&gz is calculated, not specifigliiXThe
keyword is used to define the mixing fractions (approximately mixing volumes) of each solution in the mixture.
The SAVE keyword causes the mixture to be saved as solution number MDhekeyword allows the mixing of
an unlimited number of solutions in whatever fractions are specified. The fractions (volumes) need not sumto 1.0.
If the fractions were 7.0 and 3.0 instead of 0.7 and 0.3, the number of moles of each element in solution 1 (including
hydrogen and oxygen) would be multiplied by 7.0, the number of moles of each element in solution 2 would be
multiplied by 3.0, and the resulting moles of elements would be added together. The mass of water in the mixture
would be approximately 10 kg (7.0 from solution 1 and 3.0 from solution 2) instead of approximately 1 kg, if the
fractions were 0.7 and 0.3. The concentrations in the mixture would be the same for either set of mixing fractions
because the relative proportions of solution 1 and solution 2 are the same. However, during subsequent reactiol
it would take 10 times more mole transfer for mixing fractions 7.0 and 3.0 than that shown in table 16 because there
would be 10 times more water in the system.

Part D equilibrates the mixture with calcite and dolomite. T&E keyword specifies that solution number
3, which is the mixture from part C, is to be the solution with which the phases will equilibrate. By defining the
phase assemblage witEQUILIBRIUM_PHASES 1", the phase assemblage replaces the previous assemblage
number 1 that was defined in part A. Part E performs a similar calculation to part D, but uses phase assemblage ~
which does not contain dolomite as a reactant.

Table 16.-- Selected results for example 3

[Simulation A generates carbonate ground water; B defines seawater; C performs mixing with no other mole transfer; D equilibrates the mixtcite with cal
and dolomite; and E equilibrates the mixture with calcite only. Mole transfer is relative to the moles in the phase aspesitdlagaimbers indicate an
increase in the amount of the phase present, that is, precipitation; negative numbers indicate a decrease in the apimas# pfekent, or dissolution.
Saturation index: “--" indicates saturation index calculation not possible because one of the constituent elements whsiont Mde transfer: “--"

indicates no mole transfer of this mineral was allowed in the simulation]

Saturation index Mole transfer, millimoles
Simulation pH log Pcq
2 Calcite Dolomite CO , Calcite Dolomite

A 7.297 -2.00 0.00 -- -1.976 -1.646 --

B 8.220 -3.38 .76 2.41 -- -- --

C 7.351 -2.23 -.10 52 - -- --

D 7.056 -1.98 .00 .00 - -15.71 7.935
E 7.442 -2.31 .00 73 - -.040 -

Selected results from the output for example 3 are presented in table 16. The ground water produced by par
A is in equilibrium with calcite and has a Itﬁg:o2 of -2.0, as specified by the input. The moles iof (B©®
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phase assemblage decreased by about 2.0 mmol, which means that about 2.0 mmol dissolved into solution.
Likewise, about 1.6 mmol of calcite dissolved. Part B defined seawater, which is calculated to have slightly greater
than atmospheric carbon dioxide (-3.38 compared to about -3.5), and is supersaturated with calcite (saturation index
0.76) and dolomite (2.41). No mole transfers of minerals was allowed for part B. Part C performed the mixing and
calculated the equilibrium distribution of species in the mixture, again with no mole transfers of the minerals
allowed. The resulting Ioﬁ’COZ is -2.23, calcite is undersaturated, and dolomite is supersaturated. The saturation
indices indicate that thermodynamically, dolomitization should occur, that is calcite should dissolve and dolomite
should precipitate. Part D calculates the amounts of calcite and dolomite that should react. To produce equilibrium
15.71 mmol of calcite should dissolve and 7.935 mmol of dolomite should precipitate. Dolomitization is not
observed to occur in present-day mixing zone environments, even though dolomite is the thermodynamically stable
phase. The lack of significant dolomitization is due to the slow reaction kinetics of dolomite formation. Therefore,
part E simulates what would happen if dolomite does not precipitate. If dolomite does not precipitate, only a very
small amount of calcite dissolves (0.040 mmol) for this mixing ratio.

Example 4.--Evaporation and Homogeneous Redox Reactions

Evaporation is accomplished by removing water from the chemical system. Water can be removed by three
methods: (1) water can be specified as an irreversible reactant with a negative reaction coefficient in the
REACTION keyword input, (2) the solution can be mixed with pure water which is given a negative mixing fraction
in MIX , or (3) “H20” can be specified as the alternative reactioBQUILIBRIUM_PHASES keyword input, in
which case, water is removed or added to the aqueous phase to attain a specified saturation index for a pure phase.
This example uses the first method; REACTION data block is used to simulate concentration of rain water by
approximately 20 fold by removing 95 percent of the water. The resulting solution contains only about 0.05 kg of
water. In a subsequent simulation, tiEX keyword is used to generate a solution that has the same concentrations
as the evaporated solution, but has a total of mass of water of approximately 1 kg.

The first simulation input data set (table 17) contains four keyword$ITLE is used to specify a
description of the simulation to be included in the output file PLUTION is used to define the composition of
rain water from central Oklahoma, (REACTION is used to specify the amount of water, in moles, to be removed
from the aqueous phase, and BAVE is used to store the result of the batch-reaction calculation as solution number
2.

Table 17.--Input data set for example 4

TITLE Example 4a.--Rain water evaporation
SOLUTION 1 Precipitation from Central Oklahoma

units mg/L

pH 4.5 # estimated
temp 25.0

Ca .384

Mg .043

Na 141

K .036

Cl .236

C4) 1 CO2(g) -3.5
S(6) 1.3

N(-3) .208
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N(5) 237
REACTION 1

H20 -1.0

52.73 moles
SAVE solution 2
END
TITLE Example 4b.--Factor of 20 more solution
MIX

2 20.
SAVE solution 3
END

All solutions defined bysOLUTION input are scaled to have exactly 1 kg (approximately 55.5 mol) of

water, unlesswater identifier is used. To concentrate the solution by 20 fold, it is necessary to remove
approximately 52.8 mol of water (55¢3.95).

The second simulation uskBX to multiply by 20 the moles of all elements in the solution, including
hydrogen and oxygen. This procedure effectively increases the total mass (or volume) of the aqueous phase, b
maintains the same concentrations. For identification purposes, the solution that results fxiX tsienulation
is stored as solution 3 with ti8AVE keyword. Solution 3 will have the same concentrations as solution 2 (from
the previous simulation) but will have a mass of water of approximately 1 kg.

Selected results of the simulation are presented in table 18. The concentration factor of 20 is reasonable i
terms of a water balance for the process of evapotranspiration in central Oklahoma (Parkhurst and others, 199¢€
ThepPHREEQCmModeling assumes that evaporation and evapotranspiration have the same effect and that
evapotranspiration has no effect on the ion ratios. These assumptions have not been verified and may not be corre«
After evaporation, the simulated solution composition is still undersaturated with respect to calcite, dolomite, and
gypsum. As expected, the mass of water decreases from 1 kg in rain water (solution 1) to approximately 0.05 k
in solution 2 after water was removed by the reaction. In general, the amount of water remaining after the reaction
is approximate because water may be consumed or produced by homogeneous hydrolysis reactions, surface
complexation reactions, and dissolution and precipitation of pure phases. The number of moles of ghloride ( mol)
was unaffected by the removal of water; however, the concentration of chlgride ( mol/kgw) increased because the
amount of water decreased. The second mixing simulation increased the mass of water and the moles of chlorid
by a factor of 20. Thus, the moles of chloride increased, but the chloride concentration is the same before (solutior
2) and after (solution 3) the mixing simulation because the mass of water increased proportionately.

An important point about homogeneous redox reactions is illustrated in the results of these simulations
(table 18). Batch-reaction calculations (and transport calculations) always produce aqueous equilibrium for eact
redox element. The rain water analysis contained data for both ammonium and nitrate, but none for dissolved
nitrogen. The pe of the rain water has no effect on the distribution of species in the initial solution because the
concentrations of individual redox states of all redox elements (C, N, and S) are specified. Although nitrate and
ammonium should not coexist at thermodynamic equilibrium, the speciation calculation allows redox disequilibria
and accepts the concentrations of the two redox states of nitrogen that are defined by the input data, regardless
thermodynamic equilibrium. During the batch-reaction (evaporation) step, redox equilibrium is attained for the
agueous phase, which causes ammonium to be oxidized and nitrate to be reduced, generating dissolved nitrog
[N2(aqy Or N(0) inPHREEQCNotation]. The first batch-reaction solution (solution 2) contains the equilibrium
distribution of nitrogen, which consists of nitrate and dissolved nitrogen, but no ammonium (table 18). The
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Table 18.-- Selected results for example 4

[kg, kilogram. 4 mol, micromole]

Constituent So]ution 1 Solution 2 . Sol'ution 3
Rain water Concentrated 20 fold Mixed with factor 20

Mass of water, kg 1.000 0.05002 1.000
Cl, pmol 6.657 6.657 133.1
Cl, u mol/kg water 6.657 133.1 133.1
Nitrate [N(5)], 1 mol/kg water 16.9 160.1 160.1
Dissolved nitrogen [N(0)]n mol/kg water 0 475.1 475.1
Ammonium [N(-3)], 1 mol/kg water 14.8 0 0
Calcite saturation index -9.21 -9.37 -9.37
Dolomite saturation index -19.02 -19.35 -19.35
Gypsum saturation index -5.35 -2.91 -2.91

oxidation of ammonium and reduction of nitrate occur in the batch-reaction calculation to produce redox
equilibrium from the inherent redox disequilibrium in the definition of the rain water composition. Nitrogen redox
reactions would have occurred in the simulation even iIREACTION keyword had specified that no water was

to be removed. The only way to prevent complete equilibration of the nitrogen redox states would be to define the
individual redox states as separ&®LUTION_MASTER_SPECIES andSOLUTION_SPECIES, for example

by defining a new element ®OLUTION_MASTER_SPECIES called “Amm” and defining NHand other N(-3)

species in terms of Amm (AmmyHAmmH,*, and others). In this case, equilibrium would be attained among all
species of N and all species of Amm, but no equilibria would exist between N and Amm species.

Example 5.--Irreversible Reactions

This example demonstrates the irreversible reaction capabilittesreEQcin modeling the oxidation of
pyrite. Oxygen (@) and NaCl are added irreversibly to pure water in five varying amounts (0.0, 1.0, 5.0, 10.0, and
50.0 mmol); the relative proportion off@o NaCl in the irreversible reaction is 1.0 to 0.5. Pyrite, calcite, and goethite
are allowed to dissolve to equilibrium and carbon dioxide partial pressure is maintainéti¥gtMospheric partial
pressure). In addition, gypsum is allowed to precipitate if it becomes supersaturated

Table 19.--Input data set for example 5

TITLE Example 5.--Add oxygen, equilibrate with pyrite, calcite, and goethite.
SOLUTION 1 PURE WATER

pH 7.0

temp 25.0
EQUILIBRIUM_PHASES 1

Pyrite 0.0

Goethite 0.0

Calcite 0.0

CO2(g) -3.5
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Gypsum 0.0 0.0

REACTION 1
02 1.0
NaCl 0.5

0.0 0.001 0.005 0.01 0.05
SELECTED_OUTPUT

-file exb.sel

-total ClI

-si  Gypsum

-equilibrium_phases pyrite goethite calcite CO2(g) gypsum
END

Table 20.-- Selected results for example 5

[Mole transfer is relative to the moles in the phase assemblage; positive numbers indicate an increase in the amous¢ qirésephahat is,
precipitation; negative numbers indicate a decrease in the amount of the phase present, that is, dissolution]

Reactants added,

millimoles Mole transfer, millimoles S'aturation
pH pe index of
0O, NaCl Pyrite Goethite Calcite CO g Gypsum gypsum
0.0 0.0 8.28 -4.94 -0.000032 ®O0011 -0.49 -0.49 0.0 -6.13
1.0 0.5 8.17 -4.29 -.27 27 -.93 .14 .0 -2.02
5.0 2.5 7.98 -3.97 -1.33 1.33 -2.94 2.40 .0 -1.06
10.0 5.0 7.88 -3.82 -2.67 2.67 -5.56 511 0.0 -.65
50.0 25.0 7.72 -3.57 -13.33 13.33 -26.84 26.49 9.00 .0

Pure water is defined witBOLUTION input (table 19), and the pure-phase assemblage is defined with
EQUILIBRIUM_PHASES input. By default, 10 mol of pyrite, goethite, calcite, and carbon dioxide are present
in the pure-phase assemblage; gypsum is defined to have 0.0 mol in the pure-phase assemblage. Gypsum can ol
precipitate if it becomes supersaturated; it can not dissolve because no moles are initially present. The
REACTION data block defines the irreversible reaction that is to be modeled. In this example, oxygen (*O2") will
be added with a relative coefficient of 1.0 and NaCl will be added with a relative coefficient of 0.5. The steps of
the reaction are defined to be 0.0, 0.001, 0.005, 0.01, and 0.05 mol. The reactants can be defined by a chemice
formula, as in this case (por by a phase name that has been defined RHASESinput.Thus, the phase name
“02(g)” or “Halite” from the default database file, could have been used in place of “O2” or “NaCl” to achieve the
same result. The number of moles of the element oxygen added to the aqueous phase in each reaction step is eqt
to the stoichiometric coefficient of oxygen in the formula “O2” (2.0) times the relative coefficient (1.0) times the
moles of reaction defined by the reaction step (0.0, 0.001, 0.005, 0.01, or 0.05); the number of moles of chloride
added at each step is the stoichiometric coefficient of chlorine in the formula “NaCl” (1.0) times the relative
coefficient (0.5) times the moles in the reaction sBLECTED_OUTPUT is used to write the total
concentration of chloride, the saturation index of gypsum, and the total amounts and mole transfers of pyrite,
goethite, calcite, carbon dioxide, and gypsum to thefitesehfter each equilibrium calculation.

The results for example 5 are summarized in table 20. When no oxygen and sodium chloride are added tc
the system, a small amount of calcite and carbon dioxide dissolves, and trace amounts of pyrite and goethite reac
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the pH is 8.28, the pe is low (-4.94) because of equilibrium with pyrite, and gypsum is six orders of magnitude
undersaturated (saturation index -6.13). As oxygen and sodium chloride are added, pyrite oxidizes and goethite,
being relatively insoluble, precipitates. This reaction generates sulfuric acid, decreases the pH, slightly increases the
pe, and causes calcite to dissolve and carbon dioxide to be released. At some point between 10 and 50 mmol of
oxygen added, gypsum reaches saturation and begins to precipitate. When 50 mmol of oxygen and 25 mmol of
sodium chloride have been added, a total of 9.00 mmol of gypsum has precipitated.

Example 6.--Reaction-Path Calculations

In this example, the precipitation of phases as a result of incongruent dissolution of K-feldspar (microcline)
is investigated. Only a limited set of phases--K-feldspar, gibbsite, kaolinite, and K-mica (muscovite)--is considered
in this example. The reaction path for this set of phases was originally addressed by Helgeson and others (1969). In
this example, the thermodynamic data for the phases (tadRHZISES keyword) are derived from Robie and
others (1978) and are the same as test problem 5 mrlBEEQEManual (Parkhurst and others, 1980).

PHREEQCcan be used to solve this problem in three ways: the individual intersections of the reaction path and
the phase boundaries on a phase diagram can be calculated (example 6A), the reaction path can be calculated
incrementally (6B), or the reaction path can be calculated as a kinetic process (6C). In the first approach, no
knowledge of the amounts of reaction is needed, but a number of simulations are necessary to find the appropriate
phase-boundary intersections. In the second approach, only one simulation is sufficient, but the appropriate amounts
of reaction must be known beforehand. In the third approach, a kinetic rate expression is used to calculate the
reaction path, using a step-size adjusting algorithm which takes care of phase boundary transitions by automatically
decreasing the time interval when necessary. Only the total time to arrive at the point of K-feldspar equilibrium is
required. All three approaches are demonstrated in this exarAapEEQCImplicitly contains all the logic of a
complete reaction-path program (for example Helgeson and others, 1970, Wolery, 1979, Wolery and others, 1990).
Moreover, the capability to calculate directly the phase boundary intersections provides an efficient way to outline
reaction paths on phase diagrams, and the option to add the reaction incrementally and automatically find the stable
phase assemblage allows points on the reaction path between phase boundaries to be calculated easily and rapidly.
The kinetic approach and the Basic interpreter that is embeddetkFEEQCCan be used to save and print the arrival
time and the aqueous composition at each phase transition.

Conceptually, the example considers the reactions that would occur if K-feldspar were placed in a beaker and
allowed to react slowly. As K-feldspar dissolves, other phases may begin to precipitate. In this example, it is
assumed that only gibbsite, kaolinite, or K-mica can form, and that these phases will precipitate reversibly if they
reach saturation. Phases precipitated at the beginning of the reaction may redissolve as the reaction proceeds.

Table 21.--Input data set for example 6

TITLE Example 6A.--React to phase boundaries.
SOLUTION 1 PURE WATER
pH 7.0 charge
temp 25.0
PHASES
Gibbsite

Al(OH)3 + 3 H+ = Al+3 + 3 H20

log_k 8.049

delta_h -22.792 kcal
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Kaolinite
Al2Si205(0OH)4 + 6 H+ = H20 + 2 H4SiO4 + 2 Al+3
log_k 5.708
delta_h -35.306 kcal

K-mica
KAI3Si3010(OH)2 + 10 H+ = 3 Al+3 + 3 H4Si04 + K+
log_k 12.970
delta_h -59.377 kcal

K-feldspar
KAISi308 + 4 H20 + 4 H+ = Al+3 + 3 H4SiO4 + K+
log_k 0.875
delta_h -12.467 kcal

SELECTED_OUTPUT

-file ex6A-B.sel
-activities K+ H+ H4SiO4
-si Gibbsite Kaolinite K-mica K-feldspar

-equilibrium  Gibbsite Kaolinite K-mica K-feldspar
END
TITLE Example 6Al.--Find amount of K-feldspar dissolved to
reach gibbsite saturation.
USE solution 1
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 KAISI308 10.0
Kaolinite 0.0 0.0
K-mica 0.0 0.0
K-feldspar 0.0 0.0
END
TITLE Example 6A2.--Find amount of K-feldspar dissolved to
reach kaolinite saturation.
USE solution 1
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 0.0
Kaolinite 0.0 KAISI308 10.0
K-mica 0.0 0.0
K-feldspar 0.0 0.0
END
TITLE Example 6A3.--Find amount of K-feldspar dissolved to
reach K-mica saturation.
USE solution 1
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 0.0
Kaolinite 0.0 0.0
K-mica 0.0 KAISi308 10.0
K-feldspar 0.0 0.0
END
TITLE Example 6A4.--Find amount of K-feldspar dissolved to
reach K-feldspar saturation.
USE solution 1
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 0.0
Kaolinite 0.0 0.0
K-mica 0.0 0.0
K-feldspar 0.0 KAISi308 10.0
END
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TITLE Example 6A5.--Find point with kaolinite present,
but no gibbsite.
USE solution 1
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 KAISi308 10.0
Kaolinite 0.0 1.0
END
TITLE Example 6A6.--Find point with K-mica present,
but no kaolinite
USE solution 1
EQUILIBRIUM_PHASES 1
Kaolinite 0.0 KAISi308 10.0
K-mica 0.0 10
END
TITLE Example 6B.--Path between phase boundaries.
USE solution 1
EQUILIBRIUM_PHASES 1
Kaolinite 0.0 0.0
Gibbsite 00 0.0
K-mica 0.0 0.0
K-feldspar 0.0 0.0
REACTION 1
K-feldspar 1.0
0.04 0.08 0.16 0.320.641.02.04.0
8.0 16.0 32.0 64.0 100 200 umol
END
TITLE Example 6C.--kinetic calculation
SOLUTION 1
-units mol/kgw
Al l.e-13
K l.e-13
Si 3.e-13
EQUILIBRIUM_PHASES 1
Gibbsite 0.0 0.0
Kaolinite 0.0 0.0
K-mica 0.0 0.0
KINETICS 1
K-feldspar
# kO * A/V = 1e-16 mol/cm2/s * (10% fsp, 0.1mm cubes) 136/cm = 136.e-13 mol/dm3/s
-parms 1.36e-11
-m0 2.16
-m 1.94
-step_divide le-6
-steps  1le2 1e3 1e4 1e5 1e6 le7 1e8
INCREMENTAL_REACTIONS true
RATES
K-feldspar
-start
10 REM store the initial amount of K-feldspar
20 IF EXISTS(1) =0 THEN PUT(M, 1)
30 REM calculate moles of reaction
40 SR_kfld = SR("K-feldspar")
50 moles = PARM(1) * (M/M0)*0.67 * (1 - SR_kfld) * TIME
60 REM The following is for printout of phase transitions
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80 REM Start Gibbsite

90 if ABS(SI("Gibbsite")) > 1e-3 THEN GOTO 150
100 i=2

110 GOSUB 1500

150 REM  Start Gibbsite -> Kaolinite

160 if ABS(SI("Kaolinite")) > 1e-3 THEN GOTO 200
170 i=3

180 GOSUB 1500

200 REM End Gibbsite -> Kaolinite

210 if ABS(SI("Kaolinite")) > 1e-3 OR EQUI("Gibbsite") > 0 THEN GOTO 250
220 i=4

230 GOSuUB 1500

250 REM Start Kaolinite -> K-mica

260 if ABS(SI("K-mica")) > 1e-3 THEN GOTO 300
270 i=5

280 GOSUB 1500

300 REM End Kaolinite -> K-mica

310 if ABS(SI("K-mica")) > 1e-3 OR EQUI("Kaolinite") > 0 THEN GOTO 350
320 i=6

330 GOSuUB 1500

350 REM  Start K-mica -> K-feldspar

360 if ABS(SI("K-feldspar")) > 1e-3 THEN GOTO 1000
370 i=7

380 GOSUB 1500

1000 SAVE moles

1010 END

1500 REM subroutine to store data

1510 if GET(i) >= M THEN RETURN

1520 PUT(M, i)

1530 PUT(TOTAL_TIME, i, 1)

1540 PUT(LA("K+")-LA("H+"), i, 2)

1550 PUT(LA("H4SiO4"), i, 3)

1560 RETURN

-end
USER_PRINT
10 DATA "A: Gibbsite " "B: Gibbsite -> Kaolinite ", \
"C: Gibbsite -> Kaolinite ", "D: Kaolinite -> K-mica ", \
"E: Kaolinite -> K-mica ", "F: K-mica -> K-feldspar"
20 PRINT " Transition Time  K-feldspar LA(K/H)
30 PRINT " reacted"
40 PRINT " (moles)"
B0FORi=2TO7
60 READ s$

70 IF EXISTS(i)) THEN PRINT s$, GET(i,1), GET(1) - GET(i), GET(i,2), GET(i,3)
80 NEXT i
SELECTED_OUTPUT
-file ex6C.sel
-reset false
USER_PUNCH
-head pH+log[K] log[H4SiOA4]
10 PUNCH LA("K+")-LA("H+") LA("H4Si04")
END
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The input data set (table 21) first defines pure water &@h.UTION input and the thermodynamic data for
the phases witRHASES input. Some of the minerals are defined in the databaspHileggc.dgt but inclusion
in the input data set replaces any previous definitions for the duration of the run (the database file is not altered).
SELECTED_OUTPUT is used to produce a file of all the data that appear in table 22 and that were used to
construct figure 6SELECTED_OUTPUT specifies that the log of the activities of potassium ion, hydrogen ion,
and silicic acid; the saturation indices for gibbsite, kaolinite, K-mica, and K-feldspar; and the total amounts in the
phase assemblage and mole transfers for gibbsite, kaolinite, K-mica, and K-feldspar will be written to the file
ex6A-B.sehfter each calculation. The definitions RELECTED_ OUTPUT remain in effect for all simulations
in the run, untila nevSELECTED_OUTPUT data block is read, or until writing to the file is suspended with the
identifier-selected_outputin thePRINT data block.

Table 22. -- Selected results for example 6A

[Simulation refers to labels in the input data set for example 6A. Negative mole transfers indicate dissolution, positaesfieodeindicate precipitation.
Point on graph refers to labeled points on figure 6]

K-feld- Log activity Mole transfer, micromoles Saturation index
spar .
. Point
Simu- mole
lation transfer . K" . Gibbs-  Kao- K- Gibbs  Kao- K- K- .
micro- H i H4Si04 ite linite mica -ite linte  mica  [od- drap
moles H spar
6A1 -0.03 -7.01 -0.57 -7.10 0.00 0.00 0.00 0.0 -38 -10.7 -14.7 A
6A2 -2.18 -8.21 2.55 -5.20 1.78 .00 .00 .0 0 -1.9 -5.9 B
6A3 -20.02 -9.11 4.41 -4.47 .00 971 .00 -7 .0 .0 -2.5 D
6A4 -190.9 -9.39 5.49 -3.55 .00 .00 63.61 -2.0 -7 .0 .0 F
6A5 -3.02 -8.35 2.83 -5.20 .00 124 .00 .0 0 -16 -5.6 C
6A6 -32.68 -9.07 4.41 -4.25 .00 .00 10.78 -9 .0 .0 2.1

Simulation 6A1 allows K-feldspar to react until equilibrium with gibbsite is reached. This is set up in
EQUILIBRIUM_PHASES input by specifying equilibrium for gibbsite (saturation index equals 0.0) and an
alternative reaction to reach equilibrium, KAISi308 (the formula for K-feldspar). A large amount of K-feldspar
(10.0 mol) is present to assure equilibrium with gibbsite can be obtained. Kaolinite, K-mica, and K-feldspar are
allowed to precipitate if they become saturated, but they can not dissolve because they were given zero initial moles
in the phase assemblage. The amount of reaction that is calculated in this simulation is the dissolution of precisely
enough K-feldspar to reach equilibrium with gibbsite, possibly including precipitation of one or more of the other
minerals. No gibbsite will dissolve or precipitate; the alternative reactant (KAISi308) will dissolve or precipitate in
its place. Simulations 6A2-6A4 perform the same calculations for kaolinite, K-mica, and K-feldspar. At other
temperatures or using other minerals, it may be that a target phase is undersaturated regardless of the amount of the
alternative reaction that is added because the phase is unstable relative to other phases. In this case, the numerical
method will find the amount of the alternative reaction that produces the maximum saturation index.

Selected results for simulations 6A1-6A4 are presented in table 22 and are plotted on figure 6 as points A, B,
D, and F. The stability fields for the phases, which are based on the thermodynamic data, are outlined on the figure
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Figure 6.-- Phase diagram for the dissolution of K-feldspar (microcline) in pure water at 25°C showing stable
phase-boundary intersections (example 6A) and reaction paths across stability fields (example 6B). Diagram was
constructed using thermodynamic data for gibbsite, kaolinite, K-mica (muscovite), and microcline from Robie and others
(1978).

but are not calculated by the modeling in these simulations. At point B gibbsite starts to be transformed into
kaolinite, a reaction which consumes Si. The reaction path must follow the gibbsite-kaolinite phase boundary to
some intermediate point C until all gibbsite is converted, and then the path crosses the kaolinite field to point D.
Similarly, there is a point E on the kaolinite-K-mica phase boundary, where the reaction path starts crossing the
K-mica field to point F. Simulations 6A5 and 6A6 (table 21) solve for these two points. In simulation 6A5, point
C is calculated by allowing K-feldspar to dissolve to a point where kaolinite is at saturation and is present in the
phase assemblage, while gibbsite is at saturation, but not present in the phase assemblage. Likewise, simulatic
6A6 solves for the point where K-mica is at saturation and present in the phase assemblage, while kaolinite is a
saturation, but is not present in the phase assemblage. Assigning an initial amount of 1 mol to kaolinite in 6A5 and
K-mica in 6A6 is arbitrary; the amount must only be sufficient to reach equilibrium with the mineral.

A simpler approach to determining the reaction path is to react K-feldspar incrementally, allowing the stable
phase assemblage among gibbsite, kaolinite, K-mica, and K-feldspar to form at each point along the path. The onl
difficulty in this approach is to know the appropriate amounts of reaction to add. From points A and F in table 22,
K-feldspar dissolution ranges from 0.03 to 190.9 mmol. In part 6B (table 21) a logarithmic range of reaction
increments is used to define the path (solid line) across the phase diagram from its beginning at gibbsite equilibriun
(point A) to equilibrium with K-feldspar (point F). However, the exact locations of points A through F will not be
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determined with the arbitrary set of reaction increments that are used in part B. The reaction path calculated by part
6B is plotted on the phase diagram in figure 6 with points A through F from part 6A included in the set of points.
Finally, in the kinetic approach, kinetic dissolution of K-feldspar is followed for varying amounts of time,
while the phases gibbsite, kaolinite, and K-mica are allowed to precipitate and redissolve as the kinetic reaction
proceedsSOLUTION 1 is defined to have a small amount of dissolved K-feldspar (1e-13 moles). The solution then
contains all elements related to phasds@UILIBRIUM_PHASES , which, although not required for the program
to run successfully, eliminates some warning messages.
During the integration of the reaction rates a simple dissolution rate law was assumed based on transition-state
theory:

Am 67 AP
- kl\_/ E‘?()BP - BITH( - feldspaE (138)
with k; = 1e-16 mol/crfys.

TheKINETICS data block is used to enter specific data for the kinetic simulation. The stoichiometry of the
kinetic reaction is the chemical formula of K-feldspar; by default the name of the rate is assumed to be a phase
defined inPHASES data block and the formula of the phase is used as the stoichiometry of the reaction. It was
assumed that the pristine soil contained 10 percent K-feldspar in the form of 0.1 mm cubes, gpbhad s g/cm
so thatA/V = 136/cm. The value dil\é/ = 1.36e-11 mol/L/s is entered ilKtNETICS data block with the
identifier-parms (assuming that 1 kgw = 1 liter), and can be recalled as “PARM(1)” in the Basic rate definition in
theRATES data block. It was assumed that the soil had already been weathered to some extent, and that only 90
percent of the initial K-feldspar was lefh0 2.16 andm 1.94, wheremO indicates the initial mass (1 kg sail0.1
=100 g/278.3 g/mol = 0.359 mol/kg6 kg/L = 2.16 mol/L), andn the remaining mass (90 percent of 2.16 is 1.94
mol/L)]. The maximum amount of reaction for any time interval is restricted to 1e-6 n&ilgs dividele-6).

Time steps (seconds) are defined with the identiitsps INCREMENTAL_REACTIONS true causes the total
time simulated to be the sum of all of the time steps (1.111111e8 seconds); each new time step starts at end of the
previous time step.

The rate for K-feldspar dissolution is defined in the form of Basic statementsRATHES data block. To
demonstrate some of the features of the Basic interpreter, the Basic program also identifies and saves information at
phase transitions, which is printed at the end of the rud8EBR_PRINT. The accuracy of locating a phase
transition is determined by the user-definable accuracy of the integration. A small tolei@hce large
-step_dividethat is greater than 1 (initial time interval will be divided by this number), or a stsi@p_dividethat
is less than 1 (specifies maximum moles of reaction) will force smaller time intervals and more accurate
identification of phase transitions. In this exampdégp_divideis set to 1e-6, which limits the maximum amount
of reaction for any time interval to be less than 1 micromole. Thus, the amount of reaction to reach a phase transition
should be identified with an accuracy of one micromole. However, limiting the amount of reaction requires smaller
time intervals during the integration and, consequently, more time intervals to complete the integration, which
increases the CPU time of the run.

I:RK— feldspar

The functions of the different parts of the Basic program are described in table 23. The functions PUT, GET,
and EXISTS are used to manipulate data in static, global storage. The subscripts used in the PUT statement identify
a datum uniquely. EXISTS can be used to determine if a datum with a given set of subscripts has been stored, and
GET is used to retrieve data that have been stored. Once a datum has been stored with PUT, it exists for the remainder
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Table 23.--Description of Basic program for K-feldspar dissolution kinetics and identification of phase transitions

Line number Function

20 Save initial amount of K-feldspar (1.94 moles)

40-50 Integrates K-feldspar dissolution rate over time interval given by TIME.

90-110 Identify greatest amount of K-feldspar present (least amount of reaction) at which gibbsite is saturated.
160-180 Identify greatest amount of K-feldspar present at which kaolinite is saturated.

200-230 Identify greatest amount of K-feldspar present at which kaolinite is saturated, but gibbsite is absent.
250-280 Identify greatest amount of K-feldspar present at which K-mica is saturated.

300-330 Identify greatest amount of K-feldspar present at which K-mica is saturated, but kaolinite is absent.
350-380 Identify greatest amount of K-feldspar present at which K-feldspar is saturated.

1000 Save integrated reaction.

1010 End of Basic program

1500-1560 Subroutine for saving values for phase transitions. If amount of K-feldspar is greater than current saved value for the

indexi, save amount of K-feldspar, cumulative time, log activity ratio of potassium ion divided by hydrogen ion, and
log activity of silicic acid.

of the run, unless it is overwritten with another PUT statement with the same set of subscripts. Data stored with
PUT can be retrieved by any Basic program, including those defifi®alliES, USER_PRINT, and

USER_PUNCH In this example, data are stored by RATES Basic program and tHeSER_PRINT Basic

program retrieves the data and prints a summary of the phase transitions. WRISTES program is run many

times during the kinetic integration of a time step (integration over many time intervals may be necessary for the
required accuracy), tHeSER_PRINT program is run once at the end of each integration time step.

Table 24 gives the phase transitions encountered by the end of the last time step of example 6C. For eact
phase transition, the time at which the phase transition occurred, the total amount of K-feldspar that has reactec
and the coordinates of the transition on figure 6 are given. Although the values in table 24 are approximate, the
amount of K-feldspar and the coordinates of the transition can be compared to table 22. As expected, the
approximate mole transfers to reach the phase transitions are within 1 micromole of the values in table 22.

Table 24.--Phase transitions identified by the RATES Basic program and printed to the output file by the

USER_PRINT Basic program in example 6C, which simulates the kinetic dissolution of K-feldspar

User print
Transition Time K-feldspar LA(K/H) LA(H4SiO4)
reacted
(moles)
A: Gibbsite 1.10000E+03 1.40477E-07 3.57546E-01 -6.37631E+00

B: Gibbsite -> Kaolinite 1.74339E+05 2.20636E-06 2.56086E+00 -5.19500E+00
C: Gibbsite -> Kaolinite 2.39290E+05 3.02835E-06 2.83517E+00 -5.19434E+00
D: Kaolinite -> K-mica  1.58687E+06 2.00699E-05 4.40800E+00 -4.46585E+00
E: Kaolinite -> K-mica  2.59719E+06 3.27914E-05 4.41031E+00 -4.25093E+00
F: K-mica -> K-feldspar 4.78404E+07 1.90721E-04 5.48792E+00 -3.55397E+00
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TheSELECTED_OUTPUT data block specifies that a new selected-output file will be used for this
simulation,ex6C.seland all printing to the selected-output file is eliminategsétfalse). ThaUSER_PUNCH
data block causes two columns to be written to each line of the selected-output file, the log of the ratio of the
activities of potassium ion to hydrogen ion and the log activity of silicic acid. The data will be written after each
time step has been simulatestéps KINETICS data block). The following table shows the results written to
ex6C.sel

Table 25.--Results written to the selected-output file by the USER_PUNCH Basic program in example 6C, which simulates the

kinetic dissolution of K-feldspar

[\t ”indicates a tab character]

" pH+log[K]"\t "log[H4Si04"¢t

-6.00016E+00\t -1.25235E+01\t
-1.89754E+00\t -8.42120E+00\t
-8.53163E-01\t -7.37985E+00\t
3.57546E-01\t -6.37631E+00\t
2.18230E+00\t -5.38178E+00\t
4.13600E+00\t -4.60047E-+00\
5.26137E+00\t -3.71874E+00\t
5.48836E+00\t -3.55363E+00\t

Example 7.--Gas-Phase Calculations

This example demonstrates the capabilitiesHsfEEQCto model the evolution of gas compositions in
equilibrium with an aqueous phase under the conditions of either fixed pressure or fixed volume of the gas phase.
For a fixed-pressure gas phase, when the sum of the partial pressures of the component gases exceeds the specified
pressure of the gas phase, a gas bubble forms. Once the bubble forms, the volume and composition of the gas bubble
vary with extent of reactions. For a fixed-volume gas phase, the aqueous solution is in contact with a head space of
fixed volume. The gas phase always exists in this head space and the pressure and composition of the gas phase vary
with extent of reactions.

Gas-liquid reactions can be modeled in three ways RHEREEQC (1) a gas can react to maintain a fixed partial
pressure usingQUILIBRIUM_PHASES data block, (2) a fixed-pressure, multicomponent gas phase can be
modeled using th6 AS PHASE data block with thefixed-pressureidentifier (default), or (3) a fixed-volume,
multicomponent gas phase can be modeled usingAt& PHASE data block with thefixed-volume identifier.
Conceptually, an infinite gas reservoir is assumed for the fixed-partial-pressure approach, as in the atmosphere or
sometimes in the unsaturated zone. The partial pressure of the gas component in the reservoir does not change
regardless of the extent of reactions. If the gas reservoir is finite and the pressure on the gas phase is constant, as in
gas bubbles in estuarine and lake sediments, then a fixed-pressure gas phase is appropriate. If the gas reservoir is
finite and the volume that the gas phase fills is constant, as in an experiment with a fixed head-space, then a
fixed-volume gas phase is appropriate.

In this example, th&AS_PHASE data block is used to model the decomposition of organic matter in pure
water under fixed-pressure and fixed-volume conditions, with the assumption that carbon, nitrogen, hydrogen, and
oxygen are released in the stoichiometry,ONH3) 57 by the decomposition reaction. With no other electron
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acceptors available in pure water, the pertinent microbiological decomposition reaction is methanogenesis. The
carbon and nitrogen released by organic decomposition are assumed to react to redox and gas-solution equilibriun
Aqueous carbon species are defineB@LUTION_MASTER_SPECIES or SOLUTION_SPECIES of the

default databases for two valence states, carbon(+4) and carbon(-4) (methane); no intermediate valence states
carbon are defined. Aqueous nitrogen may occur in the +5, +3, 0, and -3 valence states. The gas components
considered are carbon dioxide (§0Omethane (Cl), nitrogen (N), and ammonia (NJ.
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Figure 7.-- Composition of the gas phase during decomposition of organic matter with a composition of CH,O(NH3)g g7 in
pure water under conditions of fixed volume and fixed pressure for the gas phase. [Partial pressure of ammonia gas is
less than 1077 atmospheres throughout (not shown).]
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In the first simulation, the initial water is defined to be a ground water in equilibrium with calcite at a partial
pressure of carbon dioxide of 1(P. Pure water is defined with tH@OLUTION data block by using defaults for
all values (pH = 7, pe = 4, temperature 2QJ calcite and carbon dioxide are defined with
EQUILIBRIUM_PHASES ; andSAVE is used to save the equilibrated solution (table 26).
SELECTED_OUTPUT is used to define a filex7.sel to which specified data are written for each calculation.
All default printing to the file is suspended with the identifisrsetfalse. The additional identifiers cause specific
data items to be written to the selected-output file for each calculation in each simedatiatation, the
simulation number:state the type of calculation (initial solution, reaction, transport, and othezaktion, the
amount of the reaction added for each calculation (as definedREWETION data block):si, the saturation
index of each mineral or log partial pressure of each gas that is specifiedagrie moles in the gas phase of
each gas component that is specified.

In the second simulation, the organic decomposition reaction with a carbon to nitrogen ratio of
approximately 15:1 is added irreversibly to the solution in increments ranging from 1 to 1000 REACTION
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keyword). A gas phase, which initially has no moles of gas components present, is allowed to form if the sum of the
partial pressures exceeds 1.1 atm; only,GTH,, N,, and NH are allowed in the gas phasgAS_PHASE data

block). In the third simulation, the same initial solution and reaction are used as in the second simulation. The gas
phase initially has no moles of gas components present, but is defined to have a fixed volume of 22.5 L, which is the
volume of the fixed-pressure gas phase after reaction of 1.0 mol of organic matter. After 1.0 mol of reaction, both
the fixed-pressure and fixed-volume gas phases will have the same pressure, volume, and composition; at all other
reaction increments the pressure, volume, and composition will differ between the two gas phases.

Table 26.--Input data set for example 7

TITLE Example 7.--Organic decomposition with fixed-pressure and
fixed-volume gas phases

SOLUTION 1
EQUILIBRIUM_PHASES 1
Calcite
CO2(g) -1.5

SAVE solution 1
SELECTED_OUTPUT

-reset false

-file ex7.sel
-simulation  true
-state true

-reaction true
-si CO2(g) CH4(g) N2(g) NH3(g)
-gas CO2(g) CH4(g) N2(g) NH3(g)
END
# Simulation 2: Decomposition of organic matter, CH20O(NH3).07,
# at fixed pressure of 1.1 atm
USE solution 1
GAS_PHASE 1 Fixed-pressure gas phase
-fixed_pressure
-pressure 11

CO2(g) 0.0
CH4(g) 0.0
N2(g) 0.0
NH3(g) 0.0
REACTION 1

CH20O(NH3)0.07 1.0
1.2.3.4.8.16. 32 64. 125. 250. 500. 1000. mmol
END
# Simulation 3: Decomposition of organic matter, CH20O(NH3).07,
# at fixed volume of 22.5 L
USE solution 1
USE reaction 1
GAS_PHASE 1 Fixed volume gas phase
-fixed_volume

-volume 22.5
CO2(g) 0.0
CH4(9g) 0.0
N2(g) 0.0
NH3(g) 0.0

END

EXAMPLES 223



For the fixed-pressure gas phase, a bubble forms when nearly 3 mmol of reaction have been added (fig. 7
Initially the gas is more than 90 percent [4hd less than 10 percent £@ith only minor amounts of Nand
NH3 (NH3 partial pressures were less than‘eam throughout the batch-reaction calculation and are not plotted).
The volume of gas produced ranges from less than 1 mL at 3 mmol of reaction to 22.5 L after 1 mol of reaction.
After 1 mol of reaction is added, nearly all of the carbon and nitrogen is in the gas phase.

For the fixed-volume gas phase, the gas phase exists for all amounts of organic decomposition (fig. 7).
Initially the gas is primarily C@with significant amounts of Cjand a small amount of ;NAs the gas
composition evolves, Cand CH partial pressures become nearly equal. Thedtial pressure is always an
order of magnitude smaller than €@&nd CH,; NHj partial pressures are always small (not shown). The partial
pressures of the fixed-volume gas phases are smaller than the fixed pressure gas phase up to 1.0 mol of reaction
the reaction continued beyond 1.0 mol, the pressure of the fixed-volume gas phase would continue to increase an
would be greater than the pressure in the fixed-pressure gas phase, which remains constant. Conversely, the volur
of the fixed-pressure gas phase is less than the volume of the fixed-volume gas phase until 1.0 mol of reaction.
the reaction continued beyond 1.0 mol, the volume of the fixed-pressure gas phase would exceed the volume of th
fixed-volume gas phase.

Example 8.--Surface Complexation

PHREEQCconNtains three surface-complexation models: (1) By default, the generalized two-layer model is
used with no explicit calculation of the diffuse-layer composition. (2) Alternatively, an electrostatic double layer
model with explicit calculation of the diffuse-layer composition may be usiftLige_layer). (3) Finally, a
non-electrostatic model may be selecten (ed). The electrostatic model is the generalized two-layer model
described in Dzombak and Morel (1990) with the following modifications: (1) surfaces may have more than two
types of binding sites, (2) surface precipitation is not included, and (3) optionally, an alternative formulation for
the charge-potential relationship, modified from Borkovec and Westall (1983), that explicitly calculates the
composition of the diffuse layer can be employetiffuse_layer). The non-electrostatic model does not consider
the effects of the development of surface charge on the formation of surface complexes, with the result that surface
complexes are treated mathematically very much like agueous complexes without activity coefficient terms.

The following example of the generalized two-layer model is taken from Dzombak and Morel (1990, chapter
8) with no explicit calculation of the diffuse-layer composition. Zinc sorption on hydrous ferric oxide is simulated
assuming two types of sites, weak and strong, are available on the oxide surface. Protons and zinc ions compet
for the two types of binding sites, and equilibrium is described by mass-action equations. Activities of the surface
species depend on the potential at the surface, which is due to the development of surface charge. The exampl
considers the variation in sorption of zinc on hydrous ferric oxides as a function of pH for low zinc concentration
(10F7 m) and high zinc concentration (i(m) in 0.1 m sodium nitrate electrolyte.

Three keyword data blocks are required to define surface-complexation data for a simulation:
SURFACE_MASTER_SPECIES SURFACE_SPECIES andSURFACE. The
SURFACE_MASTER_SPECIESdata block in the default database files defines a binding site named “Hfo”
(hydrous ferric oxides) with two binding sites. The name of a binding site is composed of a name for the surface,
“Hfo”, optionally followed by an underscore and a lowercase binding site designation, “Hfo_w” and “Hfo_s” for
“weak” and “strong” in the database files. The underscore notation is necessary only if two or more binding sites
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exist for a single surface. The notation allows a mole-balance equation to be derived for each of the binding sites
(Hfo_w and Hfo_s, in this example) and a single charge-potential or charge-balance equation for the surface (Hfo,
in this example). Thus, the charge that develops on each binding site will enter into a single charge-potential or
charge-balance equation for the surface.

Table 27.--Input data set for example 8

TITLE Example 8.--Sorption of zinc on hydrous
iron oxides.
SURFACE_SPECIES
Hfo_sOH + H+ = Hfo_sOH2+
log_k 7.18

Hfo_sOH = Hfo_sO- + H+
log_k -8.82

Hfo_sOH + Zn+2 = Hfo_sOZn+ + H+
log_k 0.66

Hfo_ wOH + H+ = Hfo_wOH2+
log_k 7.18

Hfo_wOH = Hfo_wO- + H+
log_k -8.82

Hfo_wOH + Zn+2 = Hfo_wOZn+ + H+
log_k -2.32

SURFACE 1
Hfo_sOH 5e-6 600. 0.09
Hfo_wOH 2e-4

SOLUTION 1
-units mmol/kgw
pH 8.0
Zn  0.0001
Na 100. charge
N(5) 100.
SOLUTION 2
-units mmol/kgw
pH 8.0
Zn 0.1
Na 100. charge
N(5) 100.
USE solution none
#
# Model definitions
#
PHASES
Fix_H+
H+ = H+
log_k 0.0
END
#
# Zn=le-7
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#
SELECTED_OUTPUT
-file ex8.sel
-molalites  Zn+2 Hfo_wOzZn+  Hfo_sOZn+
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -5.0 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix_H+ -5.25 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix_H+ -5.5 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -5.75 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -6.0 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -6.25 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -6.5 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -6.75 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -7.0 NaOH 10.0
END
USE solution 1
USE surface 1
EQUILIBRIUM_PHASES 1
Fix_H+ -7.25 NaOH 10.0
END
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USE solution 1

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -7.5 NaOH

END

USE solution 1

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -7.75 NaOH

END

USE solution 1

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -8.0 NaOH

END

#

# Zn=1le-4

#

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -5.0 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix_H+ -5.25 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -5.5 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix_H+ -5.75 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -6.0 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix_H+ -6.25 NaOH

END

USE solution 2

USE surface 1

EQUILIBRIUM_PHASES 1
Fix H+ -6.5 NaOH

END

USE solution 2

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0
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USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -6.75 NaOH 10.0
END
USE solution 2
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -7.0 NaOH 10.0
END
USE solution 2
USE surface 1
EQUILIBRIUM_PHASES 1
Fix_ H+ -7.25 NaOH 10.0
END
USE solution 2
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -7.5 NaOH 10.0
END
USE solution 2
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -7.75 NaOH 10.0
END
USE solution 2
USE surface 1
EQUILIBRIUM_PHASES 1
Fix H+ -8.0 NaOH 10.0
END

Surface-complexation reactions derived from the summary of Dzombak and Morel (1990) are defined by the
SURFACE_SPECIESIn the default database files feHREEQC However, the intrinsic stability constants used in
this example of Dzombak and Morel (1990, chapter 8) differ from their summary values, and are therefore
specified explicitly with SURFACE_SPECIESdata block in the input file (table 27). The mass-action equations
taken from Dzombak and Morel (1990, p. 259) are given in the input data set (table 27). Note the activity coefficient
or potential term is not included as part of the mass-action expression; the potential term is added internally by the
program.

The composition and other characteristics of an assemblage of surfaces is defined SUlREFACE data
block. The composition of multiple surfaces, each with multiple binding sites, may be defined within this data
block. For each surface, the moles of each type of site, the initial composition of the surface, and the surface are:
must be defined. The composition of the surfaces will vary with the extent of reactions. The number of binding
sites and surface areas, may remain fixed or may vary if the surface is related to the moles of an equilibrium phase
or a kinetic reaction. In this example, one surface (Hfo) with two binding sites (Hfo_w and Hfo_s) is defined and
the number of binding sites and surface area are fixed. The number of moles of strong binding sites, Hfo_s, is
5x10° sites and the number of moles of weak binding sites, Hfo_w, is fxlmtially, all surface sites are in the
uncharged, protonated form. The surface area for the entire surface, Hfo, must be defined with two numbers, th
area per mass of surface material (GO%bgnin this example) and the total mass of surface material (0.09 g, in this
example). The use of these two numbers to define surface area is traditional, but only the product of these number
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Figure 8.-- Distribution of zinc among the aqueous phase and strong and weak surface sites of hydrous iron oxide as a
function of pH for total zinc concentrations of 107 and 10 molal.
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is used in the model to obtain the surface area; the individual numbers are not used separately. Surface area may be
entered with the data for any of the binding sites for a surface; in this example, the surface area is entered with Hfo_s.

To complete the definition of the initial conditions for the simulations, two sodium nitrate solutions are defined
with differing concentrations of ziniGOLUTION 1 and 2 data blocks). A pseudo-phase, “Fix_H+" is defined with
thePHASESdata block. This phase is not real, but is used in each of the batch-reaction simulations to adjust pH to
fixed values. Finally, the lineJSE surface none” eliminates an implicitly defined batch-reaction calculation for the
first simulation. By default, if SOLUTION andSURFACE data block are defined in a simulation, then the first
solution defined in the simulatioSOLUTION 1 in this example) and the first surface defined in the simulation are
put together (possibly with other assemblages and a gas phase) and allowed to equilibrd®&EKegword with
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“solution none” removes the solution from the system for the batch-reaction calculation, with the effect that no
batch-reaction calculation is performed. (A batch reaction is implicitly defined whenever a solution or mixture is
defined in the simulation and any one of the keyword data bIB®GHANGE , EQUILIBRIUM_PHASES ,
GAS_PHASE, KINETICS , REACTION , REACTION_TEMPERATURE , SOLID_SOLUTIONS, or

SURFACE, also is defined in the same simulation.)

The remaining simulations in the input data set equilibrate the surface assemblage with either solution 1 or
solution 2 for pH values that range from 5 to 8. It would be possible to UREKRETION data block to add
varying amounts of NaOH to a solution in a single simulation, but the reaction increments would not produce
evenly spaced pH values and the size of the reaction increments is not known beforehand. In the example, a
different approach is taken that produces evenly spaced pH values with no previous knowledge of the amount o
NaOH required, but many simulations are needed to produce all of the desired pH values. Each of the simulations
uses the phase “Fix_H+" in &QUILIBRIUM_PHASES data block with varying saturation indices to adjust
pH. The reaction NaOH is added or removed from each solution to produce a specified saturation index which, by
the definition of the reaction for “Fix_H+" is numerically equal to the log of the hydrogen activity, or negative pH.
Note that, although it is possible to attain the desired pH in all of these simulations, a pH that is sufficiently low
will cause the program to fail because a very low pH can not be reached even by removing all of the sodium in
solution.

The results of the simulation are plotted in figure 8 and are consistent with the results shown in Dzombak
and Morel (1990, figure 8.9). Zinc is more strongly sorbed at high pH values than at low pH values. In addition, at
low concentrations of zinc, the strong binding sites outcompete the weak binding sites for zinc over the entire pH
range, and at high pH most of the zinc resides at the strong binding sites. At larger zinc concentrations, the strong
binding sites predominate only at low pH. Because all the strong binding sites become filled at higher pH, most of
the zinc resides at the more numerous weak binding sites at high pH and large zinc concentrations.

Example 9.--Kinetic Oxidation of Dissolved Ferrous Iron with Oxygen

Kinetic rate expressions can be defined in a completely general wagEREQCuUsing Basic statements in
theRATES data block. The rate expressions can be used in batch-reaction or transport calculations by using tht
KINETICS data block. For transport calculatiodDVECTION or TRANSPORT), kinetic reactions can be
defined cell by cell by the number range following KiNETICS keyword KINETICS m-n). The rate
expressions are integrated with an embedded 4th- and 5th-order Runge-Kutta-Fehlberg algorithm. Equilibrium is
calculated before a kinetic calculation is initiated and again when a kinetic reaction increment is added.
Equilibrium is calculated for all solution-species, and for all exchange, equilibrium-phase, solid-solutions, surface
assemblages and gas phases that have been defined. A check is performed to ensure that the difference between
4th- and 5th-order estimates of the integrated rate over a time interval does not vary by more than a user-define
tolerance. If the tolerance is not satisfied, then the integration over the time interval is automatically restarted with
a smaller time interval.

Kinetic reactions between solids and the aqueous phase can be calculated without any modification of the
databaserHREEQCcan also calculate kinetic reactions among agueous species that are normally assumed to be ir
equilibrium, but this requires that the database be redefined. Aqueous species that react kinetically must be define
essentially as separate elements @@LUTION_MASTER_SPECIES. This example illustrates the procedure

230 User's Guide to PHREEQC (Version 2)



for decoupling two valence states of an element (iron) and showhaseQccan be used to calculate the kinetic
oxidation of F&* to F€* in water.
The rate of oxidation of & by O, in water is given by (Singer and Stumm, 1970):

m 2+
Fe™ _ _ _ 2 0
el %.91e 9+13%12a_ PoAm .., (159)
wheret is time in secondsaOH_ is the activity of the hydroxyl icmljeb is the total molality of ferrous iron in

solution, andDOz is the oxygen partial pressure (atm).

The time for complete oxidation of ferrous iron is a matter of minutes in an aerated solution when pH is above
7.0. However, F& forms solute complexes with Oldnd it may also precipitate as iron oxyhydroxides, so that pH
decreases during oxidation. Because the rate has quadratic dependence on the activithefoRidation rate
rapidly diminishes as pH decreases. The rate equation is highly non-linear in an unbuffered solution and must be
integrated numerically. This example models a reaction vessel with 10 mmol NaCl/ kgw and 0.1 mmadlkespCl
at pH = 7.0 through which air is bubbled; the change in solution composition over time is calculated.

The calculation requires the uncoupling of equilibrium among the Fe(2) and Fe(3) species. Two new
“elements” are defined IBOLUTION_MASTER_SPECIES--“Fe_di", which corresponds to Fe(2), and “Fe_tri",
which corresponds to Fe(3). The master species for these elements are defined to be Fe_di+2 and Fe_tri+3, and all
solution species, phases, exchange species, and surface species must be rewritten using these new elements and
master species. A few of the transcriptions are shown in table 28, which gives the partial input file for this example.

Table 28.-- Partial input data set for example 9

TITLE Example 9.--Kinetically controlled oxidation of ferrous
iron. Decoupled valence states of iron.
SOLUTION_MASTER_SPECIES
Fe_di Fe_di+2 0.0 Fe_di 55.847
Fe_tri Fe tri+3 0.0 Fe_tri 55.847
SOLUTION_SPECIES
Fe di+2 = Fe_di+2
log_k 0.0
Fe_tri+3 = Fe_tri+3
log_k 0.0
#
# Fe+2 species
#
Fe_di+2 + H20O = Fe_diOH+ + H+
log_k -9.5
delta_h 13.20 kcal

... and also other Fe+2 species

H H HH

# Fe+3 species

#

Fe_tri+3 + H20 = Fe_triOH+2 + H+
log_k -2.19
delta_h 10.4 kcal

#

#... and also other Fe+3 species
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#

PHASES
Goethite
Fe_triOOH + 3 H+ = Fe_tri+3 + 2 H20
log_k -1.0
END
SOLUTION 1
pH 7.0
pe 10.0 O2(g) -0.67
Fe _di 0.1
Na 10.

Cl 10. charge
EQUILIBRIUM_PHASES 1
02(9) -0.67

RATES
Fe _di_ox
-start

10 Fe_di=TOT("Fe_di")
20 if (Fe_di <= 0) then goto 200
30 p_o02 =107(SI("02(g)")
40 moles = (2.91e-9 + 1.33e12 * (ACT("OH-"))"2 * p_02) * Fe_di * TIME
200 SAVE moles
-end
KINETICS 1
Fe di_ox

-formula Fe_di -1.0 Fe_tri 1.0

-steps 100 400 3100 10800 21600 5.04e4 8.64e4 1.728e5 1.728e5 1.728e5 1.728e5

INCREMENTAL_REACTIONS true
SELECTED_OUTPUT

-file ex9.sel

-reset false
USER_PUNCH
-headings Days Fe(2) Fe(3) pH si_goethite
10 PUNCH SIM_TIME/3600/24 TOT("Fe_di")*1e6, TOT("Fe_tri")*1e6, -LA("H+"),
SI("Goethite")
END

TheSOLUTION data block defines a sodium chloride solution that has 0.1 mmol/kgw ferrous iron (Fe_di)
and is in equilibrium with atmospheric oxygen. TE®QUILIBRIUM_PHASES phases data block specifies that
all batch-reaction solutions will also be in equilibrium with atmospheric oxygen; thus, there is a continuous supply
of oxygen for oxidation of ferrous iron.

In theRATES data block, the rate expression is designated with the name “Fe_di_ox”, and defined
according to equation 159. Note the use of the special Basic function “TOT” to obtain the total concentration
(molality) of ferrous iron (line 10), “SI” to obtain the saturation index, or, in the case of a gas, the log of the gas
partial pressure (oxygen, line 30), and “ACT” to obtain the activity of Qlide 40). Line 40 defines the moles of
reaction. Notice also that the variabielesis calculated by multiplying the rate times the current time interval
(TIME) and that the rate definition ends with a SAVE statement. The SAVE and TIME statements must be included
in a rate definition; they specify the moles that reacted over the time (sub-)interval.

IntheKINETICS data block, the rate expression named “Fe_di_ox” is invoked and parameters are defined.
When the rate name in tK@NETICS data block is identical to a mineral name that is defined WidASES,
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the stoichiometry of that mineral will be used in the reaction. However, no mineral is associated with the rate name
of this example, and the identifidormula must be used to specify the reaction stoichiometry. The reaction involves
loss of Fe_di [equivalent to Fe(2)] from solution as indicated by the stoichiometric coefficients of -1.0. The loss is
balanced by a gain in solution of Fe_tri [equivalent to Fe(3)] with a stoichiometric coefficient of +1.0. Note that the
formula only contains the elements for which the mass changes in the system. Thus, the overall kinetic reaction of
the example i& et + 0.2%0, = Fe*+ 0.5H,0 , butthe reaction of protons and oxygen to form water does
not change the total mass of hydrogen or oxygen in the system. Hydrogen and oxygen are therefore not included in
the formula. In the example, oxygen is replenished by equilibrium with atmospheric O2(g), and a mole transfer of
oxygen does occur from the phase O2(gE@UILIBRIUM_PHASES into the solution. In a system closed to
oxygen, the dissolved oxygen would be partly consumed.

The identifierstepsin theKINETICS data block gives the time step(s) over which the kinetic reactions must
be integrated. WheWNCREMENTAL_REACTIONS true is used, each time step increments the total time to be
simulated and the results from the previous time step are used as the starting point for the current time step.

TheSELECTED_OUTPUT data block specifies the file name of the selected-output file and eliminates all
default printing to that file-fesetfalse). The only output to the selected-output file in this example is defined with
theUSER_PUNCHdata block. The Basic programWSER_PUNCHspecifies that the following be printed after
each kinetic time stepgtepsdefines 11 kinetic time steps): the cumulative time of the simulation, in days; the total
ferrous and ferric iron, i mol/kgw; the pH; and the saturation index of goethite.

When the input file is run, two warning messages are generated during the integration. If the integration time
interval is too large, it is possible that the initial estimates of kinetic reaction increments produce negative solution
concentrations. When this happens, the program prints a warning message, decreases the size of the time interval,
and restarts the integration. The messages are warnings, not errors, and the program successfully completes the
calculation. It is possible to eliminate the warning messages by reducing the initial integration interval. No warning
messages are printed if the identifistep_divide100 is usedKINETICS ), which divides the initial (overall) time
step by 100. Likewise, no warning messages are printed if the idersifigr_dividele-7 is used, which causes the
reaction increment to be less than 1e-7 mol. The former approachsigphdivide 100, is usually preferable
because, although initial reaction increments are compelled to be small, later on in the integration large reaction
increments are possible. Usimgep_dividele-7 forces reaction increments to remain small throughout the entire
integration, and in this example, the run time is about 5 times longer than-gsipg divide100, and about 10 times
longer than whepstep_divideis not used at all.

Figure 9 shows the concentration of total Fe(2), total Fe(3), and pH in the reaction vessel over the 10 days of
the simulation. It can be seen that the pH rapidly decreases at the beginning of the reaction. The slope of Fe(2)
against time is initially very steep, but lessens as the reaction progresses, which is consistent with equation 159.
When the experiment is performed in reality in an unbuffered solution, it is noted that the pH initially rises. This rise
in pH is consistent with slowly forming hydroxy-complexes of Fe(3). Because the oxidation reaction by itself
consumes protons, the pH would initially rise if the hydroxy-complexes that lower the pH form slowly. Such kinetic
formation of agueous complexes could also be includedmrEEQCsimulations, but it would require that the
hydroxy-complexes of Fe(3) also be defined using a seB@it&l TION_MASTER_SPECIES and that a rate
expression be defined for the kinetic formation of the complexes.
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Figure 9.-- Concentration of total Fe(2), total Fe(3), and pH as dissolved ferrous iron [Fe(2)] is kinetically
oxidized to ferric iron [Fe(3)] by oxygen.

Example 10.--Aragonite-Strontianite Solid Solution

PHREEQChas the capability to model ideal, multicomponent or nonideal, binary solid solutions. For ideal
solid solutions, the activity of each end-member solid is equal to its mole fraction. For nonideal solid solutions, the
activity of each end member is the product of the mole fraction and an activity coefficient, which is determined
from the mole fraction and Guggenheim excess free-energy parameters. The following example considers an
aragonite (CaCg)-strontianite (SrCGg) solid solution and demonstrates how the composition of the solid solution
and aqueous phase change as strontium carbonate is added to an initially pure calcium carbonate system.

The example is derived from a diagram presented in Glynn and Parkhurst (1992). The equilibrium constants
at 25°C, Kg cq, = 102/ H andK gpeq = 107000
a, = —1.82, are derived from Plummer and Busenberg (1987). The input data set is shown in table 29. The
PHASES data block defines the lags for aragonite and strontianite and overrides any data for these minerals
that might be present in the database file. 801D _SOLUTIONS data block defines the unitless Guggenheim

excess free-energy parameters and the initial composition of the solid solution, which is zero moles of aragonite

, and the Guggenheim parametags= 3.43 and
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and strontianite. Initial solution 1 is defined to be a calcium bicarbonate solution. The solution is then equilibrated
with aragonite at nearly 1 atm partial pressure of carbon dioxide and saved as the new composition of solution 1.
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Figure 10.-- (A) Mole fraction of strontianite and aragonite in solid solution, (B) mole fraction of calcium and strontium in
aqueous phase, (C) moles of strontianite and aragonite in solid solution, and (D) moles of miscibility-gap end members in
solid solution, as a function of the amount of strontium carbonate added. Dashed lines indicate compositions within the
miscibility gap.
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In the next simulation, solution 1 is brought together with the solid solutiS& keywords) and 5
millimoles of strontium carbonate are added in 500 sREACTION data block). Th&RINT keyword data
block excludes all default printing to the output file and includes only the printing defineddSEi PRINT
data block. Th&JSER_PRINT data block specifies that the following information about the solid solution be
printed to the output file after each reaction step: the simulation number, reaction-step number, amount of strontiur
carbonate addedipg( z M) , mole fractions of strontianite and aragonite, aqueous mole fractions of calcium and
strontium, and the composition of the two solids that exist within the miscibility gapSBEWECTED OUTPUT
data block defines the selected-output file texi.selcancels any default printing to the selected-output file
(-resetfalse), and requests that the amount of reaction added at each step (as defiiREACTHON data
block) be written to the selected-output fleéction true). TheUSER_PUNCH data block prints additional
columns of information to the selected-output file, including all of the information needed to make figure 10. Two
additional simulations add successively larger amounts of strontium carbonate to the system up to a total additior
of 10 moles.

Table 29.--Input data set for example 10

TITLE Example 10.--Solid solution of strontianite and aragonite.
PHASES
Strontianite
SrC0O3 = CO3-2 + Sr+2

log_k -90.271
Aragonite

CaCO3 = C03-2 + Cat+2

log_k -8.336

END
SOLID_SOLUTIONS 1
Ca(x)Sr(1-x)CO3
-compl Aragonite 0
-comp2 Strontianite 0
-Gugg_nondim 3.43 -1.82
END
SOLUTION 1
-units mmol/kgw
pH 5.93 charge
Ca 3.932
C 7.864
EQUILIBRIUM_PHASES 1
CO2(g) -0.01265 10
Aragonite
SAVE solution 1
END
# Total of 0.00001 to 0.005 moles of SrCO3 added
USE solution 1
USE solid_solution 1
REACTION 1
SrCO3 1.0
.005 in 500 steps
PRINT
-reset false
-user_print true

236 User's Guide to PHREEQC (Version 2)



USER_PRINT
-start
10 sum = (S_S("Strontianite™) + S_S("Aragonite"))
20 if sum =0 THEN GOTO 110
30 xb = S_S("Strontianite")/sum
40 xc = S_S("Aragonite")/sum
50 PRINT "Simulation number: ", SIM_NO
60 PRINT "Reaction step number: ", STEP_NO

70 PRINT "SrCO3 added: ", RXN
80 PRINT "Log Sigma pi: ", LOG10 (ACT("CO3-2") * (ACT("Ca+2") + ACT("Sr+2")))
90 PRINT "XAragonite: ", XC
100 PRINT "XStrontianite: " xb
110 PRINT "XCa: ", TOT("Ca")/(TOT("Ca") + TOT("Sr"))
120 PRINT "XSr: " TOT("'Sr)/(TOT("Ca") + TOT("Sr"))
130 PRINT "Misc 1: ", MISC1("Ca(x)Sr(1-x)CO3")
140 PRINT "Misc 2: ", MISC2("Ca(x)Sr(1-x)CO3")
-end
SELECTED_OUTPUT
-file ex10.sel
-reset false
-reaction true
USER_PUNCH

-head Ig_SigmaPi X_Arag X_Stront X_Ca_aq X_Sr_ag mol_Miscl mol_Misc2 mol_Arag
mol_Stront
-start
10 sum = (S_S("Strontianite") + S_S("Aragonite"))
20 if sum =0 THEN GOTO 60
30 xb = S_S("Strontianite")/(S_S("Strontianite") + S_S("Aragonite™))
40 xc = S_S("Aragonite")/(S_S("Strontianite") + S_S("Aragonite"))
50 REM Sigma Pi
60 PUNCH LOG10(ACT("CO3-2") * (ACT("Ca+2") + ACT("Sr+2"))
70 PUNCH xc # Mole fraction aragonite
80 PUNCH xb # Mole fraction strontianite
90 PUNCH TOT("Ca")/(TOT("Ca") + TOT("Sr")) # Mole agueous calcium
100 PUNCH TOT("'Sr")/(TOT("Ca") + TOT("Sr")) # Mole aqueous strontium
110 x1 = MISC1("Ca(x)Sr(1-x)CO3")
120 x2 = MISC2("Ca(x)Sr(1-x)C03")
130 if (xb < x1 OR xb > x2) THEN GOTO 250
140 nc=S_S("Aragonite")
150 nb =S_S("Strontianite™)
160 mol2 = ((x1 - 1)/x1)*nb + nc
170 mol2 =mol2 / ( ((x1 -1)/x1)*x2 + (1 - x2))
180 moll = (nb - mol2*x2)/x1
190 REM # Moles of misc. end members if in gap
200 PUNCH moll
210 PUNCH mol2
220 GOTO 300
250 REM # Moles of misc. end members if not in gap
260 PUNCH 1le-10
270 PUNCH 1le-10

300 PUNCH S_S("Aragonite™) # Moles aragonite
310 PUNCH S_S("Strontianite™) # Moles Strontianite
-end
END
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#
# Total of 0.001 to 0.1 moles of SrCO3 added
#
USE solution 1
USE solid_solution 1
REACTION 1

Srco3 1.0

.1in 100 steps
END
#
# Total of 0.1 to 10 moles of SrCO3 added
#
USE solution 1
USE solid_solution 1
REACTION 1

Srco3 1.0

10.0 in 100 steps
END

The excess free-energy parameters describe a nonideal solid solution that has a miscibility gap. For

compositions that fall within the miscibility gap, the activities of calcium and strontium within the aqueous phase
remain fixed and are in equilibrium with solids of two compositions, one solid with a strontium mole fraction of
0.0048 and one solid with a strontium mole fraction of 0.8579. For the simulations in the example, each
incremental addition of strontium carbonate increases the mole fraction of strontium carbonate in the solid until
about 0.001 mol of strontium carbonate have been added (fig. 10A). That point is the beginning of the miscibility
gap (fig. 10) and the composition of the solid is 0.0048 strontium mole fraction. The next increments of strontium
carbonate (up to 0.005 mol strontium carbonate added) produce constant mole fractions of calcium and strontiurr
in the solution (fig. 10B) and equilibrium with both the miscibility-gap end members. However, the amounts of
calcium carbonate and strontium carbonate in the solid phases (fig. 10C) and the amounts of each of the miscibility
gap end members (fig. 10D) vary with the amount of strontium carbonate added. Finally, the end of the miscibility
gap is reached after about 0.005 mol of strontium carbonate have been added. At this point, the solution is in
equilibrium with a single solid with a strontium mole fraction of 0.8579. Addition of more strontium carbonate
increases the mole fractions of strontium in the aqueous phase and in the solid solution until both mole fraction:

are nearly 1.0 after the addition of 10 mol of strontium carbonate.

Example 11.--Transport and Cation Exchange

The following example of advective transport in the presence of a cation exchanger is derived from a sample
calculation for the programHREEQM(Appelo and Postma, 1993, example 10.13, p. 431-434). The chemical
composition of the effluent from a column containing a cation exchanger is simulated. Initially, the column
contains a sodium-potassium-nitrate solution in equilibrium with the cation exchanger. The column is then flushed
with three pore volumes of calcium chloride solution. Calcium, potassium, and sodium react to equilibrium with
the exchanger at all times. The problem is run two ways--by usifgaW&CTION data block, which models
only advection, and by using ti@RANSPORT data block, which simulates advection and dispersive mixing.

The input data set is listed in table 30. The column has 40 cells to be consistent with one of the runs describec
by Appelo and Postma (1993). This requires that 40 solutions, numbered 1 through 40, be defined; the number o
the solution corresponds to the number of the cell in a column. In this example, all cells contain the same solution,
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but this is not necessary. Solutions could be defined differently for each cell and could be defined by reactions in the
current or preceding simulations (using B&VE keyword). The definition of a solution for each cell is mandatory,

but the definition of an exchanger for each cell is optional. The number of the exchanger corresponds to the number
of the cell in a column, and if an exchanger is defined for a cell number, it is used in the calculations for that cell. In
this example, an identical exchanger composition is prescribed for all cells.

The solution filling each of the 40 cells of the column is defined withSEEUTION 1-40 data block. The
infilling solution for the column must be defined@®LUTION 0, and itis a calcium chloride solution. The amount
and composition of the exchanger in each of the 40 cells is defined BX@t#ANGE 1-40 data block. The
number of exchange sites in each cell is 1.1 mmol, and the initial composition of the exchanger is calculated such
that it is in equilibrium with solution 1. Note that the initial exchange composition is calculated assuming that the
composition of solution 1 is fixed; the composition of solution 1 is not changed during the initial
exchange-composition calculation.

The ADVECTION data block need only include the number of cells and the number of shifts for the
simulation. The calculation only accounts for numbers of pore volumes that flow through the cells, no explicit
definition of time or distance is used. The identifigganch_cellsand-punch_frequencyspecify that data will be
written to the selected-output file for cell 40 at each shift. The identiHjeist_cells and-print_frequency indicate
that data will be written to the output file for cell 40 every 20 shifts.

TheSELECTED_OUTPUT data block specifies that the shift (or advection step number) and the total
dissolved concentrations of sodium, chloride, potassium, and calcium will be written to ¢x4 fiselv.selPore
volumes can be calculated from the shift number; one shift moves a solution to the next cell, and the last solution
out of the columnPHREEQCcalculates cell-centered concentrations, so that the concentrations in the last cell arrive
ahalf shift later at the column end. In this example, one shift represents 1/40 of the column pore volume. The number
of pore volumesKHV) that have been flushed from the column is therd®dte (number of shifts + 0.5) / 40. The
number of pore volumes is calculated and printed to the selected-output file uditgFiRe PUNCH data block.

Following the advection calculatioADVECTION ), the initial conditions are reset for the advection and
dispersion calculationTRANSPORT) with a second set SOLUTION andEXCHANGE data blocks.

SOLUTION 0 is unchanged by theDVECTION simulation and need not be redefined. THRANSPORT data

block includes a much more explicit description of the transport process thaDWECTION data block. The

length of each cell-{ength), the boundary conditions at the column end®(@ndary_cond), the direction of flow
(-flow_direction), the dispersivitydispersivity), and the diffusion coefficientdiffc) can all be specified. The
identifier-correct_dispshould be set to true when modeling outflow from a column with flux boundary conditions.
The identifierspunch, -punch_frequency -print , and-print_frequency serve the same function as in the
ADVECTION data block. The secor®ELECTED_OUTPUT data block specifies that the transport step (shift)
number and total dissolved concentrations of sodium, chloride, potassium, and calcium will be written to the file
ex11trn.selTheUSER_PUNCHdata block from the advection simulation is still in effect and the pore volume at
each transport step is calculated and written to the selected-output file.

Table 30.-- Input data set for example 11

TITLE Example 11.--Transport and ion exchange.
SOLUTION 0 CaCl2
units mmol/kgw
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temp 25.0

pH 7.0 charge
pe 125 02(g) -0.68
Ca 0.6
Cl 1.2
SOLUTION 1-40 Initial solution for column
units mmol/kgw
temp 25.0
pH 7.0 charge
pe 125 02(g) -0.68
Na 1.0
K 0.2
N(5) 1.2
EXCHANGE 1-40
equilibrate 1
X 0.0011
ADVECTION
-cells 40
-shifts 120

-punch_cells 40
-punch_frequency 1
-print_cells 40
-print_frequency 20
SELECTED_OUTPUT

-file exlladv.sel

-reset false

-step

-totals Na Cl K Ca
USER_PUNCH

-heading Pore_vol
10 PUNCH (STEP_NO + .5) / 40.
END
SOLUTION 1-40 Initial solution for column

units mmol/kgw

temp 25.0

pH 7.0 charge

pe 125 02(g) -0.68

Na 1.0

K 0.2

N(5) 1.2
EXCHANGE 1-40

equilibrate 1

X 0.0011
TRANSPORT

-cells 40

-length 0.002

-shifts 120

-time_step 720.0
-flow_direction forward
-boundary_cond flux flux
-diffc 0.0e-9
-dispersivity 0.002
-correct_disp true
-punch 40
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-punch_frequency 1

-print 40

-print_frequency 20
SELECTED_OUTPUT

-file exlitrn.sel

-reset false

-step

-totals Na CI K Ca
END
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Figure 11.-- Results of transport simulation of the replacement of sodium and potassium on a cation exchanger
by infilling calcium chloride solution. Lines display concentrations at the outlet of the column as calculated with
PHREEQC with advection only (ADVECTION keyword) and with advection and dispersion (TRANSPORT
keyword).

The results for example 11 usiApVECTION andTRANSPORT keywords are shown by the curves in
figure 11. The concentrations in cell 40, the end cell, are plotted against pore volumes. The main features of the
calculations are the same between the two transport simulations. Chloride is a conservative solute and arrives in the
effluent at about one pore volume. The sodium initially present in the column exchanges with the incoming calcium
and is eluted as long as the exchanger contains sodium. The midpoint of the breakthrough curve for sodium occurs
at about 1.5 pore volumes. Because potassium exchanges more strongly than sodium (I&getHegxchange
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reaction), potassium is released after sodium. Finally, when all of the potassium has been released, the
concentration of calcium increases to a steady-state value equal to the concentration in the infilling solution.

The concentration changes of sodium and potassium in the effluent form a chromatographic pattern, which
often can be calculated by simple means (Appelo, 1994b). The number of pore volumes needed for the arrival ¢
the sodium-decrease front can be calculated with the forRjuka 1 + Ve , wﬁeq:eAq/Ac Agq indicates
the change in sorbed concentration (mol/kgw), And the change in solute concentration over the front. The
sodium concentration in the solution that initially fills the column is 1.0 mmol/kgw and the initial sorbed
concentration of sodium is 0.55; the concentration of sodium in the infilling solution is zero, which must eventually
resultin O sorbed sodium. Thu(§/s)1 = Ag/Ac  =(0.55-0)/(1-0)=0.55Rpd= 1.55 , which indicates that
the midpoint of the sodium front should arrive at the end of the column after 1.55 pore volumes.

Next, potassium is displaced from the exchanger. The concentration in solution increases to 1.2 mmol/kgw
to balance the Cktoncentration, and then falls to 0 when the exchanger is exhausted. When potassium is the only
cation in solution, it will also be the only cation on the exchanger. For potas$m?m = Ag/Ac =(1.1-0)/(1.2
-0)=0.917 andP, = 1.917 pore volumes. It can be seen that the front location){aar(d {/%), are closely
matched by the midpoints of the concentration changes shown in figure 11.

The differences between the two simulations are due entirely to the inclusion of dispersion in the
TRANSPORT calculation. The breakthrough curve for chloride in TRANSPORT calculation coincides with
an analytical solution to the advection dispersion equation for a conservative solute (Appelo and Postma, 1993, p
433). Without dispersion, thfDVECTION calculation produces a square-wave breakthrough curve for chloride.
The characteristic smearing effects of dispersion are absent in the fronts calculated for the other elements as wel
although some curvature exists due to the effects of the exchange reactions. The peak potassium concentratior
larger in theADVECTION calculation because the effects of dispersion are neglected.

Example 12.--Advective and Diffusive Flux of Heat and Solutes

The following example demonstrates the capabilityffEEQCtO calculate transient transport of heat and
solutes in a column or along a 1D flowline. A column is initially filled with a dilute KCI solution®&t 26
equilibrium with a cation exchanger. A KN®olution then advects into the column and establishes a new
temperature of @C. Subsequently, a sodium chloride solution &4 allowed to diffuse from both ends of the
column, assuming no heat is lost through the column walls. At one end a constant boundary condition is imposed
and at the other end the final cell is filled with the sodium chloride solution and a closed boundary condition is
prescribed. For the column end with a constant boundary condition, an analytical solution is compared with
PHREEQCresults, both for retardatidh= 1.0 (Cl) andR = 3.0 (Nd and temperature). Finally, the second-order
accuracy of the numerical method is verified by increasing the number of cells by a factor of three and
demonstrating a decrease in the error of the numerical solution by approximately an order of magnitude relative to
the analytical solution.

Table 31.--Input data set for example 12

TITLE Example 12.--Advective and diffusive transport of heat and solutes.
Constant boundary condition at one end, closed at other.
The problem is designed so that temperature should equal Na-conc
(in mmol/kgw) after diffusion.

EXCHANGE_SPECIES
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Na+ + X- = NaX

log_k 0.0

-gamma 4.0 0.075
H+ + X- = HX

log_k -99.

-gamma 9.0 0.0
K+ + X- =KX

log_k 0.0

-gamma 3.5 0.015
SOLUTION 0 24.0 mM KNO3
units mol/kgw

temp O # Incoming solution 0C
pH 7.0

pe 12.0 02(g)-0.67

K 24.e-3

N(5) 24.e-3

SOLUTION 1-20 0.001 mM KCI
units mol/kgw
temp 25 # Column is at 25C
pH 7.0
pe 12.0 02(g) -0.67
K 1e-6
Cl 1le-6
EXCHANGE 1-20
KX 0.048
TRANSPORT # Make column temperature 0C, displace ClI
-cells 20
-shifts 19
-flow_d forward
-bcon  flux flux

-length 1.0
-disp 0.0 # No dispersion
-diffc 0.0 # No diffusion
-thermal_diffusion 1.0 # No retardation for heat
PRINT
-reset false
END

SOLUTION 0 Fixed temp 24C, and NacCl conc (first type boundary cond) at inlet
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g) -0.67
Na 24.e-3
Cl 24.e-3
SOLUTION 20 Same as soln 0 in cell 20 at closed column end (second type boundary cond)
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g) -0.67
Na 24.e-3
Cl 24.e-3
EXCHANGE 20
NaX 0.048
TRANSPORT # Diffuse 24C, NaCl solution from column end
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-shifts 1

-flow_d diffusion

-bcon constant closed

-thermal_diffusion 3.0 # heat is retarded equal to Na

-diffc 0.3e-9 # m"2/s

-timest 1.0e+10 # 317 years, 19 substeps will be used
SELECTED _OUTPUT

-file ex12.sel

-high_precision true

-reset false

-dist true

-temp true
USER_PUNCH

-head Na_mmol K_mmol ClI_mmol

10 PUNCH TOT("Na")*1000, TOT("K")*1000, TOT("CI")*1000
END

The input data set for example 12 is shown in table 31.HXEHANGE_SPECIES data block is used (1)
to make the exchange constant for KX equal to NaX (log_k = 0.0), (2) to effectively remove the possibility of
hydrogen ion exchange, and (3) to set activity coefficients for exchange species equal to their aqueous counterpar
(-gammaidentifier), so that the exchange betweer Bad K' is linear and the retardation is constant. The infilling
solution for transportSOLUTION 0, is defined with temperatur€0 and 24 mmol/kgw KNQ. To stabilize the
pe, the concentration of oxygen is defined to be that which is in equilibrium with atmospheric oxygen partial
pressure.The column is discretized in 20 cells, which are filled initially witha 1  mol/kgw KCI solution
(SOLUTION 1-20). Each cell has 48 mmol of exchange sites, which are defined to contain only potassium by the
data blockEXCHANGE 1-20.

TheTRANSPORT data block defines cell lengths of 1 rlefugth 1), no dispersion-flisp 0), no diffusion
(-diffc 0), and no retardation for temperatwthérmal_diffusion 1). SOLUTION 0 is shifted 19 times into the
column ¢shifts 19, -flow_d forward), and arrives in cell 19 at the last shift of the advective-dispersive transport
simulation. The boundary conditions at the column ends are of flux-tygan(flux flux). In this initial
advective-dispersive transport simulation, no exchange occurs (the solution contain$ aslyation, and the
exchange sites are completely filled with potassium), and the concentrations and temperatures in the first 19 cell:
are brought to 24 mmol/kgw KNCand @C. This result could be more easily achieved @i@LUTION data
blocks directly (as is done in Attachment C), but the simulation demonstrates how transient boundary and flow
conditions can be represented. The dissolved and solid composition and temperature of each cell of the column i
automatically saved after each shift in the advective-dispersive transport simulation. The kBYRINM is used
to exclude all printing to the output fila€setfalse).

In the next advective-dispersive transport simulation, diffusion is calculated from the column ends,
beginning with the column composition and temperatures that exist following the first advective-dispersive
transport calculation, except that a NaCl solution is now defined as solution 0, which diffuses into the top of the
column, and as solution 20, which diffuses from the bottom of the column. Th&@WTION 0 is defined with
a temperature of 2€ and with 24 mmol/kgw NaCl. The last ceB@LUTION 20) is also defined to have this
solution composition and temperature. The exchanger in cell 20 is defined to be in equilibrium with the new
solution compasition in cell 2EKCHANGE 20).
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The TRANSPORT data block defines one diffusive transport perigtifts 1; -flow_d diffusion). The
boundary condition at the first cell is constant concentration, and at the last cell the column is-tlosedg@nstant
closed). The effective diffusion coefficient(ffc) is set to 0.3e-9 Ais, and the time stept{(mest) is defined to be
1.e10 s. Because only one diffusive time period is defirgdffs 1), the total time modeled is equal to the time step,
1el10 s. However, the time step will automatically be divided into a number of time substeps to satisfy stability
criteria for the numerical method. The heat retardation factor is set tat@&0r(al_diffusion 3.0). For N& the
ratio of exchangeable concentration (maximum NaX is 48 mmol/kgw) over solute concentration (maxirem Na
24 mmol/kgw) is 2.0 for all concentrations, and the retardation is thefore+dNaX/dNa" = 3.0, which is
numerically equal to the temperature retardation.

ZSE:I

Na" AND TEMPERATURE
— CI
ANALYTICAL SOLUTION, RETARDATION=3.0
OANALYTICAL SOLUTION, RETARDATION=1.0

= I )
o 3 o

|

(&)]

MMOL/KG WATER OR TEMPERATURE °C

5 10 15
DISTANCE IN METERS

N
o

Figure 12.-- Simulation results for diffusion from column ends of heat and Na* (retardation R = 3) and CI' (R =
1) compared with constant-boundary-condition analytical solution.

TheSELECTED_OUTPUT data block specifies the name of the selected-output fileanlti2esel The
identifier “-high_precisiontrue” is used to obtain an increased number of digits in the printing and the identifiers
-dist and-temp specify that the distance and temperature of each cell will be printed to the fillSlBB_ PUNCH
data block is used to print concentrations of sodium, potassium, and chloride to the selected-output file in units of
mmol/kgw.

In the model, the temperature is calculated with the (linear) retardation formula; however, the Na
concentration is calculated by the cation-exchange reactions. Even thougH ttanbentration and the
temperature are calculated by different methods, the numerical values should be the same because the initial
conditions and the transient conditions are numerically equal and the retardation factors are the same. The
temperature and the Naoncentration are equal to at least 6 digits irPtiReEEQCSselected-output file, which
indicates that the algorithm for the chemical transport calculations is correct for the simplified chemistry considered
in this example. A further check on the accuracy is obtained by comparing simulation results with an analytical
solution. For an infinite column wit@, = 0 fort = 0, and diffusion fronx = 0 with C,—o = Cy for t > 0 the analytical
solution is
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C, = Coerfcl—2—p, (160)
‘ 2,/Dt/ RO
whereD,, is the effective diffusion coefficient.

ThePHREEQCresults are compared with the analytical solution fora®d for temperature and Nan figure
12 and show excellent agreement. Notice that diffusion ‘df&@h the column ends has not yet “touched” in the
mid-section, so that the column is still effectively infinite and the analytical solution is appropriate. Although both
ends of the column started with the same temperature and concenitatioh, is maintained at the same
temperature and concentrations because of the constant boundary condition. The temperature and concentratic
have decreased in cell 20 (plotted at the midpoint of thexcell,9.5) because of the closed boundary condition
that was applied at= 20; no flux of heat or mass through this boundary is allowed and the temperature and
concentrations are diminishing because of diffusion into the column. The sodium concentration is not dissipating
as rapidly as the chloride concentration because exchange sites must be filled with sodium along the diffusive
reach.

Because this example has an analytical solution, it is possible to verify the second-order accuracy of the
numerical algorithms used RIHREEQC For a second-order method, decreasing the cell size by a factor of three
should improve the results by about a factor of nine. Aninput file is given in Attachment C that performs the 20-cell
calculation given in this example together with a 60-cell calculation. The deviations from the analytical solution at
the end of the time step are calculated at distances from 0.5 to 8.5 min 0.5 m increments. The results are shown il
table 32. As expected for a second-order method, the deviations from the analytical solution decreased by
approximately an order of magnitude as the result of decreasing the cell size by a factor of three.

Table 32.--Numerical errors relative to an analytical solution for example 12 for a 20-cell and a 60-cell model

Error in Cl concentration Error in Na concentration

Distance 20-cell 60-cell 20-cell 60-Cell

model model model model
0.5 3.32E-05 3.03E-06 5.75E-04 4.42E-05
15 8.17E-05 7.66E-06 5.54E-04 6.08E-05
25 9.18E-05 9.09E-06 8.29E-05 1.43E-05
35 7.15E-05 7.65E-06 -5.07E-05 -5.64E-06
45 4.24E-05 4.98E-06 -2.54E-05 -3.26E-06
55 2.00E-05 2.61E-06 -5.44E-06 -6.27E-07
6.5 7.81E-06 1.12E-06 -7.20E-07 -6.15E-08
7.5 2.55E-06 3.97E-07 -6.77E-08 -3.48E-09
8.5 5.58E-07 7.65E-08 -4.90E-09 -1.21E-10
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Example 13.--1D Transport in a Dual Porosity Column with Cation Exchange

This example demonstrates the capabilitieBHREEQCto calculate flow in a dual-porosity medium with
exchange among the mobile and immobile pores via diffusion. The flexible input format and the modular definition
of additional solutions and processe®HREEQCallow inclusion of heterogeneities and various complexities within
a 1D column. This example considers a column filled with small clay beads of 2 cm diameter, which act as stagnant
zones. Both the first-order exchange approximation and finite differences are applied in this example, and transport
of both a conservative and a retarded (by ion exchange) chemical are considered. It is furthermore shown how a
heterogeneous column can be modeled by prescribing mixing factors to account for diffusion between mobile and
immobile cells with keyword/IX .

Stagnant Zone Calculation Using the First-Order Exchange Approximation with Implicit Mixing Factors

The example input file (table 33) is for a column with a uniform distribution of the stagnant porosity along the
column. The 20 mobile cells are numbered 1-20. Each mobilencekchanges with one immobile cell, which is
numbered @ + 1 +n (cells 22-41 are immobile cells). All cells are given an identical initial solution and exchange
complex, but these could be defined differently for each individual cell. It is also possible to distribute the immobile
cells over the column non-uniformly, simply by omitting solutions for the stagnant cells that are not present. The
connections between the mobile-zone and the stagnant-zone cells and among stagnant zone cells can be varied along
the column as well, but this requires that mixing factors among the mobile and immobile cells are prescribed using
the keywordViX .

As defined in table 33, the column initially contains a 1 mmol/L KNGlution in both the mobile and the
stagnant zoneSOLUTION 1-41). A NaCl-NQ solution flows into the columrSOLUTION 0). An exchange
complex with 1 mmol of sites is defined for each cBEIXCHANGE 1-41), and exchange coefficients are adapted
to give linear retardatioR = 2 for N& (EXCHANGE_SPECIES). The firstTRANSPORT data block is used to
define the physical and flow characteristics of the first transport simulation. The column is 2 m in length and is
discretized in 20 cells-€ells) of 0.1 m ¢length). A pulse of 5 shifts{shifts) of the infilling solution SOLUTION
0) is introduced into the column. The length of time for each shift is 366fmdst), which results in a velocity in
the mobile pores,,,=0.1/3600 = 2.78e-5 m/s. The dispersivity is set to 0.015 m for all celisff). The diffusion
coefficient is set to 0.0diffc).

The stagnant/mobile interchange is defined using the first-order exchange approximation. The stagnant zone
consists of spheres with radius 0.01 m, diffusion coefficierd, = 3.e-10 r/s, and shape factéy , = 0.21
according to table 1 (see “Transport in Dual Porosity Media”). These variables give an exchange factor =6.8e-6
s. Mobile porosity is9,, =0.3-6tag) and immobile porosity,,, = 0.1. For the first-order exchange
approximation irrHREEQG a single cellimmobile zone and the parameter®, .,  &pd are specifiedtaigh
This stagnant zone definition causes each cell in the mobile zone (numbered 1-20) to have an associated cell in the
immobile zone (numbered 22-41). TRRINT data block is used to eliminate all printing to the output file.

Following the pulse of NaCl solution, 10 shifts of 1 mmol KMNO(secondSOLUTION 0) are introduced
into the column. The secorfRANSPORT data block does not redefine any of the column or flow characteristics,
but specifies that results for cells 1 through-paiich_cellg be written to the selected output file after 10 shifts
(-punch_frequency). The data blockSELECTED_OUTPUT andUSER_PUNCHspecify the data to be written
to the selected-output file.

EXAMPLES 247



Table 33.--Input data set for example 13A: Stagnant zone with implicitly defined mixing factors

TITLE Example 13A.--1 mmol/l NaCI/NO3 enters column with stagnant zones.
Implicit definition of first-order exchange model.
SOLUTION O # 1 mmol/l NaCl
units  mmol/l
pH 7.0
pe 13.0 02(g) -0.7
Na 1.0 # Na has Retardation = 2
Cl 1.0 # Cl has Retardation = 1, stagnant exchange
N(5) 1.0 # NO3is conservative
# charge imbalance is no problem ...
END
SOLUTION 1-41 # Column with KNO3
units  mmol/l
pH 7.0
pe 13.0 02(g) -0.7
K 1.0
N(5) 1.0
EXCHANGE 1-41
-equil 1
X l.e-3
EXCHANGE_SPECIES # For linear exchange, make KX exch. coeff. equal to NaX
K+ + X- = KX
log_k 0.0
-gamma 3.5 0.015
END
TRANSPORT
-cells 20
-shifts 5
-flow_d forward
-timest 3600
-bcon flux flux
-diffc 0.0
-length 0.1
-disp 0.015
-stag 1 6.8e-6 0.3 0.1
# 1 stagnant layer”, “alpha, ~theta(m), “theta(im)
PRINT
-reset false
END
SOLUTION 0 # Original solution reenters
units mmol/l
pH 7.0
pe 13.0 02(g) -0.7
K 1.0
N(5) 1.0
TRANSPORT
-shifts 10
-punch_frequency 10
-punch_cells 1-20
SELECTED_OUTPUT
-file ex13a.sel
-reset false
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-solution

-distance true
USER_PUNCH

-head CI_mmol Na_mmol
10 PUNCH TOT("CI")*1000, TOT("Na")*1000
END

The mixing factorsnixf,, andmixf,, for the first-order exchange approximation for this example are derived
from equations 121 and 123 as follows:

0 O O at(6,+6 )M
mixf, = —— x [l — expl- —e—- = (161)
m 8nt6n O O 0/18im N
and
. . eim
mixf, = mixf; —. (162)
em

The retardation factorR,, andR;,, are not included here in the formulas foixf,,, andmixf,, because iPHREEQC

the retardation is a consequence of chemical reactions. According to equations 161 and 162, for this example the
mixing factors are calculated to Ibeixf,, = 0.20886 anadnixf,, = 0.06962. The mixing factors differ for the mobile

cell and the immobile cell to account for the difference in the volume of mobile and immobile water.

In PHREEQG a mixing of mobile and stagnant water is done after each diffusion/dispersion step. This means
that the time step decreases when the cells are made smaller and when more diffusive steps (“mixruns”) are
performed. A 20-cell model as in example 13A has one mixrun. A 100 cell model would have 3 mixruns (equation
110 requires1=3 for mixf< 1/3), and the time step for calculatingxf,, would be (3600/5) 3 = 240 s. A time step
t = 240 s leads tmixf,, = 0.01614 in the 100 cell model.

Stagnant Zone Calculation Using the First-Order Exchange Approximation with Explicit Mixing Factors

The input file with explicit mixing factors for a uniform distribution of the stagnant zones is given in table 34.
TheSOLUTION data blocks are identical to the previous input file. One stagnant layer without further information
is defined {stagl, intheTRANSPORT data block). The mobile/immobile exchange is set by the mix fraction given
in theMIX data blocks. The results of this input file are identical with the results from the previous input file in
which the shortcut notation was used. However, the explicit definition of mix factors illustrates that a non-uniform
distribution of the stagnant zones, or other physical properties of the stagnhant zone, can be inelurieEhn
simulations by varying the mixing fractions which define the exchange among mobile and immobile cells.

Table 34.--Input data set for example 13B: Stagnant zone with explicitly defined mixing factors

TITLE Example 13B.--1 mmol/l NaCI/NO3 enters column with stagnant zones.
Explicit definition of first-order exchange factors.
SOLUTION O # 1 mmol/l NaCl
units  mmol/l
pH 7.0
pe 13.0 02(g) -0.7
Na 1.0 # Na has Retardation = 2
Cl 1.0 # Cl has Retardation = 1, stagnant exchange
N(5) 1.0 # NO3is conservative
# charge imbalance is no problem ...
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END
SOLUTION 1-41 # Column with KNO3

units mmol/l

pH 7.0

pe 13.0 02(g) -0.7

K 1.0

N(5) 1.0
EXCHANGE 1-41

-equil 1

X l.e-3
EXCHANGE_SPECIES # For linear exchange, make KX exch. coeff. equal to NaX

K+ + X- = KX

log_k 0.0

-gamma 3.5 0.015
END
MIX 1; 1.93038; 22.06962 MIX 2; 2.93038; 23.06962;
MIX 3; 3.93038; 24 .06962 MIX 4; 4.93038; 25.06962;
MIX 5; 5.93038; 26 .06962 MIX 6; 6.93038; 27 .06962;
MIX 7; 7.93038; 28.06962 MIX 8; 8.93038; 29 .06962;
MIX 9; 9.93038; 30 .06962 ;MIX 10; 10.93038; 31.06962;
MIX 11; 11 .93038; 32 .06962 ;MIX 12; 12 .93038; 33.06962;
MIX 13; 13 .93038; 34 .06962 ;MIX 14; 14 .93038; 35.06962;
MIX 15; 15 .93038; 36 .06962 ;MIX 16; 16 .93038; 37 .06962;
MIX 17; 17 .93038; 38 .06962 ;MIX 18; 18 .93038; 39 .06962;
MIX 19; 19 .93038; 40 .06962 ;MIX 20; 20.93038; 41 .06962;
#
MIX 22; 1.20886; 22.79114 ;MIX 23; 2.20886; 23.79114;,
MIX 24; 3.20886; 24 .79114 ;MIX 25; 4.20886; 25.79114;
MIX 26; 5.20886; 26.79114 ;MIX 27; 6.20886; 27 .79114;
MIX 28; 7.20886; 28.79114 ;MIX 29; 8.20886; 29 .79114;
MIX 30; 9.20886; 30.79114 ;MIX 31; 10.20886; 31 .79114;
MIX 32; 11.20886; 32.79114 ;MIX 33; 12 .20886; 33 .79114;
MIX 34; 13 .20886; 34 .79114 ;MIX 35; 14 .20886; 35.79114;
MIX 36; 15 .20886; 36 .79114 ;MIX 37; 16 .20886; 37 .79114;
MIX 38; 17 .20886; 38.79114 ;MIX 39; 18 .20886; 39 .79114;
MIX 40; 19 .20886;  40.79114 ;MIX 41; 20 .20886; 41 .79114;
TRANSPORT

-cells 20

-shifts 5

-flow_d forward

-timest 3600

-bcon flux flux

-diffc 0.0

-length 0.1

-disp 0.015

-stag 1
PRINT

-reset false
END
SOLUTION 0 # Original solution reenters

units mmol/l

pH 7.0
pe 13.0 02(g) -0.7
K 1.0
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N(5) 1.0
TRANSPORT

-shifts 10

-punch_frequency 10

-punch_cells 1-20
SELECTED_OUTPUT

-file ex13b.sel

-reset false

-distance true

-solution
USER_PUNCH

-head CI_mmol Na_mmol
10 PUNCH TOT("CI")*1000, TOT("Na")*1000
END

Stagnant Zone Calculation Using a Finite Difference Approximation

The stagnant zone consists of spheres with radiu.01 m. Diffusion into the spheres induces radially
symmetric concentration changes according to the differential equation:

2
aC _ C, 20CU
% . 020,28 163)
The calculation in finite differences can therefore be simplified to one (radial) dimension..

Table 35.--Mixing factors for finite difference calculation of diffusion in spheres

Cell r,m Vv, m3 Aj m? hj m frc mixf mixf mixf j

102 0.001 3.35e-8 5.03e-5 0.002 1 0.81 0.19 -

82 .003 2.35e-7 2.0le-4 .002 1 463 421 0.116
62 .005 6.37e-7 4.52e-4 .002 1 .384 446 .170
42 .007 1.24e-6 8.04e-4 .002 1 .350 453 197
22 .009 2.04e-6 1.26e-3 .002 1.72 571 217 212
1 - 1.26e-5 - - - - .907 .093

The calculation follows the theory outlined in the section “Transport in Dual Porosity Media” of this manual.
The stagnant zone is divided into a number of layers that mix by diffusion. In this example, the sphere is cutin 5
equidistant layers withhr = 0.002 m. Five stagnant layers are defined under keylRAINSPORT with
-stagnant5 (table 36). Mixing is specified among adjacent cells in the stagnant layeMIXitdata blocks; the
mixing factors are calculated by equations 128 and 129. For the calculation, the Wjlofreell j (m3) is needed,
the shared surface arag of celli andj (m?), the distance between midpoihtsof cellsi andj (m), and the
correction factor for boundary cellg. (dimensionless). The values for mobile cell 1 and associated immobile cells
are given in table 35. The cells in the immobile layer are numberred bs cells+ 1, wheren is the number of a
mobile cell,l is the number of the stagnant layer, aradisis the total number of mobile cells. In this example, the
boundary cell in the stagnant zone for cell number 1 is cell number 22 and the other four stagnant layers are cell
numbers 42, 62, 82, and 102, with number 102 being the innermost cell of the sphere, which is connected only to

EXAMPLES 251



one other cell (cell 82). The volume of the mobile cell (cell 1) is expressed relative to the volume of a sphere of
radius 0.01 m, by multiplying this volume with,, 6/~ (4.19e-6 0.3/0.1=1.26e-5). In table 35 the valfyg for

is 1.72 as calculated from equation 127. It may be noted thatfysmng.81 slightly improves the fit to an

analytical solution given in Crank (1975) for diffusion into spheres in a closed vessel (a beaker with solution and
clay beads). However, changifig to 1.81 has little effect on the concentration profiles for the column which are
shown in figure 13

Table 36.--Input data set for example 13C: Stagnant zone with diffusion calculated by finite differences (partial
listing)

TITLE Example 13C.--1 mmol/l NaCI/NO3 enters column with stagnant zones.
5 layer stagnant zone with finite differences.
SOLUTION O # 1 mmol/l NaCl
units  mmol/l
pH 7.0
pe 13.0 02(g) -0.7
Na 1.0 # Na has Retardation =2
Cl 1.0 # Cl has Retardation = 1, stagnant exchange
N(5) 1.0 # NO3is conservative
# charge imbalance is no problem ...
END
SOLUTION 1-121 # Column with KNO3
units mmol/l
pH 7.0
pe 13.0 0O2(g) -0.7
K 1.0
N(5) 1.0
EXCHANGE 1-121
-equil 1
X l.e-3
EXCHANGE_SPECIES # For linear exchange, make KX exch. coeff. equal to NaX
K+ + X- = KX
log_k 0.0
-gamma 3.5 0.015
END
MIX 1; 1 0.90712; 22 0.09288
MIX 22; 1 0.57098; 22 0.21656; 42 0.21246
MIX 42; 22 0.35027; 42 0.45270; 62 0.19703
MIX 62; 42 0.38368; 62 0.44579; 82 0.17053
MIX 82; 62 0.46286; 82 0.42143; 102 0.11571
MIX 102; 82 0.81000; 102 0.19000
#
# MIX definitions omitted for mobile cells
# 2-19 and associated immobile cells
#
MIX 20; 20 0.90712; 41 0.09288
MIX 41; 20 0.57098; 41 0.21656; 61 0.21246
MIX 61; 41 0.35027; 61 0.45270; 81 0.19703
MIX 81; 61 0.38368; 81 0.44579; 101 0.17053
MIX 101; 81 0.46286; 101 0.42143; 121 0.11571
MIX 121; 101 0.81000; 121 0.19000
TRANSPORT

252 User's Guide to PHREEQC (Version 2)



-cells 20

-shifts 5

-flow_direction forward

-timest 3600

-tempr 3.0

-bcond flux flux

-diffc 0.0

-length 0.10

-disp 0.015

-stag 5
PRINT

-reset false
END
SOLUTION 0 # Original solution reenters

units  mmol/l

pH 7.0

pe 13.0 02(g) -0.7

K 1.0

N(5) 1.0
TRANSPORT

-shifts 10

-punch_frequency 10

-punch_cells 1-20
SELECTED_OUTPUT

-file  ex13c.sel

-reset false

-solution

-distance true
USER_PUNCH

-head CI_mmol Na_mmol
10 PUNCH TOT("CI")*1000, TOT("Na")*1000
END

Note in table 36 that 121 solutions are defined, 1-20 for the mobile cells, and the rest for the immobile cells.
The input file is identical with the previous one, exceptdtag5 and the mixing factors among the cells. Not all
the mixing factors are shown in table 36, they are identical for subsequent cells and their neighboring stagnant cells.
In this example with clay beads, only radial (1D) diffusion is considered, and only mixing among cells in different
layers is defined. However, it is possible to include mixing among the immobile cells of adjacent mobile cells.

Figure 13 compares the concentration profiles in the mobile cells obtained with example 13A (and B) with
example 13C. The basic features of the two simulations are the same. The positions of the peaks, as calculated by
the two simulations, are similar. The'@keak is near 1.2 m, but would be at about 1.45 m in the absence of stagnant
zones. The integrated concentrations in the mobile porosity are about equal for the first-order exchange and the finite
difference simulations. The exchange fadtor = 0.21 for the first-order exchange approximation appears to
provide adequate accuracy for this simulation. However, the first-order exchange approximation produces lower
peaks and more tailing than the more exact solution obtained with finite differences. Discrepancies can also appear
as deviations in the breakthrough curve (Van Genuchten, 1985). The first-order exchange model is probably least
accurate when applied to simulating the transport behavior of spheres; other shapes of the stagnant area can give a
better correspondence. It is clear that the linear exchange model is much easier to apply because any explicit model
requires the preparation of extended lists of mixing factors (notice that a separate simulatios&iRh PUNCH
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Figure 13.-- Results of simulations of transport with diffusion into spherical stagnant zones modeled using
finite difference and first-order exchange approximations.

can serve that purpose), which change when the discretization is adapted. The calculation time for a finite
difference model with multiple immobile-zone layers may also be considerably longer than for the single
immobile-zone layer of the first-order exchange approximation.

Example 14.--Advective Transport, Cation Exchange, Surface Complexation, and Mineral
Equilibria

This example uses the phase-equilibrium, cation-exchange, and surface-complexation reaction capabilitie
of PHREEQCIn combination with advective transport capabilities to model the evolution of water in the Central
Oklahoma aquifer. The geochemistry of the aquifer has been described by Parkhurst and others (1996). Two
predominant water types occur in the aquifer, a calcium magnesium bicarbonate water with pH in the range of 7.0
to 7.5 in the unconfined part of the aquifer and a sodium bicarbonate water with pH in the range of 8.5t0 9.2 in the
confined part of the aquifer. In addition, marine-derived sodium chloride brines exist below the aquifer and
presumably in fluid inclusions and dead-end pore spaces within the aquifer. Large concentrations of arsenic,
selenium, chromium, and uranium occur naturally within the aquifer. Arsenic is associated almost exclusively with
the high-pH, sodium bicarbonate water type.
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The conceptual model for the calculation of this example assumes that brines initially filled the aquifer. The
aquifer contains calcite, dolomite, clays with cation exchange capacity, and hydrous-ferric-oxide surfaces; initially,
the cation exchanger and surfaces are in equilibrium with the brine. The aquifer is assumed to be recharged with
rainwater that is concentrated by evaporation and equilibrates with calcite and dolomite in the vadose zone. This
water then enters the saturated zone and reacts with calcite and dolomite in the presence of the cation exchanger and
hydrous-ferric-oxide surfaces.

The calculations use the advective transport capabilitiesrREEQCwiIth just a single cell representing the
saturated zone. A total of 200 pore volumes of recharge water are advected into the cell and, with each pore volume,
the water is equilibrated with the minerals, cation exchanger, and the surfaces in the cell. The evolution of water
chemistry in the cell represents the evolution of the water chemistry at a point near the top of the saturated zone of
the aquifer.

Initial Conditions

Parkhurst and others (1996) provide data from which it is possible to estimate the moles of calcite, dolomite,
and cation-exchange sites in the aquifer per liter of water. The weight percent ranges from 0 to 2 percent for calcite
and 0 to 7 percent for dolomite, with dolomite much more abundant. Porosity is stated to be 0.22. Cation-exchange
capacity for the clay ranges from 20 to 50 meq/100 g, with average clay content of 30 percent. For these example
calculations, calcite was assumed to be present at 0.1 weight percent and dolomite at 3 weight percent, which, by
assuming a rock density of 2.7 kg/L, corresponds to 0.1 mol/L for calcite and 1.6 mol/L for dolomite. The number
of cation-exchange sites was estimated to be 1.0 eg/L.

The amount of arsenic on the surface was estimated from sequential extraction data on core samples (Mosier
and others, 1991). Arsenic concentrations in the solid phases generally ranged from 10 to 20 ppm., which
corresponds to 1.3 to 2.6 mmol/L arsenic. The number of surface sites were estimated from the amount of extractable
iron in sediments, which ranged from 1.6 to 4.4 percent (Mosier and others, 1991). A content of 2 percent iron for
the sediments corresponds to 3.4 mol/L of iron. However, most of the iron is in goethite and hematite, which have
far fewer surface sites than hydrous ferric oxide. The fraction of iron in hydrous ferric oxide was arbitrarily assumed
to be 0.1. Thus, a total of 0.34 mol of iron was assumed to be in hydrous ferric oxide, and using a value of 0.2 for
the number of sites per mole of iron, a total of 0.07 mol of sites per liter was used in the calculations. A gram formula
weight of 89 was used to estimate that the mass of hydrous ferric oxide was 30 g/L. The specific surface area was
assumed to be 600%g.

Table 37.--Input data set for example 14

TITLE Example 14.--Transport with equilibrium_phases, exchange, and surface reactions
*kkkkkkkhkhkk

PLEASE NOTE: This problem requires database file wateg4f.dat!!
*kkkkkkkkkk
SURFACE_SPECIES
Hfo_wOH + Mg+2 = Hfo_wOMg+ + H+
log_k -15.
Hfo_wOH + Ca+2 = Hfo_wOCa+ + H+
log_k -15.
SOLUTION 1 Brine
pH 5.713
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pe 4.0 02(g) -0.7

temp 25.
units mol/kgw
Ca  .4655
Mg .1609
Na 5.402
Cl 6.642 charge
C .00396
S .004725
As .05 umol/kgw
END

USE solution 1
EQUILIBRIUM_PHASES 1
Dolomite 00 16
Calcite 00 0.1
SAVE solution 1
# prints initial condition to the selected-output file
SELECTED_OUTPUT
-file ex14.sel
-reset false
-step
USER_PUNCH
-head m_Ca m_Mg m_Na umol_As pH
10 PUNCH TOT("Ca"), TOT("Mg"), TOT("Na"), TOT("As")*1e6, -LA("H+")
END
PRINT
# skips print of initial exchange and initial surface to the selected-output file
-selected_out false
EXCHANGE 1
-equil with solution 1
X 1.0
SURFACE 1
-equil solution 1
# assumes 1/10 of iron is HFO

Hfo_w 0.07 600. 30.
END
SOLUTION 0 20 x precipitation
pH 4.6
pe 4.0 02(g) -0.7
temp 25.
units mmol/kgw
Ca .191625
Mg .035797
Na .122668
Cl  .133704
C .01096

S .235153 charge
EQUILIBRIUM_PHASES 0
Dolomite 0.0 1.6
Calcite 0.0 01
CO2(g) -1.5 10.
SAVE solution 0
END
PRINT
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-selected_out true
ADVECTION

-cells 1

-shifts 200
END

The brine that initially fills the aquifer was taken from Parkhurst and others (1996) and is given as solution 1
in the input data set for this example (table 37). The pure-phase assemblage containing calcite and dolomite is
defined with theeQUILIBRIUM_PHASES 1 data block. The brine is first equilibrated with calcite and dolomite
and stored again as solution 1. The number of cation exchange sites is definEX@HANGE 1 and the number
of surface sites are defined wBlURFACE 1. The initial exchange and the initial surface composition are
determined by equilibrium with the brine, after equilibration with calcite and dolomite (note that equilibration of
exchangers and surfaceégforemineral equilibration, will yield different results due to buffering by the sorbed
elements). The concentration of arsenic in the brine was determined by trial and error to give a total of approximately
2 mmol arsenic on the surface, which is consistent with the sequential extraction data. The daitdzpteajat
(which includes the element arsenic and surface complexation constants from Dzombak and Morel, 1990), was used
for all thermodynamic data except for two surface reactions. After initial runs it was determined that better results
were obtained for arsenic concentrations in case the calcium and magnesium surface complexation reactions were
removed. Th6&6URFACE_SPECIESdata block was used to decrease the equilibrium constant for each of these two
reactions by about 10 orders of magnitude. This effectively eliminated surface complexation reactions for calcium
and magnesium. (Alternatively, these reactions could be removed from the default database.) This is justified if
cations and anions do not compete for the same sites; in general competitive sorption between cations and anions is
not well known.

Recharge Water

The water entering the saturated zone of the aquifer was assumed to be in equilibrium with calcite and
dolomite ata vadose—zon%\Co2 of'48. The fourth simulation in the input set (the simulation following the third
END statement) generates this water composition and stores it as solution S8Aéih{fable 37).

Advective Transport Calculations

TheADVECTION data block (table 37) provides the necessary information to advect the recharge water into
the cell representing the saturated zone. A total of 200 shifts is specified, which is equivalent to 200 pore volumes
because there is only a single cell in this calculation.

The results of the calculations are plotted on figure 14. During the initial 5 pore volumes, the high
concentrations of sodium, calcium, and magnesium decrease such that sodium is the dominant cation and calcium
and magnesium concentrations are small. The pH increases to more than 9.0 and arsenic concentrations increase to
close to 2u mol/kgw. Over the next 45 pore volumes the pH gradually decreases and the arsenic concentrations
decrease to negligible concentrations. At about 100 pore volumes, the calcium and magnesium become the dominant
cations and the pH stabilizes at the pH of the infilling recharge water.

The advective transport calculations produce three types of water which are similar to water types observed
in the aquifer: the initial brine, a sodium bicarbonate water, and a calcium and magnesium bicarbonate water. The
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Figure 14.-- Results of transport simulation of the chemical evolution of ground water due to calcium

magnesium bicarbonate water inflow to an aquifer initially containing a brine, calcite and dolomite, a cation

exchanger, and a surface that complexes arsenic.
calculated pH values are consistent with observations of aquifer water. In the sodium dominated waters, the
calculated pH is generally greater than 8.0 and sometimes as high as 9.2; in the calcium magnesium bicarbona
waters, the pH is slightly greater than 7.0. Sensitivity calculations indicate that the maximum pH depends on the
amount of exchanger present. Decreasing the number of cation exchange sites decreases the maximum pH.
Simulated arsenic concentrations are similar to values observed in the aquifer, where the maximum concentration
are 1 to 24 mol/kgw. Lower maximum pH values produce lower maximum arsenic concentrations. The stability
constant for the surface complexation reactions have been taken directly from the literature; a decrease in the lof
K for the predominant arsenic complexation reaction tends to decrease the maximum arsenic concentration as wel
In conclusion, the model results, which were based largely on measured values and literature thermodynamic date
provide a satisfactory explanation of the variation in major ion chemistry, pH, and arsenic concentrations within
the aquifer.
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Example 15.--1D Transport: Kinetic Biodegradation, Cell Growth, and Sorption

A test problem for advective-dispersive-reactive transport was developed by Tebes-Steven and Valocchi
(1997, 1998). Although based on relatively simple speciation chemistry, the solution to the problem demonstrates
several interacting chemical processes that are common to many environmental problems: bacterially mediated
degradation of an organic substrate; bacterial cell growth and decay; metal sorption; and aqueous speciation
including metal-ligand complexation. In this example, the test problem is solveBnRiHEQG which produces
results almost identical to those of Tebes-Steven and Valocchi (1997, 1998). However, care is needed in
advective-dispersive transport simulations WHREEQG as with any reactive-transport model, to ensure that an
accurate numerical solution is obtained.

The test problem models the transport processes when a pulse of water containing NTA (nitrylotriacetate) and
cobalt is injected into a column. The problem includes advection and dispersion in the column, aqueous equilibrium
reactions, and kinetic reactions for NTA degradation, growth of biomass, and cobalt sorption.

Transport Parameters

The dimensions and hydraulic properties of the column are given in table 38.

Table 38.--Hydraulic and physical properties of the column in example 15

Property Value
Length of column 10.0 m
Porosity 4
Bulk density 1.5e6 g/th
Grams of sediment per liter (from 3.75e3 g/L

porosity and bulk density)
Pore water velocity 1.0 m/hr

Longitudinal dispersivity .05 m

Aqueous Model

Tebes-Steven and Valocchi (1997) defined an aqueous model to be used for this test problem that includes the
identity of the aqueous species and IGg of the species; activity coefficients were assumed to be 1.0. The database
file in table 39 was constructed on the basis of their aqueous model. FemrEeQCsimulation, NTA was defined
as a new “element” in th8OLUTION_MASTER_SPECIES data block named “Nta”. From this point on “NTA”
will be referred to as “Nta” for consistency with tlieREEQCNOtation. The gram formula weight of Nta in
SOLUTION_MASTER_SPECIES is immaterial if input units are moles in tS®LUTION data block, and is
simply set to 1. The aqueous complexes of Nta are defined B@HdJTION _SPECIES data block. Note that the
activity coefficients of all agueous species are defined with a large value faptrameter (1xﬂ) in the-gamma
identifier, which forces the activity coefficients to be very nearly 1.0.
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Table 39.--Database for example 15
SOLUTION_MASTER_SPECIES

cC co2 2.0 61.0173 12.0111
cl  ck- 0.0 Cl 35.453

Co Co+2 0.0 58.93 58.93

E e 0.0 00 0.0

H  H+ 1. 1.008 1.008

HO) H2 0.0 1.008

H(1) H+ 1. 1.008

N NH4+ 0.0 14.0067 14.0067
Na  Na+ 0.0 Na 22.9898
Nta Nta-3 3.0 1. 1.

O H20 0.0 16.00 16.00
0(-2) H20 0.0 18.016

o(0) 02 0.0 16.00

SOLUTION_SPECIES
2H20 = 02 + 4H+ + 4e-

log_k -86.08;-gamma 1e7 0.0
2H++2e-=H2

log_k -3.15; -gamma 1le7 0.0
H+ = H+

log_k 0.0; -gamma l1le7 0.0

e-=e-

log_k 0.0; -gamma l1le7 0.0
H20 = H20

log_k 0.0; -gamma 1e7 0.0
C0O2=CO02

log_k 0.0; -gamma l1le7 0.0
Na+ = Na+

log_k 0.0; -gamma l1le7 0.0
Cl- =ClI-

log_k 0.0; -gamma 1e7 0.0
Co+2 = Co+2

log_k 0.0; -gamma l1le7 0.0
NH4+ = NH4+

log_k 0.0; -gamma l1le7 0.0
Nta-3 = Nta-3

log_k 0.0; -gamma 1e7 0.0
Nta-3 + 3H+ = H3Nta

log_k 14.9; -gamma l1le7 0.0
Nta-3 + 2H+ = H2Nta-

log_k 13.3; -gamma 1e7 0.0
Nta-3 + H+ = HNta-2

log_k 10.3; -gamma 1e7 0.0
Nta-3 + Co+2 = CoNta-

log_k 11.7; -gamma l1le7 0.0
2 Nta-3 + Co+2 = CoNta2-4

log_k 14.5; -gamma 1e7 0.0
Nta-3 + Co+2 + H20 = CoOHNta-2 + H+

log_k 0.5; -gamma 1e7 0.0
Co+2 + H20 = CoOH+ + H+

log_k -9.7; -gamma 1e7 0.0
Co+2 + 2H20 = Co(OH)2 + 2H+

log_k -22.9; -gamma 1le7 0.0
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Co+2 + 3H20 = Co(OH)3- + 3H+

log_k -31.5; -gamma 1e7 0.0
CO2 + H20 = HCO3- + H+

log_k -6.35; -gamma 1e7 0.0
CO2 + H20 = CO3-2 + 2H+

log_k -16.68;-gamma 1e7 0.0
NH4+ = NH3 + H+

log_k -9.3;
H20 = OH- + H+

log_k -14.0; -gamma 1le7 0.0
END

-gamma le7 0.0

Initial and Boundary Conditions

The background concentrations in the column are listed in table 40. The column contains no Nta or cobalt
initially, but has a biomass of 1.36xT@/L. A flux boundary condition is applied at the inlet of the column and for
the first 20 hours a solution with Nta and cobalt enters the column; the concentrations in the pulse are also given in
table 40. After 20 hours, the background solution is introduced at the inlet until the experiment ends after 75 hours.
Na and Cl were not in the original problem definition, but were added for charge balancing sorption reactions for
PHREEQC(see “Sorption Reactions” below).

Table 40.--Concentration data for example 15

Constituent Type concz:ltf:tion cgﬁgza:?;?c?n
H* Agqueous 10.0e-6 mol/L 10.0e-6 mol/L
Total C Aqueous 4.9e-7 mol/L 4.9e-7 mol/L
NH,* Agueous .0 .0
O, Agueous 3.125e-5 mol/L 3.125e-5 mol/L
Ntag™ Agqueous 5.23e-6 mol/L .0
CEt Agqueous 5.23e-6 mol/L .0
Na Agqueous 1.0e-3 mol/L 1.0e-3 mol/L
Cl Aqueous 1.0e-3 mol/L 1.0e-3 mol/L
Biomass Immobile 1.36e-4 g/L
CoNtgags) Immobile .0
COads) Immobile .0

Kinetic Degradation of Nta and Cell Growth

Nta is assumed to degrade in the presence of biomass and oxygen by the reaction:
HNta?” + 1.62G + 1.272H0 + 2.424H = 0.576GH-O,N + 3.12HCO; + 0.424NH,".
PHREEQCrequires kinetic reactants to be defined solely by the moles of each element that enter or leave the solution
due to the reaction. Furthermore, the reactants should be charge balanced (no net charge should enter or leave the
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solution). The Nta reaction converts 1 mol HN&zH-OgN) to 0.576 mol GH-O,N, where the latter is chemi-

cally inert so that its concentration can be discarded. The difference in elemental mass contained in these two
reactants provides the stoichiometry of the elements C, H, O and N in the reaction. This stoichiometry is equal to
the sum of the elements on the right-hand side of the equation, exclugir@4B!, minus the sum of the ele-

ments on the left-hand side of the equation. The corresponding change in agueous element concentrations per
mole of HNt&™ reaction is given in Table 41 (positive coefficients indicate an increase in aqueous concentration,
negative coefficient indicates a decrease in aqueous concentration).

Table 41.--Reaction stoichiometry for oxidation of Nta

Component Coefficient

Nta -1.0
3.12
1.968

4.848

Z O T O

424

The following multiplicative Monod rate expression is used to describe the rate of Nta degradation:

0 Syntar M Co, O
R 2- = _q X 2 |:|
HNTA m mH<S+ CHNTAZ'%(3+ Co,00

where RHNTAZ' is the rate of Hl\ﬂadegradation (mol/L/hr)g,,, is the maximum specific rate of substrate utili-
zation (mol/g cells/hr)X,,, is the biomass (g cellsK), is the half-saturation constant for the substrate Nta.
(mol/L), K, is the half-saturation constant for the electron accepi¢m0l/L), andc; indicate concentration

(mol/L). The rate of biomass production is dependent on the rate of substrate utilization and a first-order decay
rate for the biomass:

, (164)

Reets = = YR \7 2 =P X (165)
whereR. s Is the rate of cell growth (g cells/L/h¥js the microbial yield coefficient (g cells/mol Nta), abds

the first-order biomass decay coefficient{hfThe parameter values for these equations are listed in table 42.

Table 42.--Kinetic rate parameters used in example 15

Parameter Description Parameter value

Ks Half-saturation constant for donor 7.64e-7 mol/L

Ka Half-saturation constant for acceptor 6.25e-6 mol/L

Om Maximum specific rate of substrate utilization 1.418e-3 mol Nta/g cells/hr
Y Microbial yield coefficient 65.14 g cells/mol Nta

b First-order microbial decay coefficient 0.00208'hr
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Sorption Reactions

Tebes-Steven and Valocchi (1997) defined kinetic sorption reactions fdra@d CoNtaby the rate equation:

R = —k [ -9 (166)
1 m[| | Kdl:l,
wherei is either C8* or CoNta (mol/L), 5 is the sorbed concentration (mol/g sedimeky), is the mass transfer

coefficient (hi”l), andK, is the distribution coefficient (L/g). The values of the coefficients are given in table 43

Table 43.-- Sorption coefficients for Co?* and CoNta®

Species Km Ky
co?t 1hrt 5.07e-3 L/g
CoNtd 1hrt 5.33e-4 L/g

The values oKy were defined to give retardation coefficients of 20 and 3 f6f @od CoNtarespectively.
Because the sorption reactions are defined to be kinetic, the initial moles of these reactants and the rates of reaction
are defined witiKINETICS andRATES data blocks; no surface definitior 8 [RFACE,
SURFACE_MASTER_SPECIES or SURFACE_SPECIES are needed. Furthermore, all kinetic reactants are
immobile, so that the sorbed species are not transported.

When modeling wittPHREEQG kinetic reactants must be charge balanced. For sorption0f&w CoNta
1 mmol of NaCl was added to the solution definitions to have counter ions for the sorption process. The kinetic
sorption reactions were then defined to remove or introduce (depending on the sign of the mole transjem€oCl
NaCoNta, which are charge balanced. To convert from moles sorbed per gram of sedimemdles sorbed per
liter of water, it is necessary to multiply by the grams of sediment per liter of water, 3.75e3 g/L.

Input Data Set

Table 44 shows the input data set derived from the preceding problem definition. Although rates have been
given in units of mol/L/hr, rates iPHREEQCare always mol/s and all rates have been adjusted to seconds in the
definition of rate expressions in the input data set. It is assumed that a volume of 1 L of water is in each cell, which
is reasonable for the current problem because the mass of water in each solution is nearly 1 kg and the solutions are
relatively dilute. If the mass of water in a solution deviates significantly from 1 kg, the assumption of a constant
volume may break down.

The 10-meter column was discretized with 10 cells of 1 meter each. The fiSOtwdTION data blocks
define the infilling solution and the initial solution in cells 1 through 10.

TheRATES data block defines the rate expressions for four kinetic reactions: HNta-2, Biomass, Co_sorption,
and CoNta_sorption. The rate expressions are initiated-stdtt, defined with numbered Basic-language
statements, and terminated wilnd. The last statement of each expression is SAVE followed by a variable name.
This variable is the number of moles of reaction over the time subinterval and is calculated from an instantaneous
rate (mol/s) times the length of the time subinterval (s), which is given by the variable “TIME”. Lines 30 and 20 in
the first and second rate expressions and line 10 in the third and fourth rate expressions adjust parameters to units of
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seconds from units of hours. The function “MOL” returns the concentration of a species (mol/kgw) and the
function “M” returns the moles of the reactant for which the rate expression is being defined; “KIN” returns the
moles of a kinetic reactant, which may be any of the reactants defined for a cell. The functions “PUT” and “GET”
are used to save and retrieve a term that is common to both the HNta-2 and Biomass rate expressions.

TheKINETICS data block defines the names of the rate expressions that apply to each cell; cells 1 through
10 are defined simultaneously in this example. For each rate expression that applies to a cell, the formula of the
reactant{formula) and the moles of the reactant initially presem (if needed) are defined. It is also possible to
define a tolerancetpl), in moles, for the accuracy of the numerical integration for a rate expression. Note that the
HNta-2 rate expression generates a negative rate, so that coefficients in the formula that are positive remove
elements from solution and coefficients that are negative add elements to solution. In general, if the product of the
rate and the coefficient is positive, the element is entering solution and if the product is negative, the element is
leaving solution. The biomass reaction adds “H 0.0”, or no moles of hydrogen, which specifies that the kinetic
reaction for biomass growth does not add or remove elements from solution. The assimilation of carbon and
nutrients that is associated with biomass growth is ignored in this simulation.

TheSELECTED_OUTPUT data block causes the molalities of the aqueous species Nta-3, CoNta-, HNta-2
and Co+2 to be written to the fikx15.selTo each line in the file, thd SER_PUNCHdata block appends the time
(in hours), the sorbed concentrations converted to mol/g sediment, and the biomass.

The firstTRANSPORT data block defines the first 20 hours of the experiment, during which Nta and cobalt
are added at the column inlet. The column is defined to have 10 amlts) of length 1 m {length). The duration
of the advective-dispersive transport simulation is 20 time stepift$) of 3600 secondst{me_step. The
direction of flow is forward {flow_direction). Each end of the column is defined to have a flux boundary condition
(-boundary_condition). The dispersivity is 0.05 mdispersivity) and the diffusion coefficient is set to zero
(-diffusion_coef). Data are written to the selected-output file only for cell-f0r{ch_cellg after each shift
(-punch_frequency). Data are written to the output file only for cell 30rint_cells) after every five shifts
(-print_frequency)

After the first advective-dispersive transport simulation, a new infilling solution is def8@dJTION 0),
which contains no Nta or cobalt. For the associated initial solution calculation, printing to the selected-output file
is eliminated and then reinstateddlected oufalse andselected_outrue, inPRINT data blocks).

Finally, the secondRANSPORT data block defines the final 55 hours of the experiment, during which Nta
and cobalt are not present in the infilling solution. All parameters are the same as in the pPRXYGFPORT
data block, only the number of advection stephifts) is increased to 55.

Table 44.--Input data set for example 15
TITLE Example 15.--1D Transport: Kinetic Biodegradation, Cell Growth, and Sorption

*kkkkhkhkkkkk

PLEASE NOTE: This problem requires database file ex15.dat!!
*kkkkkkkkkk
SOLUTION 0 Pulse solution with Nta and cobalt

units umol/L

pH 6

C 49

0O(0) 625

Nta 5.23
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Co 5.23

Na 1000
Cl 1000
END
SOLUTION 1-10 Background solution initially filling column
units umol/L
pH 6
C .49
O(0) 625
Na 1000
Cl 1000
END

RATES Rate expressions for the four kinetic reactions
#
HNta-2
-start
10 Ks = 7.64e-7
20 Ka = 6.25e-6
30 gm = 1.407e-3/3600
40 f1 = MOL("HNta-2")/(Ks + MOL("HNta-2"))
50 f2 = MOL("O02")/(Ka + MOL("02"))
60 rate = -gm * KIN("Biomass") * f1 * f2
70 moles = rate * TIME

#1-20

80 PUT(rate, 1) # save the rate for use in Biomass rate calculation

90 SAVE moles

-end
#
Biomass
-start
10Y =65.14

20 b = 0.00208/3600

30 rate = GET(1) # uses rate calculated in HTNA-2 rate calculation

40 rate = -Y*rate -b*M
50 moles = -rate * TIME
60 if (M + moles) < 0 then moles = -M
70 SAVE moles
-end
#
Co_sorption
-start
10 km = 1/3600
20 kd =5.07e-3
30 solids = 3.75e3
40 rate = -km*(MOL("Co+2") - (M/solids)/kd)
50 moles = rate * TIME
60 if (M - moles) < 0 then moles = M
70 SAVE moles
-end
#
CoNta_sorption
-start
10 km = 1/3600
20 kd =5.33e-4
30 solids = 3.75e3
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40 rate = -km*(MOL("CoNta-") - (M/solids)/kd)
50 moles = rate * TIME

60 if (M - moles) < 0 then moles =M

70 SAVE moles

-end
KINETICS 1-10 Four kinetic reactions for all cells  # 1-20
HNta-2
-formula C -3.12 H -1.968 O -4.848 N -0.424 Nta 1.
Biomass
-formula H 0.0
-m 1.36e-4
Co_sorption
-formula CoCI2
-m 0.0
-tol 1e-11

CoNta_sorption
-formula NaCoNta
-m 0.0
-tol 1e-11
SELECTED_OUTPUT
-file ex15.sel
-mol Nta-3 CoNta- HNta-2 Co+2
USER_PUNCH
-heading hours Co_sorb CoNta sorb  Biomass
-start
10 punch TOTAL_TIME/3600 + 1800/3600 # TOTAL_TIME/3600 + 900/3600
20 punch KIN("Co_sorption")/3.75e3
30 punch KIN("CoNta_sorption")/3.75e3
40 punch KIN("Biomass")

-end
TRANSPORT First 20 hours have Nta and cobalt in infilling solution
-cells 10 # 20
-length 1 # 05
-shifts 20 # 40
-time_step 3600 #1800

-flow_direction forward
-boundary_condition flux flux

-dispersivity .05
-correct_disp true
-diffusion_coef 0.0e-9
-punch_cells 10 # 20
-punch_frequency 1 # 2
-print_cells 10 # 20
-print_frequency 5 # 10
END
PRINT

-selected_out false
SOLUTION 0 New infilling solution, same as background solution

units umol/L
pH 6

C .49
0O(0) 625
Na 1000
Cl 1000
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END

PRINT
-selected_out true

TRANSPORT Last 55 hours with background infilling solution
-shifts 55 # 110

END

Grid Convergence

With advective-dispersive-reactive transport simulations, it is always necessary to check the numerical
accuracy of the results. In general, there will not be analytical solutions for these complex simulations, so the only
test of numerical accuracy is to refine the grid and time step, rerun the simulation, and compare the results. If
simulations on two different grids give similar results, there is some assurance that the numerical errors are relatively
small. If simulations on two different grids give significantly different results, the grid must be refined again and the
process repeated. Unfortunately, doubling the grid size at least quadruples the number of solution calculations that
must be made because the number of cells doubles and the time step is halved. If the cell size approaches the size
of the dispersivity, it may require even more solution calculations because the number of mix steps in the dispersion
calculation will increase as well.

Table 45.--Revised TRANSPORT data block for example 15 for grid refinement to a 20-cell model
TRANSPORT Last 55 hours with background infilling solution

-cells 20
-length 0.5
-shifts 40
-time_step 1800

-flow_direction forward
-boundary condition flux flux

-dispersivity .05

-diffusion_coef 0.0e-9

-punch_cells 20

-punch_frequency 2

-print_cells 20

-print_frequency 10
END

To test grid convergence in this example, the number of cells in the column were doubled, for a total of 20
cells. All keyword data blocks that defined compositions for the range 1-10 were changed to 1-20. In addition, the
parameters for advective-dispersive transport were adjusted to be consistent with the new number of cells. Table 45
shows the firsTRANSPORT data block adjusted for 20 cells. The number of cells and number of shifts are
doubled; the cell length and time step are halved. To print information for the same location as the 10-cell model
(the end of the column), thegunch_cellsand-print_cells are set to cell 20. To print information at the same time
in the simulation as the 10-cell modgbunch_frequencyis set to every two shiftsprint_frequency is setto every
10 shifts, and the time step for going from the cell-midpoint to the column-end is halved on line 10 in
USER_PUNCH All of the changes to make a 20-cell model are also noted in table 44 by comments at the end of
lines.
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Results

The distributions of aqueous and immobile constituents in the column at the end of 75 hours are shown in
figures 15 and 16 for the 10- and 20-cell models. In the experiment, two pore volumes of water with Nta and cobalt
were introduced to the column over the first 20 hours and then followed by 5.5 pore volumes of background water
over the next 55 hours. At 10 hours, HRthegins to appear at the column outlet along with a rise in the pH (fig.
15). If Nta and cobalt were conservative and dispersion were negligible, the graph would show square pulses tha
increase at 10 hours and decrease at 30 hours. However, the movement of the Nta and cobalt is retarded relative
conservative movement by the sorption reactions. The peak in Nta and cobalt concentrations occurs in the CoNta
complex between 30 and 40 hours. The peak iA*@oncentration is even more retarded by its sorption reaction
and does not show up until near the end of the experiment.
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Figure 15.-- Aqueous concentrations and pH values at the outlet of the column for Nta and cobalt transport
simulations with 10 and 20 cells.

In figure 16, solid phase concentrations are plotted against time for concentrations in the last cell of the
column. The sorbed CoNtaoncentration peaks between 30 and 40 hours and slightly lags behind the peak in the
dissolved concentration of the CoNtmmplex. Initially, no Nta is present in the column and the biomass decreases
slightly over the first 10 hours because of the first-order decay rate for the biomass. As the Nta moves through the
cell, the biomass increases as the Nta substrate becomes available. After the peak in Nta has moved through tt
column, biomass concentrations level off and then begin to decrease because of deBgyof kebalt sorption
relates to a greater retardation coefficient tharKthier CoNta sorption, and the sorbed concentration of'Co
appears to be still increasing at the end of the experiment.

Both the 10-cell and the 20-cell models give similar results, which indicates that the numerical errors in the
advective-dispersive transport simulation are relatively small, and the results are very similar to results given by
Tebes-Steven and Valocchi (1997, 1998). However, Tebes-Steven and Valocchi (1997) included another part to
their test problem that increased the rate constants for the sorption reactions from 1 to 100@tincreased rate
constants generate a stiff set of partial differential equations, in which the rate-limited processes occur on different
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Figure 16.-- Concentrations of sorbed species and biomass at the outlet of the column for Nta and cobalt transport
simulations with 10 and 20 cells.

time scales. The stiff problem, with very fast sorption reactions, proved intractable for the explicit algorithm of
PHREEQG but could be solved successfully when the fast kinetic sorption reaction was calculated as the equilibrium
process that it effectively constituted. However, even with equilibrium sorption, grid convergence was
computationally much more intensive; it was necessary to use 100 cells or more to arrive at a satisfactory solution.
As an estimate of relative CPU times, the 10-cell model took 270 seconds and the 20-cell model took 732 seconds
torun on a Pentium I, 133 MHz computer. A 200-cell model took approximately 600 times more CPU time than the
10-cell model.

Example 16.--Inverse Modeling of Sierra Spring Waters

This example repeats the inverse modeling calculations of the chemical evolution of spring-water
compositions in the Sierra Nevada that are described in a classic paper by Garrels and Mackenzie (1967). The same
example is described in the manual for the inverse-modeling programaTH (Plummer and others, 1991 and
1994). The example uses two spring-water compositions, one from an ephemeral spring, which is less chemically
evolved, and one from a perennial spring, which probably has had a longer residence time in the subsoil. The
differences in composition between the ephemeral and perennial spring are assumed to be due to reactions between
the water and the minerals and gases it contacts. The object of inverse modeling in this example is to find sets of
minerals and gases that, when reacted in appropriate amounts, quantitatively account for the differences in
composition between the solutions.

NETPATH (Plummer and others 1991, 1994) amReEQCare both capable of performing inverse-modeling
calculationsNETPATH has two advantages relativePteREEQC (1) NETPATH provides a thorough treatment of
isotopes, including isotopic mole balance, isotope fractionation, and carbon-14 dating, whresgschas only
isotope mole-balance capabilities, and2yPATH provides a completely interactive environment for data entry and
model development, whererSREEQC(version 2) is primarily a batch-oriented program. On the other hand,
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Table 46.-- Analytical data for spring waters in example 16

[Analyses in millimoles per liter from Garrels and Mackenzie (1967)]

Spring pH Sio , Ca®* Mg?* Na* K* HCOg" S0,% cr

Ephemeral spring 6.2 0.273 0.078 0.029 0.134 0.028 0.328 0.010 0.014
Perennial spring 6.8 410 .260 .071 .259 .040 .895 .025 .030

complete graphical user interfaces are availableHeeeQcversion 1, which lacks the isotope mole-balance
capabilities (Charlton and others, 1997) and for versioPHREEQCfor Windows, V.E.A. Post, written commun.,

1999, http://www.geo.vu.nl/users/posv/phreeqc.htifihe major advantage of inverse modeling WHREEQC

relative toNETPATH is the capability to include uncertainties in the analytical data that are used in the calculation
of inverse models. This capability produces inverse models that are more robust, that is, small changes in input dat
do not produce large differences in model-calculated mole transfers. Another advarragesdcis that any set

of elements may be included in the inverse-modeling calculations, wheggasTHis limited to a selected, though
relatively comprehensive, set of elements.

Table 47.--Reactant compositions and mole transfers given by Garrels and Mackenzie (1967)

[Mole transfer in millimoles per kilogram water, positive numbers indicate dissolution and negative numbers indicateipngcipitat

Reactant Composition Mole transfer
“Halite” NaCl 0.016
“Gypsum” CaSQ2H,0 .015
Kaolinite Al,Si,O5(0OH), -.033
Ca-Montmorillonite  Cg.17Al5 355i3 7010(0OH), -.081
CO2gas CQ 427
Calcite CaCQ 115
Silica Sio, .0
Biotite KMg3AISiz01¢(OH), .014
Plagioclase NgsLap 38 1.38512.6 08 175

The analytical data for the two springs are given in table 46. The chemical compositions of minerals and
gases postulated to react by Garrels and Mackenzie (1967) and their mole transfers are given in table 47. The
selection of the identity and composition of the reactive phases is the most difficult part of inverse modeling. In
general the selection is made by knowledge of the flow system and the mineralogy along the flow path; microscopic
and chemical analysis of the aquifer material and isotopic composition of the water and minerals provide additional
insight for the selection of reactants. It is not necessary to know precisely which minerals are reacting, but it is
necessary to have a comprehensive list of potential reactants.

The input data set for this example is given in table 48.SIieUTION_SPREAD data block is used to
define the two spring waters. THREVERSE _MODELING data block is used to define all of the characteristics
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of the inverse-modeling calculations, including the solutions and phases to be used, the mole-balance equations, the
uncertainty limits, whether all or only “minimal” models will be printed, and whether ranges of mole transfer that
are consistent with the uncertainty limits will be calculated. A series of identifiers (sub-keywords preceded by a
hyphen) specify the characteristics of the inverse model.

Table 48.--Input data set for example 16

TITLE Example 16.--Inverse modeling of Sierra springs
SOLUTION_SPREAD

-units mmol/L
#"\t" indicates tab
Numberlt pH\t Sit Calt Mg\t Nalt K\t Alkalinity\t S(6)t  Cl
It 6.2\t 0.273\t 0.078\t 0.029\t 0.134\t 0.028\t 0.328\t 0.01\t 0.014
2\t 6.8\t 0.41\t 0.26\t 0.071\t 0.259\t 0.04\t 0.895\t 0.025\t 0.03
INVERSE_MODELING 1

-solutions 1 2
-uncertainty 0.025
-balances
Ca 0.05 0.025
-phases
Halite
Gypsum
Kaolinite precip
Ca-montmorillonite  precip
CO2(g)
Calcite
Chalcedony precip
Biotite dissolve
Plagioclase dissolve
-range
PHASES
Biotite

KMg3AISi3010(0OH)2 + 6H+ + 4H20 = K+ + 3Mg+2 + Al(OH)4- + 3H4SiO4
log_k 0.0 # No log_k, Inverse modeling only
Plagioclase
Na0.62Ca0.38Al1.38Si2.6208 + 5.52 H+ + 2.48H20 =\
0.62Na+ + 0.38Ca+2 + 1.38Al+3 + 2.62H4SiO4
log_k 0.0 # Nolog_k, Inverse modeling only
END

The identifier-solutionsselects the solutions to be used by solution number. Two or more solution numbers
must be listed after the identifier. If only two solution numbers are given, the second solution is assumed to evolve
from the first solution. If more than two solution numbers are given, the last solution listed is assumed to evolve from
a mixture of the preceding solutions. The solutions to be used in inverse modeling are defined in the same way as
any solutions used iPHREEQCModels. Usually the analytical data are enteredS®@BUTION or
SOLUTION_SPREAD data block, but solutions defined by batch-reaction calculations in the current or previous
simulations may also be used if they are saved witls 8wk keyword.

The-uncertainty identifier sets the default uncertainty limit for each analytical datum. In this example a
fractional uncertainty limit of 0.025 (2.5 percent) is assumed for all of the analytical data except pH. By default, the
uncertainty limit for pH is 0.05 unit. The uncertainty limit for pH can be set to an absolute value (standard units)
with -balancesidentifier. The uncertainty limit for any datum for any of the solutions can be set explicitly to a
fractional value or an absolute value (moles; equivalents for alkalinity) usinbeatamcesidentifier.
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By default, every inverse model includes mole-balance equations for every element in any of the phases
included in-phasegexcept hydrogen and oxygen). If mole-balance equations are needed for elements notincluded
in the phases, that is, for elements with no source or sink (conservative mixingalémeesidentifier can be
used to include those elements in the formulation of the inverse-modeling equations (see example 17). In addition
the-balancesdentifier can be used to specify uncertainty limits for an element in each solution. For demonstration
purposes in the example, the uncertainty limit for calcium is set to 0.05 (5 percent) in solution 1 and 0.025 (2.5
percent) in solution 2.

The phases to be used in the inverse-modeling calculations are defined witiegesidentifier. In
addition, this identifier can be used to constrain any phases to dissolve only or precipitate only. In this example,
kaolinite, Ca-montmorillonite, and chalcedony (§i@re required to precipitate only. This means that kaolinite
will be precipitating (negative mole transfer) in any model that contains the phase kaolinite; likewise for
Ca-montmorillonite and chalcedony. Biotite and plagioclase are required to dissolve (positive mole transfer) if they
are present in an inverse model.

All of the phases used in inverse modeling must be defineHIASES or EXCHANGE_SPECIES data
blocks, either in the database file or the input file. Thus, all phases defined in the default datalpdseditg.dat
orwateg4f.datare available for use in inverse modeling. Biotite and plagioclase are not in the default database file
phreeqc.datind so they are defined explicitly in tR-HASESdata block in the input data set. For simplicity, the
log K’s are set to zero for these phases, which does not affect inverse modeling because only the mineral
stoichiometry is used; however, the saturation indices calculated for these phases will be spurious. All phases use
in inverse modeling must have a charge-balanced reaction. This requirement is due to the inclusion of a
charge-balance constraint for each solution. Each solution is adjusted to charge balance for each model by
adjusting the concentrations of the elements within their uncertainty limits while minimizing the objective function
of the optimization method (see “Equations and Numerical Method for Inverse Modeling”). If a solution can not
be adjusted to charge balance using the given uncertainty limits, the solution will be noted in the output and no
models will be found. Because all of the solutions are charge balanced in the modeling process, phases must als
be charge balanced or they will not be included in any models. Note that the reaction for plagioclase (table 48) is
on two lines, but the program interprets the two lines to be a single logical line because of the backslash “\” at the
end of the first of these two lines.

The-rangeidentifier indicates that, in addition to finding all of the inverse models, each model that is found
will be subjected to additional calculations to determine the range of values that each mole transfer may have,
within the constraints of the uncertainty limits.

The following equations are included for every inverse model: mole balance for each element or valence state
of each element in the system (as defined by elements in the phgsessesand each element listed in
-balanceg, charge balance for each solution, alkalinity balance for the system, electron balance for the system,
and water balance for the system. The unknowns in these equations include the mole transfers of phases, the mo
transfers of redox reactions, and the uncertainty unknowns for each element in each solution (excluding hydroger
and oxygen). An uncertainty unknown is included for alkalinity and pH for each solution. The optimization method
solves for a set of values for the unknowns that satisfies all of the equations, satisfies all of the uncertainty limits,
and simultaneously minimizes the objective function, which is a weighted sum of the uncertainty unknowns (see
“Equations and Numerical Method for Inverse Modeling”).
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Results for the two inverse models found in this example are shown in table 49. The results begin with a listing
of three columns for each solution that is part of the model. All columns are values in mol/kgw, except pH (and
isotopic values if included). The first column contains the original analytical data for the solution. (Input). The
second column contains any adjustments to the analytical data calculated for the model (Delta). These adjustments
must be within the specified uncertainty limits. The third column contains the revised analytical data for the solution,
which are equal to the original data plus any adjustment (Input+Delta).

After the listing of the solutions, the relative fractions of each solution in the inverse model are printed
(Solution fractions). With only two solutions in the model, normally the fraction for each solution will be 1.0. If
more than two solutions are included in the inverse model, normally the sum of the fractions of the solutions,
excluding the last solution, will equal 1.0. The fractions are actually derived from a mole balance on water, so if
hydrated minerals consume or produce significant amounts of water or if evaporation is modeled (see example 17),
the numbers may not sum to 1.0. In this example, all fractions are identically 1.0; the amount of water from gypsum
dissolution is too small to affect the four significant figures of the mixing fractions. The second and third column
for the block giving solution fractions are the minimum and maximum fractional values that can be attained within
the constraints of the specified uncertainty limits. These two columns are nonzero onlgaifigieddentifier is
used.

The next block of data in the listing contains three columns describing the mole transfers for the phases (Phase
mole transfers). The first column contains the inverse model that is consistent with the adjusted concentrations
printed in the listing of the solutions. In this example, the adjusted solution 1 plus the mole transfers in the first
column exactly equals the adjusted solution 2. Mole transfers that are positive indicate dissolution; mole transfers
that are negative indicate precipitation. (Note that mole transfers in phase assemblages in batch-reaction calculations
are relative to the phase, not relative to solution.) The second and third columns of mole transfers are the minimum
and maximum mole transfers of each phase that can be attained within the constraints of the specified uncertainty
limits. These two columns are nonzero only if fenge identifier is used. In general, these minima and maxima
are not independent, that is, obtaining a maximum mole transfer of one phase places very strong constraints on the
mole transfers of the other phases in a mole-balance model.

No redox mole transfers were calculated in this inverse model. If any redox mole transfers had been
calculated, the moles transferred between valence states of each element would be printed under the heading “Redox
mole transfers”.

The next block of data prints results related to the extent to which the analytical data were adjusted for this
model; if no adjustments were made, all three quantities that are printed would be zero. First the sum of residuals is
printed, which is a sum of the uncertainty unknowns weighted by the inverse of the uncertainty limit

€ a. o
(z z ma_ Z Z M). Next, a sum of the adjustment to each element concentration and isotopic com-
u u
g m mQq g m mq 5
position that is weighted by the inverse of the uncertainty limit is prinEﬂ aﬂl’-g , Sum of delta/uncertainty
g m mq

limit). Finally, the maximum fractional adjustment to any element or isotopic composition in any solution is
printed (Maximum fractional error in element concentration). All three values apply to the model printed in the
left-hand column.

EXAMPLES 273



For a given mole-balance model, if no simpler inverse model can be found with any proper subset of the
solutions and phases of the model, the statement “Model contains minimum number of phases” is printed for th
given model.

After all models are printed, a short summary of the calculations is presented, which lists the number of
models found, the number of minimal models found (models with a minimum number of phases), the number of
infeasible models that were tested, and the number of calls to the inequality equations solver, cl1 (calculation time
is generally proportional to the number of calls to cl1).

The results of the example show that two inverse models exist using the phases suggested by Garrels an
Mackenzie (1967). The main reactions are dissolution of calcite and plagioclase, which consume carbon dioxide;
kaolinite and Ca-montmorillonite precipitate in the first model, and kaolinite and chalcedony precipitate in the
second model. Small amounts of halite, gypsum, and biotite dissolution are required in the models. The results of
Garrels and Mackenzie (1967) fall within the range of mole transfers calculated in the first medelscfor
all phases except carbon dioxide. The carbon dioxide mole transfer for the first model differs from Garrels and
Mackenzie (1967) because they did not account for the dissolved carbon dioxide in the spring waters. Garrels anc
Mackenzie (1967) also ignored a small discrepancy in the mole balance for potassisaQcavoids the
potassium imbalance by adjusting concentrations of the elements in the two solutiorsiREE©Ccalculations
show that two inverse models can be found by adjusting concentrations by no more than the specified uncertaint
limits (2.5 percent). Without making the calculations vAtHREEQCand considering the magnitude of
uncertainties, it is not clear whether the discrepancy in potassium that was ignored by Garrels and Mackenzie i
significant. The results ®HREEQCare concordant with the resultsNETPATH, except thakETPATH also must
ignore the discrepancy in the potassium mole balance.

Table 49.-- Selected output for example 16

Solution 1:

Input Delta Input+Delta
pH  6.200e+00 + 1.246e-02 = 6.212e+00
Al 0.000e+00 + 0.000e+00 = 0.000e+00
Alkalinity ~ 3.280e-04 + 5.500e-06 = 3.335e-04
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 7.825e-04 + 0.000e+00 = 7.825e-04
Ca  7.800e-05 + -3.900e-06 = 7.410e-05
Cl  1.400e-05 + 0.000e+00 = 1.400e-05
H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 2.800e-05 + -7.000e-07 = 2.730e-05
Mg  2.900e-05 + 0.000e+00 = 2.900e-05
Na  1.340e-04 + 0.000e+00 = 1.340e-04
O(0)  0.000e+00 + 0.000e+00 = 0.000e+00
S(-2)  0.000e+00 + 0.000e+00 = 0.000e+00
S(6) 1.000e-05 + 0.000e+00 = 1.000e-05
Si 2.730e-04 + 0.000e+00 = 2.730e-04

Solution 2:

Input Delta Input+Delta
pH  6.800e+00 + -3.407e-03 = 6.797e+00
Al 0.000e+00 + 0.000e+00 = 0.000e+00
Alkalinity ~ 8.951e-04 + -1.796e-06 = 8.933e-04
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 1.199e-03 + 0.000e+00 = 1.199e-03
Ca 2.600e-04 + 6.501e-06 = 2.665e-04
Cl  3.000e-05 + 0.000e+00 = 3.000e-05
H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 4.000e-05 + 1.000e-06 = 4.100e-05
Mg  7.101e-05 + -8.979e-07 = 7.011e-05
Na  2.590e-04 + 0.000e+00 = 2.590e-04
O(0)  0.000e+00 + 0.000e+00 = 0.000e+00
S(-2)  0.000e+00 + 0.000e+00 = 0.000e+00
S(6) 2.500e-05 + 0.000e+00 = 2.500e-05
Si 4.100e-04 + 0.000e+00 = 4.100e-04

Solution fractions: Minimum Maximum
Solution 1  1.000e+00  1.000e+00  1.000e+00
Solution 2 1.000e+00  1.000e+00  1.000e+00

Phase mole transfers: Minimum Maximum
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Halite  1.600e-05  1.490e-05 1.710e-05 NaCl
Gypsum  1.500e-05 1.413e-05 1.588e-05 CaS04:2H20

Kaolinite  -3.392e-05 -5.587e-05 -1.224e-05 Al2Si205(0OH)4

Ca-Montmorillon  -8.090e-05 -1.100e-04 -5.154e-05 Ca0.165A12.33Si3.67010(0OH)2

CO2(g) 2.928e-04  2.363e-04 3.563e-04 CO2

Calcite  1.240e-04  1.007e-04  1.309e-04 CaCO3

Biotite  1.370e-05 1.317e-05  1.370e-05 KMg3AISi3010(OH)2

Plagioclase  1.758e-04  1.582e-04  1.935e-04 Na0.62Ca0.38Al1.38Si2.6208

Redox mole transfers:

Sum of residuals (epsilons in documentation): 5.574e+00
Sum of delta/uncertainty limit: 5.574e+00
Maximum fractional error in element concentration:  5.000e-02

Model contains minimum number of phases.

Solution 1:

Input Delta Input+Delta
pH  6.200e+00 + 1.246e-02 = 6.212e+00
Al 0.000e+00 + 0.000e+00 = 0.000e+00
Alkalinity ~ 3.280e-04 + 5.500e-06 = 3.335e-04
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 7.825e-04 + 0.000e+00 = 7.825e-04
Ca  7.800e-05 + -3.900e-06 = 7.410e-05
Cl  1.400e-05 + 0.000e+00 = 1.400e-05
H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 2.800e-05 + -7.000e-07 = 2.730e-05
Mg  2.900e-05 + 0.000e+00 = 2.900e-05
Na  1.340e-04 + 0.000e+00 = 1.340e-04
O(0)  0.000e+00 + 0.000e+00 0.000e+00
S(-2)  0.000e+00 + 0.000e+00 0.000e+00
S(6) 1.000e-05 + 0.000e+00 = 1.000e-05
Si  2.730e-04 + 0.000e+00 = 2.730e-04

Solution 2:

Input Delta Input+Delta
pH  6.800e+00 + -3.407e-03 = 6.797e+00
Al 0.000e+00 + 0.000e+00 = 0.000e+00
Alkalinity ~ 8.951e-04 + -1.796e-06 = 8.933e-04
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 1.199e-03 + 0.000e+00 = 1.199e-03
Ca 2.600e-04 + 6.501e-06 = 2.665e-04
Cl  3.000e-05 + 0.000e+00 = 3.000e-05
H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 4.000e-05 + 1.000e-06 = 4.100e-05
Mg  7.101le-05 + -8.980e-07 = 7.011le-05
Na  2.590e-04 + 0.000e+00 = 2.590e-04
O(0)  0.000e+00 + 0.000e+00 = 0.000e+00
S(-2)  0.000e+00 + 0.000e+00 = 0.000e+00
S(6) 2.500e-05 + 0.000e+00 = 2.500e-05
Si 4.100e-04 + 0.000e+00 = 4.100e-04

Solution fractions: Minimum Maximum
Solution 1 1.000e+00  1.000e+00  1.000e+00
Solution 2  1.000e+00  1.000e+00  1.000e+00

Phase mole transfers: Minimum Maximum
Halite  1.600e-05 1.490e-05 1.710e-05 NaCl
Gypsum  1.500e-05 1.413e-05 1.588e-05 CaS04:2H20
Kaolinite -1.282e-04 -1.403e-04 -1.159e-04 AI2Si205(0OH)4
CO2(g) 3.061e-04 2.490e-04 3.703e-04 CO2
Calcite  1.106e-04  8.680e-05 1.182e-04 CaCO3
Chalcedony -1.084e-04 -1.473e-04 -6.906e-05 SiO2
Biotite  1.370e-05 1.317e-05 1.370e-05 KMg3AISi3010(0OH)2
Plagioclase  1.758e-04  1.582e-04  1.935e-04 Na0.62Ca0.38Al1.38Si2.6208

Redox mole transfers:

Sum of residuals (epsilons in documentation): 5.574e+00
Sum of delta/uncertainty limit: 5.574e+00
Maximum fractional error in element concentration:  5.000e-02

Model contains minimum number of phases.

Summary of inverse modeling:

Number of models found: 2

Number of minimal models found: 2

Number of infeasible sets of phases saved: 20
Number of calls to cl1: 62

Example 17.--Inverse Modeling with Evaporation
Evaporation is handled in the same manner as other heterogeneous reactions for inverse modeling. To model

evaporation (or dilution) it is necessary to include a phase with the composj@oriThle important concept in
modeling evaporation is the water mole-balance equation that is included in every inverse problem formulation (see
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“Equations and Numerical Method for Inverse Modeling”). The moles of water in the initial solutions times their
mixing fractions plus water gained or lost by dissolution or precipitation of phases plus water gained or lost through
redox reactions must equal the moles of water in the final solution. The equation is approximate because it doe:
not include the moles of water gained or lost in homogeneous hydrolysis and complexation reactions.

Table 50.-- Input data set for example 17

TITLE Example 17.--Inverse modeling of Black Sea water evaporation
SOLUTION 1 Black Sea water

units mg/L

density 1.014

pH 8.0 #estimated

Ca 233
Mg 679
Na 5820
K 193
S(6) 1460
Cl 10340
Br 35

C 1 CO2(g) -3.5
SOLUTION 2 Composition during halite precipitation
units mg/L
density 1.271
pH 5.0 #estimated

Ca 0.0
Mg 50500
Na 55200
K 15800
S(6) 76200
Cl 187900
Br 2670

C 1 CO2(g) -3.5
INVERSE_MODELING
-solution 1 2
-uncertainties .025

-range
-balances
Br
K
Mg
-phases
H20(g) pre
Calcite pre
CO2(g) pre
Gypsum pre
Halite pre
END

This example uses data for the evaporation of Black Sea water that is presented in Carpenter (1978). Two
analyses are selected, the initial Black Sea water and a water composition during the stage of evaporation in whicl
halite precipitates. The hypothesis is that evaporation, precipitation of calcite, gypsum, and halite, and loss of
carbon dioxide are sufficient to account for the changes in water composition of all of the major ions and bromide.
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The input data set (table 50) contains the solution compositions BAh&JTION data blocks. The total carbon in
the solutions is unknown but is estimated by assuming that both solutions are in equilibrium with atmospheric
carbon dioxide.

TheINVERSE_MODELING keyword defines the inverse model for this example. Solution 2, the solution
during halite precipitation, evolves from solution 1, Black Sea water. Uncertainty limits of 2.5 percent are applied
to all data. Water, calcite, carbon dioxide, gypsum, and halite are specified to be the potential rgdwaags (

Each of these phases must precipitate, that is, must be removed from the agueous phase in any valid inverse model.

By default, mole-balance equations for water, alkalinity, and electrons are included in the inverse formulation.
In addition, mole-balance equations are included by default for all elements in the specified phases. In this case,
calcium, carbon, sulfur, sodium, and chloride mole-balance equations are included by the defehdiambes
identifier is used to specify additional mole-balance equations for bromide, magnesium, and potassium. In the
absence of alkalinity data, the calculated alkalinity of these solutions is controlled by the choice of pH and the
assumption that the solutions are in equilibrium with atmospheric carbon dioxide. For reasonable values of pH,
alkalinity is a minor contributor to charge balance.

Only one model is found in the inverse calculation. This model indicates that Black Sea water (solution 1)
must be concentrated 88 fold to produce solution 2, as shown by the fractions of the two solutions in the
inverse-model output (table 51). Thus approximately 88 kg of water in Black Sea water is reduced to 1 kg of water
in solution 2. Halite precipitates (19.75 mol) and gypsum precipitates (0.48 mol) during the evaporation process.
Note that these mole transfers are relative to 88 kg of water. To find the loss per kilogram of water in Black Sea
water, it is necessary to divide by the mixing fraction of solution 1. The result is that 54.9 mol of water, 0.0004 mol
of calcite, 0.0004 mol carbon dioxide, 0.0054 mol of gypsum, and 0.22 mol of halite have been removed per
kilogram of Black Sea water. (This calculation could be accomplished by making solution 1 from solution 2, taking
care to reverse the constraints on minerals from precipitation to dissolution.) All other ions--magnesium, potassium,
and bromide--are conservative within the 2.5-percent uncertainty limit that was specified. The inverse modeling
shows that, with the given uncertainty limits, evaporation (loss of water), carbon dioxide outgassing, and calcite,
halite, and gypsum precipitation are sufficient to account for all of the changes in major ion composition between
the two solutions.

Table 51.-- Selected output for example 17

Solution 1: Black Sea water

Input Delta Input+Delta
pH  8.000e+00 + 0.000e+00 = 8.000e+00
Alkalinity ~ 8.625e-04 + 0.000e+00 = 8.625e-04
Br  4.401e-04 + 0.000e+00 = 4.401e-04
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 8.284e-04 + 0.000e+00 = 8.284e-04
Ca 5.841e-03 + 0.000e+00 = 5.841e-03
Cl  2.930e-01 + 7.845e-04 = 2.938e-01
H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 4.959e-03 + 1.034e-04 = 5.063e-03
Mg  2.806e-02 + -7.016e-04 = 2.736e-02
Na  2.544e-01 + 0.000e+00 = 2.544e-01
O(0) 0.000e+00 + 0.000e+00 = 0.000e+00
S(-2)  0.000e+00 + 0.000e+00 = 0.000e+00
S(6) 1.527e-02 + 7.768e-05 = 1.535e-02

Solution 2: Composition during halite precipitation

Input Delta Input+Delta

pH 5.000e+00 + 2.148e-13 = 5.000e+00
Alkalinity  -9.195e-06 + 0.000e+00 = -9.195e-06

Br  3.785e-02 + 9.440e-04 = 3.880e-02
C(-4)  0.000e+00 + 0.000e+00 = 0.000e+00
C(4) 7.019e-06 + 0.000e+00 = 7.019e-06
Ca  0.000e+00 + 0.000e+00 = 0.000e+00

Cl  6.004e+00 + 1.501le-01 = 6.154e+00
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H(0)  0.000e+00 + 0.000e+00 = 0.000e+00
K 4.578e-01 + -1.144e-02 = 4.463e-01
Mg  2.353e+00 + 5.883e-02 = 2.412e+00
Na  2.720e+00 + -4.500e-02 = 2.675e+00

O(0)  0.000e+00 + 0.000e+00 = 0.000e+00

S(-2)  0.000e+00 + 0.000e+00 = 0.000e+00

S(6) 8.986e-01 + -2.247e-02 = 8.761e-01

Solution fractions: Minimum Maximum
Solution 1  8.815e+01  8.780e+01  8.815e+01
Solution 2 1.000e+00  1.000e+00  1.000e+00

Phase mole transfers: Minimum Maximum
H20(g) -4.837e+03 -4.817e+03 -4.817e+03 H20
Calcite  -3.802e-02 -3.897e-02 -3.692e-02 CaCO3
CO2(g) -3.500e-02 -3.615e-02 -3.371e-02 CO2
Gypsum  -4.769e-01 -4.907e-01 -4.612e-01 CaS04:2H20
Halite -1.975e+01 -2.033e+01 -1.901le+01 NaCl

Redox mole transfers:

Sum of residuals (epsilons in documentation): 1.947e+02
Sum of delta/uncertainty limit: 7.804e+00
Maximum fractional error in element concentration: 2.500e-02

Model contains minimum number of phases.

Summary of inverse modeling:

Number of models found: 1

Number of minimal models found: 1

Number of infeasible sets of phases saved: 6
Number of calls to cl1: 22

Example 18.--Inverse Modeling of the Madison Aquifer

In this example, inverse modeling, including isotope mole-balance modeling, is applied to the evolution of
water in the Madison aquifer in Montana. Plummer and others (1990) used mole-balance modeling to quantify the
extent of dedolomitization at locations throughout the aquifer. In the dedolomitization process, anhydrite
dissolution causes the precipitation of calcite and dissolution of dolomite. Additional reactions identified by
mole-balance modeling include sulfate reduction, cation exchange, and halite and sylvite dissolution (Plummer
and others, 19905 13C andd 34S data were used to corroborate the mole-balance models and carbon-14 was used
to estimate ground-water ages (Plummer and others, 1990). Initial and final water samples were selected from «
flow path that extends from north-central Wyoming northeast across Montana (Plummer and others, 1990, flow
path 3). This pair of water samples was selected specifically because it was one of the few pairs that showed a
relatively large discrepancy between previous mole-balance approaches and the mole-balance approach of
PHREEQG which includes uncertainties; results for most sample pairs were not significantly different between the
two approaches. In addition, this pair of samples was selected because it was modeled in detail in Plummer ant
others (1990) to determine the sensitivity of mole-balance results to various model assumptions and because it wa
used as an example in tkeTPATH manual (Plummer and others, 1994, Example 6). ResutsReEEQC
calculations are comparedN@TPATH calculations. This example is also discussed in Parkhurst (1997).

Water Compositions and Reactants

The initial water for mole-balance modeling (solution 1, table 52) is the water identified as the recharge water
for flow path 3 (Plummer and others, 1990). This calcium magnesium bicarbonate water is typical of recharge
water in a terrain containing calcite and dolomite. The final water (solution 2, table 52) is a sodium calcium sulfate
water (with significant chloride concentration) (Plummer and others, 1990, “Mysse Flowing Well”). This water has
a charge imbalance of +3.24 meqg/kgw. The final water also contains measurable sulfide. An uncertainty limit of 5
percent was assigned to all chemical data, except iron, for the initial water and final water. The 5-percent
uncertainty limit was chosen for the initial water because of spatial uncertainty in the location of a recharge water
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Table 52.-- Analytical data for solutions used in example 18

[Charge balance is milliequivalents per kilogram of water. All other data are in millimoles per kilogram of water, exﬁe{?(pré“& and“C. Fe(2),
ferrous iron. TDIC, total dissolved inorganic carb®n3C is carbon-13 composition of TDIC in permil relative to PDB (Pee Dee Belemnite standard).
o 34S(G) is sulfur-34 composition of sulfate in permil relative to CDT (Cafion Diablo Troilite stan&:fﬁﬁ(—Z) is sulfur-34 composition of total sulfide in

permil relative to CDTYC is carbon-14 composition in percent modern caron. |, indicates the uncertainty limit assigned in inverse modeling. Uncertainty
limit for pH was 0.1, uncertainty limit for all other data was 5 percent of value, except iron, which was 100 percenteasuad]

Analyte Solution 1 Solution 2
Temperature’C 9.9 63.0
pH 7.55 6.61
Ca 1.20 11.28
Mg 1.01 4.54
Na .02 31.89
K .02 2.54
Fe(2) .001 .0004
TDIC 4.30 6.87
SOy .16 19.86
H,S 0 26
Cl .02 17.85
5 18¢c -7.0x1.4. -2.3t0.2
5348(6) 9.7+0.9 16.3t1.5
5 345(_2) -- -22.1+7.0
14¢ 52.3 .8
Charge balance +0.11 +3.24

that is on the same flow path as the final water, and for the final water because it was near the minimum uncertainty
limit necessary to obtain charge balance. Iron was assigned an uncertainty limit of 100 percent because of the small
concentrations. An uncertainty limit of 0.1 unit was assigned to pH, which is a conservative estimate because of the
potential for CQ degassing at this sampling site (L.N. Plummer, U.S.Geological Survey, written commun., 1996).
513C values increase from the initial water to the final water (-7.0 permil to -2.3 permil),éé’é&%itvalues (9.7

permil to 16.3 permil). Uncertainty limits for isotopic values of the initial solution were set to one-half the range in
isotopic composition in the four recharge waters from flow paths 3 and 4 (Plummer and others, 1990) (table 52).
Similarly, uncertainty limits for isotopic values of the final water were set to one-half the range in isotopic
composition in the samples from the distal end of flowpath 3 (Plummer and others, 1990) (table 52).

Reactants considered by Plummer and others (1990) were dolomite, calcite, anhydrite, organic matter
(CH,0), goethite, pyrite, Ca/Naation exchange, halite, sylvite, and £gas. In their sensitivity calculations,
Mg/Na, cation exchange and methane were considered as potential reactants. The aquifer was considered to be a

EXAMPLES 279



closed system with respect to G@hat s, no CQis expected to be gained from or lost to a gas phase, and methane
gain or loss was considered to be unlikely (Plummer and others, 1990). Therefgrga€@nd methane were not
included as reactants in tReREEQCmMole-balance modeling. (C@as was included in theeTPATH modeling but

mole transfers were reduced to zero by adjusting 8 of anhydrite.) The uncertainty limits for the isotopic
compositions of dissolving phases were taken from data presented in Plummer and others (1990) with slight
modifications as followsd 13C of dolomite, 1 to 5 permil 13C of organic carbon, -30 to -20 permdi®*S of

anhydrite, 11.5 to 15.5 permil. THE3C of precipitating calcite depends on the isotopic evolution of the solution
and is affected by isotopic fractionation. The fractionation equations are not inclueleREEQG So it is necessary

to assume a compositional range of calcite that represents the average isotopic composition of the precipitating
calcite. The average isotopic composition of precipitating calcite ftemPATH calculations was about -1.5 permil
(Plummer and others, 1994) and an uncertainty limit of 1.0 permil was selected to account for uncertainties in
fractionation factors. All carbon-14 modeling was done witTPATH using mole transfers fromHREEQCModels.

The 834S of precipitating pyrite was estimated to be -22 permil (Plummer and others, 1990) with an uncertainty
limit of 2 permil; sensitivity analysis indicated that the isotopic value for the precipitating pyrite had little effect
on mole transfers. The input data setfeREEQAS shown in table 53. Note that the IBgralues for sylvite, CHO,

and the Cg,gMgg odNa, exchange reaction are set to zero inRRASES andEXCHANGE_SPECIES data

blocks. The stoichiometry of each of these reactants is correct, which is all that is needed for mole-balance
modeling; however, any saturation indices or forward modeling using these reactions would be incorrect because
the logK values have not been properly defined.

Table 53.--Input data set for example 18

TITLE Example 18.--Inverse modeling of Madison aquifer
SOLUTION 1 Recharge number 3
units mmol/kgw

temp 9.9
pe O.
pH 7.55
Ca 1.2
Mg 1.01
Na 0.02
K 0.02
Fe(2) 0.001
Cl 0.02
S(6) 0.16
S(-2) O
C@4) 4.30

i 13C -70 14

-i 34 9.7 09
SOLUTION 2 Mysse

units mmol/kgw

temp 63.

pH 6.61

pe O.

redox S(6)/S(-2)
Ca 11.28

Mg 454

Na 31.89
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K 2.54
Fe(2) 0.0004
Cl 17.85
S(6) 19.86
S(-2) 0.26
C@4) 6.87
i 13C -23 0.2
-i 345(6) 16.3 1.5
-i 34S(-2)-22.1 7
INVERSE_MODELING 1
-solutions 1 2
-uncertainty 0.05
-range
-isotopes
13C
34S
-balances
Fe(2) 1.0
ph 0.1
-phases
Dolomite dis 13C 30 2
Calcite pre 13C -15 1
Anhydrite dis 34S 135 2

CH20 dis 13C -25.0 5
Goethite
Pyrite pre 34S -22. 2
Cax2 pre
Ca.75Mg.25X2 pre
MgX2 pre
NaX
Halite
Sylvite
PHASES
Sylvite
KCl = K+ + CI-
-log_k 0.0
CH20
CH20 + H20 = CO2 + 4H+ + 4e-
-log_k 0.0

EXCHANGE_SPECIES
0.75Ca+2 + 0.25Mg+2 + 2X- = Ca.75Mg.25X2
log_k 0.0

END

Mole-balance calculations included equations for all elements in the reactive phases (listed under the identifier
-phase$ and an equation fob 2*S. NETPATH calculations included isotopic fractionation equations to calculate the
513C of the final water, whereasiReEQccalculations included a mole-balance equatio &%C. The adjusted
concentrations (original data plus calculated 's) fronPHREEQCresults were rerun witkETPATH to obtain
carbon-14 ages and to consider the fractionation effects of calcite precipitationedrwerH calculation used the
charge-balancing option to identify the effects of charge-balance errors. The charge-balance wptiesaref

adjusts the concentrations of all cationic elements by a fradtion, , and of all anionic elements by a%fraction to
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achieve charge balance for the solution. (The charge-balance optimTRATH was improved in version 2.13 to
produce exact charge balance; previous versions produced only approximate charge balance.)

For allNETPATH calculations (including calculations that usetREEQCGadjusted concentrations), carbon
dioxide was included as a potentially reactive phase, bub s of anhydrite was adjusted to produce zero mole
transfer of carbon dioxide. Th&3C of dolomite and organic matter were adjusted within their uncertainty limits
to reproduce th&3C of the final solution as nearly as possible.

Madison Aquifer Results and Discussion

The predominant reactions determined by mole-balance modeling are dedolomitization, ion exchange, halite
dissolution, and sulfate reduction, as listed in table 54 for various modeling options discussed next. The driving
force for dedolomitization is dissolution of anhydrite (about 20 mmol/kgw, table 54), which causes calcite
precipitation and dolomite dissolution. Some of the calcium from anhydrite dissolution and (or) magnesium from
dolomite dissolution is taken up by ion-exchange sites, which release sodium to solution. About 15 mmol/kgw of
halite dissolves. Sulfate and iron oxyhydroxide reduction by organic matter leads to precipitation of pyrite.

Plummer and others (1990) realized that the stoichiometry of the exchange reaction was not well defined anc
considered two variations on these reactions in the sensitivity analysis of the mole-balance model. Pure Ca/Na
exchange and pure Mg/blaxchange were considered as potential reactaBt®£TH A andB, table 54). When
PHREEQCwas run with these two reactants, a model was found with Mg(R#REEQCB), but no model was found
with pure Ca/Naexchange. This difference betweerTPATH andPHREEQCresults is attributed to the charge
imbalance of the solutions. Solution 2 (table 52) has a charge imbalance of 3.24 meqg/kgw, which is more than 3
percent relative to the sum of cation and anion equivalents. This is not an exceptionally large percentage error, bu
the absolute magnitude in milliequivalents is large relative to some of the mole transfers of the mole-balance
models. When the charge-balance constraint is included, by using the revised mole-balance eq@aREEDIR
with pure Ca/Naexchange as the only exchange reaction, it is not possible simultaneously to attain mole balance
on elements and isotopes, produce charge balance for each solution, and keep uncertainty terms within the
specified uncertainty limits. The exchange reaction with the largest calcium component for which a model could
be found was about GagMgy »gNa, (PHREEQCC). This exchange reaction was then usedETPATH to find
NETPATH C. NETPATH C' was calculated by using the charge-balance optioE#ATH with all phases and
constraints the same asNBTPATH C.

One consistent difference between NETPATH models without the charge-balance optiee{PATH A, B,
andC) and thePHREEQCmModels is that the amount of organic-matter oxidation and the mole transfers of goethite
and pyrite are larger in tiriREEQCmModels. These differences are attributed to the effects of charge balance on
the mole transfers. It has been noted that charge-balance errors frequently manifest themselves as erroneous mc
transfers of single component reactants, such as carbon dioxide or organic matter (Plummer and others, 1994).
Except for differences in mole transfers in organic matter, goethite, and pyrite, the,Mutlels are similar
(NETPATHB andPHREEQCB). However, both models imply a negative carbon-14 age which is impossible, as noted
by Plummer and others (1990).

ThePHREEQCmodel most similar to the pure Ca/MNexchange modeNETPATHA) is the Cag 7gMgg o9 Nay
model PHREEQCC). This model has larger mole transfers of carbonate minerals and organic matter than the
Ca/Ng model, which decreases the reaction-adjusted carbon-14 activity and produces a younger ground-water
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Table 54.--Mole-balance results for the Madison aquifer example

[Results are in millimoles per kilogram of water, unless otherwise néfexis carbon-14 in percent modern carbon (pn&JZC is carbon-13 in permil PDB,

345 is sulfur-34 in permil CDT. ChD represents organic matter. Positive numbers for mineral mass transfer indicate dissolution; negative numbers indicate
precipitation. For exchange reactions, positive numbers indicate a decrease in calcium and (or) magnesium and an idareagednlgton. --, reactant

not included in modeld 34S of pyrite was approximately -22 permil in all models. For comparison to calculated isotopic values: nﬁ:gtgﬁtr,ed.:%;

measured 34S(total) (sulfate plus sulfide), 15.8; measu}éd, 0.8 pmc]

Ca/Na, Mg/Na, Cag 75Mgg o5/Na
Result NETPATH C’

NETPATH A NETPATH B PHREEQC B NETPATH C Charge balanced PHREEQC C
Ca/Ng exchange 8.3 - - - - -
Cay 79Mgg ogNa, exchange - - -- 8.3 7.6 7.7
Mg/Na, exchange -- 8.3 7.7 - -- --
Dolomite [CaMg(CQ),] 35 11.8 11.2 5.6 5.3 5.4
Calcite (CaCQ) -5.3 -21.8 -23.9 9.4 -12.3 -12.1
Anhydrite (CaSQ) 20.1 20.1 22.9 20.1 22.5 22,5
CH,O .8 .8 4.1 .8 4.3 3.5
Goethite (FeOOH) 1 A 1.0 1 1.0 .8
Pyrite (Fe$) -1 -1 -1.0 -1 -1.0 -.8
Halite (NacCl) 15.3 15.3 15.3 15.3 15.8 15.3
Sylvite (KCI) 25 2.5 2.5 25 25 25
Carbon dioxide (C¢) .0 .0 -- .0 .0 --
¢, reaction adjusted 125 6 4 5.9 3.8 3.8
Apparent age (years) 22,700 -2,200 -5,400 16,500 13,000 12,900
8345, Anhydrite 15.6 15.6 12.8 15.6 12.5 13.4
513C. Dolomite 3.6 1.0 3.0 1.9 5.0 5.0
513, CH,O -25.0 -30.0 -21.4 -25.0 -20.0 -20.0
Calculatedd 13C, final water -2.3 -2.2 -3.0 -2.3 -4.3 -3.3
Calculatedd 3s, final water 15.8 15.8 16.1 15.8 15.9 16.0

age, 12,900fHREEQCC) compared to 22,70WETPATHA). This large change in the calculated age can be attributed

to differences in the reactions involving carbon. Two effects can be noted, the change in the exchange reaction and
the adjustments for charge-balance errors. The effect of the change in exchange reaction can be estimated from the
differences betweereETPATH A, which contains pure Ca/Maxchange andeTPATH C, which contains

Ca 79Mgg ogN&, exchange, but neither model includes corrections for charge imbalances in the solution
compositions. The increase in Mg in the exchange reaction causes larger mole transfers of calcite and dolomite and
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decreases the calculated age from 22,700 to 16,500 years. The effects of charge-balance errors are estimated by |
differences betweeneTPATH C andC', which differ only in that theNETPATH charge-balance option was used in
NETPATH C'. Charge balancing the solutions produces larger mole transfers of organic matter and calcite and
decreases the calculated age from 16,500 to 13,000 years. The mole transfers and calculategirageH&'
are similar tePHREeQCC, but differ slightly because the uncertainty terms inrthREEQCModel have been
calculated to achieve not only charge balance but also to reproduce as closely as possible the db¥enfatie
final solution.

One advantage of the revised mole-balance formulatiemREEQCISs that much of the sensitivity analysis
that was formerly accomplished by setting up and running multiple models can now be done by including
uncertainty limits for all chemical and isotopic data simultaneously. For example, one run of the revised
mole-balance formulation determines that no pure GatiNadel can be found even if any or all of the chemical
data were adjusted by as much as plus or minus 10 percent. This kind of information would be very difficult and
time consuming to establish with previous mole-balance formulations. Another improvement is the explicit
inclusion of charge-balance constraints. In this example, including the charge-balance constraint requires a chang
in the exchange reaction and adjustments to solution composition, which have the combined effect of lowering the
estimated maximum age of the ground water by about 10,000 years. If Mod®ange is the sole exchange
reaction, the age would be modern. Thus, the estimated range in age is large, 0 to 13,000 years. However, becau
the calcium to magnesium ratio in solution is approximately 2.5:1 and the cation-exchange constants for calcium
and magnesium are approximately equal (Appelo and Postma, 1993), the combined exchange reaction with a
dominance for calcium is more plausible, which gives more credence to the older age. Furthermore, comparison:
with other carbon-14 ages in the aquifer and with ground-water flow-model ages also indicate that the older end of
the age range is more reasonable.
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Attachment A--Listing of Notation

Temperature dependent constant in the activity coefficient equation.

Initial surface area of kinetic reacting solid3m

Interfacial area between cellandj (mP).

Specific surface area of a surface that is related to a pure phase or kinetic reattett, m

Specific surface area of surfagen?/g.

Surface area of a surface-complexation material, m

Temperature dependent constant for diffuse layer surface model, 0.02931 [J(lemﬁz] at 25°C.

Factor for mobile-immobile exchangét.s

Dispersivity (m).

Mole transfer of phasginto (positive) or out of (negative) solution, mol.

Mixing fraction for aqueous phase

Aqueous transfer of an element between valence states, mol.

Activity of the master species for alkalinity.

a Activity of the master species for exchanger

a lon size parameter for aqueous species extended Debye-Hickel equation or simply a fitted parameter
for WATEQ Debye-Hiickel equation.

Activity of aqueous specids

Activity of exchange specidg

Activity of surface specieg,

Activity of an aqueous master species, but excluding a . a, a@@g

Activity of a master species, including all aqueous, exchange, and surface master species.

Activity of solid-solution componenp,

a Activity of the master species for surfaxe

ay_ Master unknown for the surface potential of surfs:;cmJJ 2R'IS'

B Temperature dependent constant in the activity coefficier® equation.

bAlk, i Number of equivalents of alkalinity per mole of aqueous spécies

Number of exchange sites of exchangeccupied by exchange specigs

Debye-Hiuckel fitting parameter for aqueous species

Stoichiometry of elememhin gas componerg.

Stoichiometry of elemenh in aqueous speciés

Stoichiometry of elementi  in aqueous speties

Stoichiometry of elememh in exchange speciés

Stoichiometry of elemenhin surface specieﬁsk)

Stoichiometry of elemenmhin phasep.

Stoichiometry of elememhin solid-solution componenp,

Number of sites of surface tyjgg ~ occupied by surface spt:‘(gkijes

Surface excess of aqueous species surfaces, mol m 2

Activity coefficient of aqueous speciekg H,O/mol.

Concentration in water, mol/kgw.

im Concentration in stagnant water, mol/kgw.

FEFE >

>

surf

Q Q Q Q Q Q
- o o

Q
pd
x

Fy

o
—

333 -
=~ 2 2

3

m, sy

3
°

3
£

S, i(5k>

1. T O T O 0T U0 0T o T

n

O 0O=x<

288 User's Guide to PHREEQC (Version 2)



o0 o0 0
3
~

0 O 0 O O O O O

33333 3 3

(o]
A

3
a

=

— —h —h —h —h —h —h 1
'©

3 3 T T Q@ @ »

Y O

total

o

nw o
»
7]

N

N
[}

Q —h —h —h —h —h =—h =—h —h —h
€ = !
12}

©
»

Concentration in mobile water, mol/kgw.

Concentration of aqueous spediesol ns,

Stoichiometric coefficient of species the kinetic reactiok.

Stoichiometric coefficient of master speame the dissolution reaction for gas compongnt

Stoichiometric coefficient of master specaief the association reaction for agueous spécies

Stoichiometric coefficient of master speame the association reaction for exchange spegies

Stoichiometric coefficient of master speams the association reaction for surface speigies

Stoichiometric coefficient of master speaief the dissolution reaction for phage

Stoichiometric coefficient of secondary master speuigsredox reactiom.

Uncertainty term for the moles of an element or element valencemstatsolutionq calculated in inverse
modeling, mol.

Uncertainty term for the isotopic ratio of isotop#®r a valence statain the aqueous solutiapcalculated
in inverse modeling.

Uncertainty term for the isotopic ratio of isotager elemene in the phase, calculated in inverse
modeling.

Effective diffusion coefficient (ﬁﬂs).

Hydrodynamic dispersion coefficient ).

Number of exchangers.

Index number for exchangers.

dielectric constant for water, 78.5, unitless.

dielectric permittivity of a vacuum, 8.854x18C v-1 mL.

Faraday constant, 96,485 Coulomb/mol.

Alkalinity balance equation.

Mole-balance equation for exchanger

Equation relating aqueous and gas-phase partial pressures for gas congponent,

Mole-balance equation for hydrogen.

Equation for activity of water in an aqueous solution.

Mole-balance equation for element or element valence state. exchanger, or surface,

Mole-balance equation for element or element valence staggcluding alkalinity, hydrogen, and oxygen
and also excluding the charge balance equation.

Mole-balance equation for oxygen.

Equation that sums the partial pressures of all gas components, as calculated from aqueous species.

Saturation index equation for phgse

Saturation index equation for compongnt in solid solwm®n

Mole-balance equation for surfase

Charge-balance equation for aqueous solution.

Charge-balance equation for surfacased in explicit diffuse layer calculation.

Equation for ionic strength in an aqueous solution.

Charge-potential equation for surfex@ised when diffuse layer composition is not explicitly calculated.

Index number for gas-phase components.

Ratio of concentration of aqueous specigssurface excess for surfag& concentration in the bulk
solution.
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Porosity of the stagnant (immobile) zone (a fraction of total volume, unitless).
Water filled porosity of the mobile part (a fraction of total volume, unitless).
Total porosity (unitless).

Aqueous species index number.

Exchange species index number for exchangesite

Surface species index number for surface site $ype

Total number of master unknowns for a calculation.

Effective thermal diffusion coefficient @ts).

Heat conductivity of the aquifer, including pore water and solid (kdfes™?).
Thermal dispersion coefficient fs).

Equilibrium constant for gas componegnt

Equilibrium constant for aqueous spedies

Intrinsic equilibrium constant for association reaction for surface spgcies
Equilibrium constant for phage

Number of site types for surfase

Specific heat (kJ°Bkg™); k,, for water k, for solid.

lonic strength.

Total number of master species.

Total number of aqueous master species.

Number of valence states of element

Index number for master species.

Index number for aqueous master species, echUdi+nge' H,0, , and the alkalinity master species.
Initial moles of kinetic reactarkt

Molality of the aqueous speciganol/kgw.

Surface excess of aqueous spetiesol/kgw.

Moles of kinetic reactark at a given time.

valence of a symmetric electrolyte.

Number of agueous species.

Number of exchange species for exchargger

Number of gas components in the gas phase.

Total moles of gas in the gas phase.

Number of phases in the phase assemblage.

Number of surface species for surface

Number of components in solid soluties

Moles of gas componeaqtin the gas phase.

Moles of aqueous species the system.

Moles of aqueous speciethe diffuse layer of surface

Moles of exchange specigs in the system.

Moles of surface specié@sk) in the system.

Moles of phase in the phase assemblage.

Moles of solid-solution componemt,, in solid solut&m

Moles of a reactant, either a pure phase or a kinetically controlled reactant.
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Total number of reactants in inverse modeling.

Partial pressure of gas compongnatm.

Total pressure in the gas phase, atm.

Index number for phases in phase assemblage.

Index number for components in solid solut&mn

Surface potential for surfaseV.

Number of agueous solutions.

Index number for an aqueous solution in a set of aqueous solutions.
Concentration in the solid phase, expressed as mol/kgw in the pores.
Density (kg/rr?r); p,, for water,p  for solid.

Gas constant, kJ midlK™L,

Retardation factor (unitless).

Temperature retardation factor (unitless).

Total number of aqueous redox reactions in inverse modeling.
Isotopic ratio of isotopé for elemeat in phgse

R Retardation in the stagnant zone, unitless.

R, Overall rate of reaction for substarigemol/kgwr/s.

R, Retardation in the mobile zone, unitless.

R'm, g Isotopic ratio of isotopé for valence state  in aqueous solagtion

M Specific rate of reaction for solig mol/n¥/s.

o Surface-charge density for surfag e/t

S Number of surfaces.

S Index number for surfaces.
S

S
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Concentration of in the solid phase, mol/kg solid.
Mass of surfacs, g.

Slp Saturation index for phage

Sl Specified target saturation index for phpse

target

SSp’ : gﬁlumber of solid solutions in solid-solution assemblage.

Ss Index number for solid solutions.

T Temperature, K.

Ta  Total number of equivalents of alkalinity in solution.

Te Total number of equivalents of exchange sites for exchamger

Tm Total quantity ofm, an element, element valence, exchanger site, surface site, or alkalinity, mol or for
alkalinity, eq.

T Total quantity of a dissolved element or element valence state excluding alkalinity, hydrogen, oxygen, and
electrons, mol.

Tm q Total moles of an element, element valences, or alkalmjtyy solutiong, mol or for alkalinity, eq.

T, Total number of equivalents of surface sites for suréace

T, Charge imbalance for the system during reaction and transport calculations, eq.

T, ¢ Charge imbalance for the exchangeeq.

T, q Charge imbalance for the aqueous plipss.

T, s Charge imbalance for the surfageq.
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Time, s.
Thickness of diffuse layer for surfasem.

—_ -+
(%]

Un g Uncertainty limit assigned to elementin solutiong, mol.

v Pore water flow velocity (m/s).

\Y, Amount of solution in kinetic reactions, kg®.

Viota) Total volume of a fixed-volume gas phase, L.

Waq Mass of water in the aqueous phase, excluding any water in diffuse layer of surfaces, kg.
Wy ik Total mass of water in the system, includes aqueous phase and water in the diffuse layer of surfaces, k
W, Mass of water in the diffuse layer of surfacég.

X Distance, m.

Zq Charge imbalance in soluti@nin inverse modeling, eq.

Z Charge on aqueous spedies

Z Charge on exchange spediggNormally equal to zero).

z Charge on surface specigs

Em Charge on aqueous master species minus alkalinity assigned to the master species.

Attachment B--Description of Database Files and Listing

Three database files are distributed with the progpdameeqc.datwateq4f.datandminteq.dat Each of
these database files contaBBLUTION_MASTER_SPECIES, SOLUTION_SPECIES, PHASES,
SURFACE_MASTER_SPECIES andSURFACE_SPECIESdata blocksPhreeqc.datindwateq4f.daglso
haveEXCHANGE_MASTER_SPECIES, EXCHANGE_SPECIES andRATES data blocks.

The file namegbhreeqc.datontains the thermodynamic data for aqueous species and gas and mineral
phases that are essentially the same as those found in the latest release of thepreE@BiParkhurst and
others, 1980). Only minor modifications have been made to make the data consistent with the tabulations in
Nordstrom and others (1990) awdTEQ4F (Ball and Nordstrom, 1991). The database file contains data for the
following elements: aluminum, barium, boron, bromide, cadmium, calcium, carbon, chloride, copper, fluoride,
hydrogen, iron, lead, lithium, magnesium, manganese, nitrogen, oxygen, phosphorous, potassium, silica, sodiurr
strontium, sulfur, and zinc. The thermodynamic data for cation exchange are taken from Appelo and Postma (1993
p. 160) and converted to I&g accounting for valence of the exchanging species. The thermodynamic data for
surface species are taken from Dzombak and Morel (1990); acid base surface reactions are taken from table 5.
and other cation and anion reactions are taken from tables in chapter 10. Preliminary rate expressions for
K-feldspar (Sverdrup, 1990), albite (Sverdrup, 1990), calcite (modified from Plummer and others, 1978), pyrite
(Williamson and Rimstidt, 1994), organic carbon (“Organic_c") (additive Monod kinetics for oxygen, nitrate, and
sulfate), and pyrolusite (Postma, D. and Appelo, C.A.J., 2G@@chim. Cosmochim. Actia presg are included
from various sources. ExampleskiNETICS data block for each of these expressions are included in the
definitions in theRATES data block imphreeqc.dat

The file namedavateg4f.datontains thermodynamic data for the aqueous species and gas and mineral phases
that are essentially the samenasTEQ4F (Ball and Nordstrom, 1991). In addition to data for the elements in the
database filgphreeqc.datthe database filwateq4f.datontains data for the elements: arsenic, cesium, iodine,
nickel, rubidium, selenium, silver, and uranium. ThereQ4r-derived database file also includes complexation
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constants for two generalized organic ligands, fulvate and humate. Some additional gases are included; some
carbonate reactions retain the chemical equations use€RIEEQE Cation exchange data from Appelo and Postma
(1993) as well as surface complexation reactions from Dzombak and Morel (1990) have been included. The rate
expressions iphreeqc.dagare also included iwateg4f.dat

The file namedninteq.datontains thermodynamic data for the aqueous species and gas and mineral phases
that are derived from the database filemofTEQA2 (Allison and others, 1990). The database file contains data for
the following elements: aluminum, barium, boron, bromide, cadmium, calcium, carbon, chloride, copper, fluoride,
hydrogen, iron, lead, lithium, magnesium, manganese, nitrogen, oxygen, phosphorous, potassium, silica, sodium,
strontium, sulfur, and zinc. It also has data for the following organic ligands: benzoate, p-acetate, isophthalate,
diethylamine, n-butylamine, methylamine, dimethylamine, tributylphosphate, hexylamine, ethylenediamine,
n-propylamine, isopropylamine, trimethylamine, citrate, NTA, EDTA, propanoate, butanoate, isobutyrate,
2-methylpyridine, 3-methylpyridine, 4-methylpyridine, formate, isovalerate, valerate, acetate, tartrate, glycine,
salicylate, glutamate, and phthalate.

A listing of the file,phreeqc.dafollows. In the interest of space, the other files are not included in this
attachment, but are included with the program distribution.

Table 55.--Attachment B. phreeqc.dat: Database file derived from PHREEQE

SOLUTION_MASTER_SPECIES
#

#element species alk gfw_formula element_gfw
#

H H+ -1. H 1.008
H(O) H2 00 H

H(1) H+ -1 00

E e- 0.0 0.0 0.0

(0] H20 00 O 16.00
0O(0) 02 00 O

0O(-2) H20 00 0.0

Ca Cat2 0.0 Ca 40.08
Mg Mg+2 0.0 Mg 24.312
Na  Na+ 0.0 Na 22.9898
K K+ 00 K 9.102
Fe Fe+2 0.0 Fe 55.847
Fe(+2) Fe+2 0.0 Fe

Fe(+3) Fe+3 -20 Fe

Mn Mn+2 0.0 Mn 54.938
Mn(+2) Mn+2 0.0 Mn

Mn(+3) Mn+3 0.0 Mn

Al Al+3 00 Al 26.9815
Ba Ba+2 0.0 Ba 137.34
Sr  Sr+2 0.0 Sr 87.62
Si H4Si04 0.0 Sio2 28.0843
| Cl- 0.0 ClI

. 5.453
C COo32 2.0 HCO3 12.0111
C(+4) CO3-2 2.0 HCO3

C(-4) CH4 0.0 CH4

Alkalinity CO3-2 1.0 Ca0.5(C03)0.5 50.05
S S04-2 0.0 SO4 32.064
S(6) S04-2 0.0 SO4

S(-2) HS- 10 S

N NO3- 0.0 N 14.0067
N(+5) NO3- 00 N

N(+3) NO2- 00 N

N(@©) N2 00 N

N(-3) NH4+ 00 N

B H3BO3 0.0 B 10.81
P PO4-3 20 P 30.9738
F F- 00 F 18.9984
Li Li+ 0.0 Li 6.939

Br Br- 0.0 Br 79.904
Zn Zn+2 0.0 Zn 65.37
Cd Cd+2 00 Cd 112.4
Pb Pb+2 00 Pb 207.19
Cu Cu+2 00 Cu 63.546
Cu(+2) Cu+2 0.0 Cu

Cu(+1) Cu+l 0.0 Cu

SOLUTION_SPECIES

H+ = H+
log_k 0.000
-gamma 9.0000 0.0000

e-=e-
log_k 0.000
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H20 = H20

log_k 0.000
Cat+2 = Ca+2

log_k 0.000

-gamma 5.0000 0.1650
Mg+2 = Mg+2

log_k 0.000

-gamma 5.5000 0.2000
Na+ = Na+

log_k 0.000

-gamma 4.0000 0.0750
K+ = K+

log_k 0.000

-gamma 3.5000 0.0150
Fe+2 = Fe+2

log_k 0.000

-gamma 6.0000 0.0000
Mn+2 = Mn+2

log_k 0.000

-gamma 6.0000 0.0000
Al+3 = Al+3

log_k 0.000

-gamma 9.0000 0.0000
Ba+2 = Bat+2

log_k 0.000

-gamma 5.0000 0.0000
Sr+2 = Sr+2

log_k 0.000

-gamma 5.2600 0.1210
H4Si04 = H4Si04

log_k 0.000
Cl-=Cl-

log_k 0.000

-gamma 3.5000 0.0150
C03-2=C03-2

log_k 0.000

-gamma 5.4000 0.0000
S04-2 = S04-2

log_k 0.000

-gamma 5.0000 -0.0400
NO3- = NO3-

log_k 0.000

-gamma 3.0000 0.0000
H3BO3 = H3BO3

log_k 0.000
PO4-3 = PO4-3

log_k 0.000

-gamma 4.0000 0.0000
F-=F-

log_k 0.000

-gamma 3.5000 0.0000
Li+ = Li+

log_k 0.000

-gamma 6.0000 0.0000
Br- = Br-

log_k 0.000

-gamma 3.0000 0.0000
Zn+2 = Zn+2

log_k 0.000

-gamma 5.0000 0.0000
Cd+2 = Cd+2

log_k 0.000
Pb+2 = Pb+2

log_k 0.000
Cu+2 = Cu+2

log_k 0.000

-gamma 6.0000 0.0000

H20 = OH- + H+
log_k -14.000
delta_h 13.362 kcal
-analytic -283.971 -0.05069842 13323.0 102.24447  -1119669.0
-gamma 3.5000 0.0000

2H20=02+4H++4e-
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k -86.08

log
delta_h 134.79 kcal

2H++2e-=H2
log_k -3.15
delta_h -1.759 kcal

CO3-2 + H+ = HCO3-
log_k 10.329
delta_h -3.561 kcal
-analytic 107.8871 0.03252849 -5151.79  -38.92561 563713.9
-gamma 5.4000 0.0000

CO3-2 + 2 H+ =CO02 + H20
log_k 16.681
delta_h -5.738 kcal
-analytic  464.1965  0.09344813 -26986.16 -165.75951  2248628.9

CO3-2 + 10 H+ + 8 e- = CH4 + 3 H20
log_k 41.071
delta_h -61.039 kcal

S04-2 + H+ = HSO4-
log_k 1.988
delta_h 3.85 kcal
-analytic -56.889 0.006473 2307.9 19.8858 0.0

HS-=S-2 + H+
log_k -12.918
delta_h 12.1 kcal
-gamma 5.0000 0.0000

SO04-2 + 9 H+ + 8 e- = HS- + 4 H20
log_k 33.65
delta_h -60.140 kcal
-gamma 3.5000 0.0000

HS- + H+ = H2S
log_k 6.994
delta_h -5.300 kcal
-analytical -11.17 0.02386 3279.0

NO3- + 2 H+ + 2 e- = NO2- + H20
log_k 28.570
delta_h -43.760 kcal
-gamma 3.0000 0.0000

2 NO3- + 12 H+ + 10 e- = N2 + 6 H20
log_k 207.080
delta_h -312.130 kcal

NH4+ = NH3 + H+
log_k -9.252
delta_h 12.48 kcal
-analytic 0.6322 -0.001225 -2835.76

NO3- + 10 H+ + 8 e- = NH4+ + 3 H20
log_k 119.077
delta_h -187.055 kcal
-gamma 2.5000 0.0000

NH4+ + SO4-2 = NH4S04-
log_k 1.11

H3BO3 = H2BO3- + H+
log_k -9.240
delta_h 3.224 kcal
#  -analytical 24.3919 0.012078 -1343.9 -13.2258

H3BO3 + F- = BF(OH)3-
log_k -0.400
delta_h 1.850 kcal

H3BO3 + 2 F- + H+ = BF2(OH)2- + H20
log_k 7.63
delta_h 1.618 kcal

H3BO3 + 2 H+ + 3 F- = BF30H- + 2 H20
log_k 13.67
delta_h -1.614 kcal

H3BO3 + 3 H+ + 4 F- = BF4- + 3 H20
log_k 20.28
delta_h -1.846 kcal

PO4-3 + H+ = HPO4-2
log_k 12.346
delta_h -3.530 kcal
-gamma 4.0000 0.0000

PO4-3 + 2 H+ = H2PO4-
log_k 19.553
delta_h -4.520 kcal
-gamma 4.5000 0.0000

H+ + F-=HF
log_k 3.18
delta_h 3.18 kcal
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-analytic -2.033 0.012645  429.01

H+ + 2 F- = HF2-
log_k 3.760
delta_h 4.550 kcal

Ca+2 + H20 = CaOH+ + H+
log_k -12.780

Ca+2 + CO3-2 = CaCO3
log_k 3.224
delta_h 3.545 kcal
-analytic -1228.732  -0.299440 35512.75  485.818

Ca+2 + CO3-2 + H+ = CaHCO3+
log_k 11.435
delta_h -0.871 kcal
-analytic 1317.0071 0.34546894 -39916.84 -517.70761 563713.9
-gamma 5.4000 0.0000

Ca+2 + SO4-2 = CaSO4
log_k 2.3

g .300
delta_h 1.650 kcal

Ca+2 + HSO4- = CaHSO4+
log_k 1.08

Ca+2 + PO4-3 = CaPO4-
log_k 6.459
delta_h 3.100 kcal

Ca+2 + HPO4-2 = CaHPO4
log_k 2.739
delta_h 3.3 kcal

Ca+2 + H2PO4- = CaH2PO4+
log_k 1.408
delta_h 3.4 kcal

Ca+2 + F- = CaF+
log_k 0.940
delta_h 4.120 kcal

Mg+2 + H20 = MgOH+ + H+
log_k -11.440
delta_h 15.952 kcal

Mg+2 + CO3-2 = MgCO3
log_k 2.98
delta_h 2.713 kcal
-analytic 0.9910 0.00667

Mg+2 + H+ + CO3-2 = MgHCO3+
log_k 11.399
delta_h -2.771 kcal
-analytic 48.6721 0.03252849 -2614.335 -18.00263 563713.9

Mg+2 + SO4-2 = MgSO4
log_k 2.370
delta_h 4.550 kcal

Mg+2 + PO4-3 = MgPO4-
log_k 6.589
delta_h 3.100 kcal

Mg+2 + HPO4-2 = MgHPO4
log_k 2.87
delta_h 3.3 kcal

Mg+2 + H2PO4- = MgH2PO4+
log_k 1.513
delta_h 3.4 kcal

Mg+2 + F- = MgF+
log_k 1.820
delta_h 3.200 kcal

Na+ + H20 = NaOH + H+
log_k -14.180

Na+ + CO3-2 = NaCO3-
log_k 1.270
delta_h 8.910 kcal

Na+ + HCO3- = NaHCO3
log_k -0.25

Na+ + SO4-2 = NaSO4-
log_k 0.700
delta_h 1.120 kcal

Na+ + HPO4-2 = NaHPO4-

log_k 0.29
Na+ + F- = NaF
log_k -0.240

K+ + H20 = KOH + H+
log_k -14.460
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K+ + SO4-2 = KSO4-
log_k 0.850
delta_h 2.250 kcal

-analytical  3.106 0.0 -673.6

K+ + HPO4-2 = KHPO4-
log_k 0.29

Fe+2 + H20 = FeOH+ + H+
log_k -9.500
delta_h 13.200 kcal

Fe+2 + Cl- = FeCl+
log_k 0.140

Fe+2 + CO3-2 = FeCO3
log_k 4.380
Fe+2 + HCO3- = FeHCO3+
log_k 2.0
Fe+2 + SO4-2 = FeSO4

log_k 2.250
delta_h 3.230 kcal

Fe+2 + HSO4- = FeHSO4+

log_k 1.08

Fe+2 + 2HS- = Fe(HS)2
log_k 8.95

Fe+2 + 3HS- = Fe(HS)3-
log_k 10.987

Fe+2 + HPO4-2 = FeHPO4
log_k 3.6

Fe+2 + H2PO4- = FeH2PO4+
log_k 2.7

Fe+2 + F- = FeF+
log_k 1.000

Fe+2 = Fe+3 + e-
log_k -13.020
delta_h 9.680 kcal
-gamma 9.0000 0.0000

Fe+3 + H20 = FeOH+2 + H+
log_k -2.19
delta_h 10.4 kcal

Fe+3 +2 H20 = Fe(OH)2+ +2H+
log_k -5.6
delta_h 17.1 kcal

Fe+3 + 3 H20 = Fe(OH)3 + 3 H+
log_k -12.56
delta_h 24.8 kcal

Fe+3 + 4 H20 = Fe(OH)4- + 4 H+
log_k -21.6
delta_h 31.9 kcal

2 Fe+3 + 2 H20 = Fe2(OH)2+4 + 2 H+
k -2.95

log_|
delta_h 13.5 kcal

3Fe+3 +4H20 = Fe3(OH)4+5 +4 H+

log_k -6.3
delta_h 14.3 kcal

Fe+3 + Cl- = FeCl+2
log_k 1.48
delta_h5.6 kcal

Fe+3 + 2 Cl- = FeCI2+
log_k 2.13

Fe+3 + 3 Cl- = FeCI3
log_k 1.13

Fe+3 + SO4-2 = FeSO4+
log_k 4.04
delta_h 3.91 kcal

Fe+3 + HSO4- = FeHSO4+2

log_k 2.48
Fe+3 +2S04-2 = Fe(SO4)2—
log_k 5.3
delta_h 4.60 kcal
Fe+3 + HPO4-2 = FeHPO4+
log_k 5.43
delta_h 5.76 kcal
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Fe+3 + H2PO4- = FeH2PO4+2

log_k 5.43
Fe+3 + F- = FeF+2
log_k 6.2
delta_h 2.7 kcal
Fe+3 + 2 F- = FeF2+
log_k 10.8
delta_h 4.8 kcal
Fe+3 + 3 F-=FeF3
log_k 14.0
delta_h 5.4 kcal

Mn+2 + H20 = MnOH+ + H+
log_k -10.590
delta_h 14.400 kcal

Mn+2 + Cl- = MnCl+
log_k 0.610

Mn+2 + 2 CI- = MnCI2
log_k 0.250

Mn+2 + 3 CI- = MnCI3-
log_k -0.310

Mn+2 + CO3-2 = MnCO3
log_k 4.900

Mn+2 + HCO3- = MnHCO3+
log_k 1.95

Mn+2 + SO4-2 = MnSO4
log_k 2.250
delta_h 3.370 kcal

Mn+2 + 2 NO3- = Mn(NO3)2
log_k 0.600
delta_h -0.396 kcal

Mn+2 + F- = MnF+
log_k 0.840

Mn+2 = Mn+3 + e-
log_k -25.510
delta_h 25.800 kcal

Al+3 + H20 = AIOH+2 + H+

log_k -5.00

delta_h 11.49 kcal

-analytic -38.253 0.0 -656.27
Al+3 + 2 H20 = Al(OH)2+ + 2 H+

log_k -10.1

delta_h 26.90 kcal

-analytic 88.500 0.0 -9391.6
Al+3 + 3 H20 = AI(OH)3 + 3 H+

log_k -16.9

delta_h 39.89 keal

-analytic 226.374 0.0 -18247.8
Al+3 + 4 H20 = Al(OH)4- + 4 H+

log_k -22.7

delta_h 42.30 kcal

-analytic 51.578 0.0 -11168.9

Al+3 + SO4-2 = AlISO4+
log_k 35
delta_h 2.29 kcal

Al+3 + 2S04-2 = Al(SO4)2-
log_k 5.0
delta_h 3.11 kcal

Al+3 + HSO4- = AIHSO4+2

log_k 0.46
Al+3 + F- = AlIF+2
log_k 7.000

delta_h 1.060 kcal

Al+3 + 2 F- = AlF2+
log_k 12.700
delta_h 1.980 kcal

Al+3 + 3 F- = AIF3
log_k 16.800
delta_h 2.160 kcal

Al+3 + 4 F- = AlF4-
log_k 19.400
delta_h 2.200 kcal

Al+3 + 5 F- = AIF5-2
log_k 20.600
delta_h 1.840 kcal
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Al+3 + 6 F- = AIF6-3
log_k 20.600
delta_h -1.670 kcal

H4Si04 = H3Si04- + H+

log_k -9.83

delta_h 6.12 kcal

-analytic -302.3724 -0.050698  15669.69  108.18466
H4SiO4 = H2Si04-2 + 2 H+

log_k -23.0

delta_h 17.6 kcal

-analytic -294.0184 -0.072650 11204.49  108.18466
H4SiO4 + 4 H+ + 6 F- = SiF6-2 + 4 H20

log_k 30.180

delta_h -16.260 keal
Ba+2 + H20 = BaOH+ + H+

log_k -13.470
Ba+2 + CO3-2 = BaCO3

log_k 2.71

delta_h 3.55 kcal

-analytic 0.113 0.008721
Ba+2 + HCO3- = BaHCO3+

log_k 0.982

delta_h 5.56 kcal

-analytical  -3.0938 0.013669 0.0 0.0 0.0
Ba+2 + SO4-2 = BaSO4

log_k 2.700
Sr+2 + H20 = SrOH+ + H+

log_k -13.290

-gamma 5.0000 0.0000
Sr+2 + CO3-2 + H+ = STHCO3+

log_k 11.509

delta_h 2.489 kcal

-analytic 104.6391  0.04739549 -5151.79  -38.92561

-gamma 5.4000 0.0000
Sr+2 + CO3-2 = SrCO3

log_k 2.81
delta_h 5.22 kcal
-analytic -1.019 0.012826

Sr+2 + SO4-2 = SrSO4
log_k 2.290
delta_h 2.080 kcal

Li+ + H20 = LiOH + H+

log_k -13.640
Li+ + SO4-2 = LiSO4-

log_k 0.640
Cu+2 + e-=Cu+

log_k 2.720

delta_h 1.650 kcal
-gamma 2.5000 0.0000

Cu+2 + H20 = CuOH+ + H+
log_k -8.000
-gamma 4.0000 0.0000

Cu+2 + 2 H20 = Cu(OH)2 + 2 H+
log_k -13.680

Cu+2 + 3 H20 = Cu(OH)3- + 3 H+
log_k -26.900

Cu+2 + 4 H20 = Cu(OH)4-2 + 4 H+
log_k -39.600

Cu+2 + SO4-2 = CuSO4
log_k 2.310
delta_h 1.220 kcal

Zn+2 + H20 = ZnOH+ + H+
log_k -8.96
delta_h 13.4 kcal

Zn+2 + 2 H20 = Zn(OH)2 + 2 H+
log_k -16.900

Zn+2 + 3 H20 = Zn(OH)3- + 3 H+
log_k -28.400

Zn+2 + 4 H20 = Zn(OH)4-2 + 4 H+
log_k -41.200

Zn+2 + Cl- = ZnCl+
log_k 0.43
delta_h 7.79 kcal

-1119669.0

-1119669.0

563713.9
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Zn+2 + 2 Cl- = ZnCI2
log_k 0.45
delta_h 8.5 kcal

Zn+2 + 3Cl- = ZnCI3-
log_k 0.5
delta_h 9.56 kcal

Zn+2 + 4Cl- = ZnCl4-2
log_k 0.2
delta_h 10.96 kcal

Zn+2 + CO3-2 = ZnCO3
log_k 5.3

Zn+2 +2C03-2 = Zn(C03)2 2
log_k 9.63

Zn+2 + HCO3- = ZnHCO3+
log_k 2.1

Zn+2 + SO4-2 = ZnSO4
log_k 2.37

delta_h 1.36 kcal

Zn+2 + 2S04-2 = Zn(S04)2-2
log_k 3.28

Cd+2 + H20 = CdOH+ + H+
log_k -10.080
delta_h 13.1 kcal

Cd+2 +2 H20 = Cd(OH)2 +2 H+
log_k

Cd+2 + 3 H20 = Cd(OH)3- + 3 H+
log_k -33.300

Cd+2 + 4 H20 = Cd(OH)4-2 + 4 H+
log_k -47.350

Cd+2 + Cl- = CdCl+
log_k 1.980
delta_h 0.59 kcal

Cd+2 + 2 CI- = CdCI2
log_k 2.600
delta_h 1.24 kcal

Cd+2 + 3 Cl- = CdCI3-
log_k 2.400
delta_h 3.9 kcal

Cd+2 + C03 2= CdCOS

log_k

Cd+2 +2C03-2 = Cd(COB)Z 2
log_k

Cd+2 + HCO3- = CdHCO3+
log_k 15

Cd+2 + SO4-2 = CdSO4
log_k 2.460
delta_h 1.08 kcal

Cd+2 + 2so4 2 = Cd(S04)2-2
35

log_k

Pb+2 + H20 = PbOH+ + H+
log_k -7.710

Pb+2 + 2 H20 = Pb(OH)2 + 2 H+
log_k -17.120

Pb+2 + 3 H20 Pb(OH)B- + 3 H+
log_k -28.

Pb+2 + 4 H20 = Pb(OH)4-2 + 4 H+
log_k -39.700

2 Pb+2 + H20 = Pb20H+3 + H+
log_k -6.360

Pb+2 + CI- = PbCl+
log_k 1.600
delta_h 4.38 kcal

Pb+2 + 2 Cl- = PbCI2
log_k 1.800
delta_h 1.08 kcal

Pb+2 + 3 CI- = PhCI3-
log_k 1.700
delta_h 2.17 kcal

Pb+2 + 4 Cl- = PbCl4-2

log_k 1.380
delta_h 3.53 kcal
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Pb+2 + CO3-2 = PbCO3
log_k 7.240

Pb+2 + 2 CO3-2 = Pb(CO3)2-2
log_k 10.640

Pb+2 + HCO3- = PbHCO3+
log_k 2.9

Pb+2 + SO4-2 = PbSO4
log_k 2.750

Pb+2 + 2 SO4-2 = Pb(S04)2-2
log_k 3.470

Pb+2 + NO3- = PbNO3+

log_k 1.170
PHASES
Calcite

CaCO3 = C0O3-2 + Ca+2

log_k -8.480

delta_h -2.297 kcal

-analytic -171.9065 -0.077993  2839.319  71.595
Aragonite

CaCO3 =CO03-2 + Ca+2

log_k -8.336

delta_h -2.589 kcal

-analytic -171.9773  -0.077993  2903.293  71.595
Dolomite

CaMg(CO3)2 = Ca+2 + Mg+2 + 2 CO3-2

log_k -17.090

delta_h -9.436 kcal
Siderite

FeCO3 = Fe+2 + CO3-2

log_k -10.890

delta_h -2.480 kcal
Rhodochrosite

MnCO3 = Mn+2 + CO3-2

log_k -11.130

delta_h -1.430 kcal
Strontianite

SrCO3 = Sr+2 + CO3-2

log_k -9.271

delta_h -0.400 kcal

-analytic 155.0305 0.0 -7239.594 -56.58638
Witherite

BaCO3 = Ba+2 + CO3-2

log_k -8.562

delta_h 0.703 kcal

-analytic 607.642 0.121098 -20011.25 -236.4948
Gypsum

CaS04:2H20 = Ca+2 + SO4-2 + 2 H20

log_k -4.580

delta_h -0.109 kcal

-analytic 68.2401 0.0 -3221.51  -25.0627
Anhydrite

CaS04 = Cat+2 + SO4-2

log_k -4.360

delta_h -1.710 kcal

-analytic 197.52 0.0 -8669.8 -69.835
Celestite

SrS04 = Sr+2 + S04-2

log_k -6.630

delta_h -1.037 kcal

-analytic -14805.9622 -2.4660924 756968.533 5436.3588
Barite

BaSO4 = Ba+2 + SO4-2

log_k -9.970

delta_h 6.350 kcal

-analytic 136.035 0.0 -7680.41  -48.595
Hydroxyapatite

Ca5(PO4)30H + 4 H+ = H20 + 3 HPO4-2 + 5 Ca+2

log_k -3.421

delta_h -36.155 kcal
Fluorite

CaF2=Cat+2+2F-

log_k -10.600

delta_h 4.690 kcal

-analytic 66.348 0.0 -4298.2 -25.271
SiO2(a)

SiO2 + 2 H20 = H4Si04

k -2.710

log
delta_h 3.340 kcal

-40553604.0
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-analytic -0.26 0.0 -731.0

Chalcedony
SiO2 + 2 H20 = H4Si04
log_k -3.550
delta_h 4.720 kcal
-analytic -0.09 0.0 -1032.0
Quartz
SiO2 + 2 H20 = H4Si04
log_k -3.980
delta_h 5.990 kcal
-analytic 0.41 0.0 -1309.0
Gibbsite
AI(OH)3 + 3 H+ = Al+3 + 3 H20
log_k 8.110
delta_h -22.800 kcal
Al(OH)3(a)
Al(OH)3 + 3 H+ = Al+3 + 3 H20
log_k 10.800
delta_h -26.500 kcal
Kaolinite
AI2Si205(0H)4 + 6 H+ = H20 + 2 H4SiO4 + 2 Al+3
log_k 7.435
delta_h -35.300 kcal
Albite
NaAISi308 + 8 H2O Na+ + Al(OH)4- + 3 H4Si04

log_k -18.002
delta_h 25.896 kcal

Anorthite
CaAl2Si208 + 8 H20 = Ca+2 + 2 Al(OH)4- + 2 H4Si04
log_k -19.714
delta_h 11.580 kcal
K-feldspar
KAISi308 + 8 H20 = K+ + Al(OH)4- + 3 H4SiO4
log_k -20.573

delta_h 30.820 kcal

K-mica
KAI3Si3010(0OH)2 + 10 H+ = K+ + 3 Al+3 + 3 H4SiO4
log_k 12.703
delta_h -59.376 kcal

Chlorite(14A)
Mg5AI2Si3010(0H)8 + 16H+ = 5Mg+2 + 2AI+3 + 3H4SiO4 + 6H20
log_k 68.38

delta_h -151.494 kcal

Ca-Montmorillonite
Ca0.165Al2.33Si3.67010(0H)2 + 12 H20 = 0.165Ca+2 + 2.33 Al(OH)4- + 3.67 H4SiO4 + 2 H+
log_k -45.027
delta_h 58.373 kcal

Talc
Mg3Si4010(0OH)2 + 4 H20 + 6 H+ = 3 Mg+2 + 4 H4SiO4
log_k 21.399
delta_h -46.352 kcal

lllite
K0.6Mg0.25AI2.3Si3.5010(0H)2 + 11.2H20 = 0.6K+ + 0.25Mg+2 + 2.3AI(OH)4- + 3.5H4Si04 + 1.2H+
log_| -40.267

delta_h 54.684 kcal

Chrysotile
Mg3Si205(0H)4 + 6 H+ = H20 + 2 H4SiO4 + 3 Mg+2
log_k 32.200
delta_h -46.800 kcal
-analytic 13.248 0.0 10217.1 -6.1894
Sepiolite
Mg2Si307.50H:3H20 + 4 H+ + 0.5H20 = 2 Mg+2 + 3 H4Si04
log_k 15.760
delta_h -10.700 kcal
Sepiolite(d)
Mg2Si307.50H:3H20 + 4 H+ + 0.5H20 = 2 Mg+2 + 3 H4SiO4
log_k 18.660
Hematite
Fe203 + 6 H+ = 2 Fe+3 + 3 H20
log_k -4.008
delta_h -30.845 kcal
Goethite
FeOOH + 3 H+ = Fe+3 + 2 H20
log_k -1.000
delta_h -14.48 kcal
Fe(OH)3(a)
Fe(OH)3 + 3 H+ = Fe+3 + 3 H20
log_k 4.891
Pyrite
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FeS2 +2H+ +2e-=Fe+2 + 2 HS-

log_k -18.479
delta_h 11.300 kcal
FeS(ppt)
FeS + H+ = Fe+2 + HS-
log_k -3.915
Mackinawite
FeS + H+ = Fe+2 + HS-
log_k -4.648
Sulfur
S + 2H+ + 2e- = H2S
log_k 4.882
delta_h -9.5 kcal
Vivianite
Fe3(P04)2:8H20 = 3 Fe+2 + 2 PO4-3 + 8 H20
log_k -36.000
Pyrolusite
MnO2 + 4 H+ + 2 e- = Mn+2 + 2 H20
log_k 41.380

delta_h -65.110 kcal

Hausmannite
Mn304 + 8 H+ + 2 e- = 3 Mn+2 + 4 H20
log_k 61.030
delta_h -100.640 kcal

Manganite
MnOOH + 3 H+ + e- = Mn+2 + 2 H20
log_k 25.340

Pyrochroite
Mn(OH)2 + 2 H+ = Mn+2 + 2 H20

log_k 15.200
Halite

NaCl = Na+ + Cl-

log_k 1.582

delta_h 0.918 kcal
CO2(g)

CO2=C02

log_k -1.468

delta_h -4.776 kcal

-analytic 108.3865  0.01985076 -6919.53  -40.45154  669365.0

02(g)
02=02
log_k -2.960
delta_h -1.844 kcal
H2(g)
H2 =H2
log_k -3.150
delta_h -1.759 kcal
H20(g)
H20 = H20
log_k 151
delta_h -44.03 kJ
# Stumm and Morgan, from NBS and Robie, Hemmingway, and Fischer (1978)
N2(g)
N2 = N2
log_k -3.260
delta_h -1.358 kcal
H2S(g)
H2S = H2S
log_k -0.997
delta_h -4.570 kcal
CH4(g)
CH4 = CH4
log_k -2.860
delta_h -3.373 kcal
NH3(g)
NH3 = NH3
log_k 1.770
delta_h -8.170 kcal
Melanterite
FeS04:7H20 = 7 H20 + Fe+2 + SO4-2
log_k -2.209
delta_h 4.910 kcal
-analytic 1.447 -0.004153 0.0 0.0 -214949.0
Alunite
KAI3(S0O4)2(0OH)6 + 6 H+ = K+ + 3 Al+3 + 2 SO4-2 + 6H20
log_k -1.400

delta_h -50.250 kcal

Jarosite-K
KFe3(S04)2(0OH)6 + 6 H+ = 3 Fe+3 + 6 H20 + K+ + 2 SO4-2
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log_k -9.210

g
delta_h -31.280 keal

Zn(OH)2(e)
Zn(OH)2 + 2 H+ = Zn+2 + 2 H20
log_k 11.50
Smithsonite
ZnCO3 = Zn+2 + CO3-2
log_k -10.000
delta_h -4.36 kcal
Sphalerite
ZnS + H+ = Zn+2 + HS-
log_k -11.618
delta_h 8.250 kcal
Willemite 289
Zn2Si04 + 4H+ = 2Zn+2 + H4SiO4
log_k 15.33

delta_h -33.37 kcal

Cd(OH)2
Cd(OH)2 + 2 H+ = Cd+2 + 2 H20
log_k 13.650
Otavite 315
CdCO3 = Cd+2 + CO3-2
log_k -12.1
delta_h -0.019 kcal
Cdsio3 328
CdSiO3 + H20 + 2H+ = Cd+2 + H4Si0O4
log_k .
delta_h -16.63 kcal
Cdso4 329
CdSO4 = Cd+2 + SO4-2
log_k -0.1
delta_h -14.74 kcal
Cerrusite 365
PbCO3 = Pb+2 + CO3-2
log_k -13.13
delta_h 4.86 kcal
Anglesite 384
PbSO4 = Pb+2 + SO4-2
log_k -7.79
delta_h 2.15 kcal
Pb(OH)2 389
Pb(OH)2 + 2H+ = Pb+2 + 2H20
log_k 8.15

delta_h -13.99 kcal

EXCHANGE_MASTER_SPECIES
X X-
EXCHANGE_SPECIES

log_k 0.0

Na+ + X- = NaX
log_k 0.0
-gamma 4.0 0.075

K+ + X- =KX

log_k 0.7

-gamma 3.5 0.015

delta_h -4.3 # Jardine & Sparks, 1984

Li+ + X- = LiX

log_k -0.08

-gamma 6.0 0.0

delta_h 1.4 # Merriam & Thomas, 1956

NH4+ + X- = NH4X
log_k 0.6

-gamma 2.5 0.0

delta_h -2.4 # Laudelout et al., 1968

Ca+2 + 2X- = CaX2

log_k 0.8

-gamma 5.0 0.165

delta_h 7.2 # Van Bladel & Gheyl, 1980

Mg+2 + 2X- = MgX2

log_k 0.6

-gamma 5.5 0.2

delta_h 7.4 # Laudelout et al., 1968

Sr+2 + 2X- = SrX2

log_k 0.91

-gamma 5.26 0.121

delta_h 5.5 # Laudelout et al., 1968

Ba+2 + 2X- = BaX2

log_k 0.91
-gamma 5.0 0.0
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delta_h 4.5 # Laudelout et al., 1968

Mn+2 + 2X- = MnX2
log_k 0.52
-gamma 6.0 0.0

Fe+2 + 2X- = FeX2
log_k 0.44
-gamma 6.0 0.0

Cu+2 + 2X- = CuX2
log_k 0.6
-gamma 6.0 0.0

Zn+2 + 2X- = ZnX2
log_k 0.8
-gamma 5.0 0.0

Cd+2 + 2X- = CdX2
log_k 0.8

Pb+2 + 2X- = PbX2
log_k 1.05

Al+3 + 3X- = AIX3
log_k 0.41
-gamma 9.0 0.0

AIOH+2 + 2X- = AIOHX2
log_k 0.89
-gamma 0.0

. 0.0
SURFACE_MASTER_SPECIES

Hfo_s Hfo_sOH
Hfo_w Hfo_wOH

SURFACE_SPECIES

#
#
#
#
#
#
#

#

All surface data from
Dzombak and Morel, 1990

Acid-base data from table 5.7

strong binding site--Hfo_s,

Hfo_sOH = Hfo_sOH
log_k 0.0

Hfo_sOH + H+ = Hfo_sOH2+
log_k 7.29 #=pKal,int

Hfo_sOH = Hfo_sO- + H+
log_k -8.93 # =-pKa2,int

weak binding site--Hfo_w

Hfo_wOH = Hfo_wOH
log_k 0.0

Hfo_wOH + H+ = Hfo_wOH2+
log_k 7.29 #=pKal,int

Hfo_wOH = Hfo_wO- + H+
log_k -8.93 # =-pKa2,int

CATIONS

#
#
#
#
#

3

Cations from table 10.1 or 10.5

Calcium
Hfo_sOH + Ca+2 = Hfo_sOHCa+2
log_k 4.97

Hfo_wOH + Ca+2 = Hfo_wOCa+ + H+
log_k -5.85

Strontium
Hfo_sOH + Sr+2 = Hfo_sOHSr+2
log_k 5.01

Hfo_wOH + Sr+2 = Hfo_wOSr+ + H+
log_k -6.58

Hfo_wOH + Sr+2 + H20 = Hfo_wOSrOH + 2H+
log_k -17.60
Barium
Hfo_sOH + Ba+2 = Hfo_sOHBa+2
log_k 5.46

Hfo_wOH + Ba+2 = Hfo_wOBa+ + H+
log_k -7.2 # table 10.5

Cations from table 10.2

Cadmium
Hfo_sOH + Cd+2 = Hfo_sOCd+ + H+
log_k 0.47

Hfo_wOH + Cd+2 = Hfo_wOCd+ + H+
log_k -2.91
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# Zinc
Hfo_sOH + Zn+2 = Hfo_sOZn+ + H+

log_k 0.99
Hfo_wOH + Zn+2 = Hfo_wOZn+ + H+
log_k -1.99
# Copper
Hfo_sOH + Cu+2 = Hfo_sOCu+ + H+
log_k 2.89
Hfo_wOH + Cu+2 = Hfo_wOCu+ + H+
log_k 0.6 # table 10.5
# Lead
Hfo_sOH + Pb+2 = Hfo_sOPb+ + H+
log_k 4.65
Hfo_wOH + Pb+2 = Hfo_wOPb+ + H+
log_k 0.3 # table 10.5
#
# Derived constants table 10.5
#
# Magnesium
Hfo_wOH + Mg+2 = Hfo_wOMg+ + H+
log_k -4.6
# Manganese
Hfo_sOH + Mn+2 = Hfo_sOMn+ + H+
log_k -0.4 # table 10.5
Hfo_wOH + Mn+2 = Hfo_wOMn+ + H+
log_k -3.5 # table 10.5
# Iron
Hfo_sOH + Fe+2 = Hfo_sOFe+ + H+
log_k 0.7 #LFER using table 10.5
Hfo_wOH + Fe+2 = Hfo_wOFe+ + H+
log_k-2.5 #LFER using table 10.5
# ANIONS #
B
#
# Anions from table 10.6
#
# Phosphate
Hfo_wOH + PO4-3 + 3H+ = Hfo_wH2PO4 + H20
log_k 31.29
Hfo_wOH + PO4-3 + 2H+ = Hfo_wHPO4- + H20
log_k 25.39
Hfo_wOH + PO4-3 + H+ = Hfo_wPO4-2 + H20
log_k 17.72
#
# Anions from table 10.7
#
# Borate
Hfo_wOH + H3BO3 = Hfo_wH2BO3 + H20
log_k 0.62
#
# Anions from table 10.8
#
# Sulfate
Hfo_wOH + SO4-2 + H+ = Hfo_wS04- + H20
log_k 7.78
Hfo_wOH + SO4-2 = Hfo_wOHS04-2
log_k 0.79
#
# Derived constants table 10.10
#
Hfo_wOH + F- + H+ = Hfo_wF + H20
log_k 8.7
Hfo_wOH + F- = Hfo_wOHF-
log_k 1.6
#
# Carbonate: Van Geen et al., 1994 reoptimized for HFO
#0.15 g HFO/L has 0.344 mM sites == 2 g of Van Geen’s Goethite/L
#
# Hfo_wOH + CO3-2 + H+ = Hfo_wCO3- + H20
# log_k 12.56
#
# Hfo_wOH + CO3-2 + 2H+= Hfo_wHCO3 + H20
# log_k 20.62
#9/19/96
# Added analytical expression for H2S, NH3, KSO4.
# Added species CaHSO4+.
# Added delta H for Goethite.
RATES
HeHHRHTRH
#K-feldspar
Bt
#

# Sverdrup, H.U., 1990, The kinetics of base cation release due to
# chemical weathering: Lund University Press, Lund, 246 p.
#
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# Example of KINETICS data block for K-feldspar rate:
# KINETICS 1

# K-feldspar

# -m0 2.16 # 10% K-fsp, 0.1 mm cubes

# -m 1.94

# -parms 1.36e4 0.1

K-feldspar
-start
1 rem specific rate from Sverdrup, 1990, in kmol/m2/s
2 rem parm(1) = 10 * (A/V, 1/dm) (recalc’s sp. rate to mol/kgw)
3 rem parm(2) = corrects for field rate relative to lab rate
4 rem temp corr: from p. 162. E (kJ/mol) / R/ 2.303 = H in H*(1/T-1/298)

10 dif_temp = 1/TK - 1/298
20 pk_H =125+ 3134 * dif_temp
30 pk_w=15.3 + 1838 * dif_temp
40 pk_OH =14.2 + 3134 * dif_temp
50 pk_CO2 =14.6 + 1677 * dif_temp
#60 pk_org = 13.9 + 1254 * dif_temp # rate increase with DOC
70 rate = 10"-pk_H * ACT(“H+")"0.5 + 10"-pk_w + 10*-pk_OH * ACT(“OH-")"0.3
71 rate =rate + 10"-pk_CO2 * (10"SI(“C0O2(g)"))"0.6
#72 rate = rate + 10" pk org * TOT(“Doc")" 4
80 moles = parm(1) * parm(2) * rate * (1 - SR(“K-feldspar”)) * time
81 rem decrease rate on precipitation
90 if SR(“K-feldspar”) > 1 then moles = moles * 0.1
100 save moles
-end

BRI
#Albite
HHHHHEHH

# Sverdrup, H.U., 1990, The kinetics of base cation release due to
# chemical weathering: Lund University Press, Lund, 246 p.

#

# Example of KINETICS data block for Albite rate:

# KINETICS 1

# Albite

# -m0 0.43 # 2% Albite, 0.1 mm cubes

# -parms 2.72e3 0.1

Albite
-start
1 rem specific rate from Sverdrup, 1990, in kmol/m2/s
2 rem parm(1) = 10 * (A/V, 1/dm) (recalc’s sp. rate to mol/kgw)
3 rem parm(2) = corrects for field rate relative to lab rate
4 rem temp corr: from p. 162. E (kJ/mol) / R / 2.303 = H in H*(1/T-1/298)

10 dif_temp = 1/TK - 1/298
20 pk_H =125 + 3359 * dif_temp
30 pk_w=14.8 + 2648 * dif_temp
40 pk_OH =13.7 + 3359 * dif_temp
#41 rem ~12.9 in Sverdrup, but larger than for oligoclase...
50 pk_CO2 =14.0 + 1677 * dif_temp
#60 pk_org =12.5 + 1254 * dif_temp # ...rate increase for DO
70 rate = 10"-pk_H * ACT(“H+")*0.5 + 10"-pk_w + 10"-pk_ OH * ACT(“OH-")"0.3
71 rate =rate + 10"-pk_CO2 * (10"SI(“C0O2(g)"))"0.6
#72 rate = rate + 10"-pk_org * TOT(“Doc")*0.4
80 moles = parm(1) * parm(2) * rate * (1 - SR(“Albite”)) * time
81 rem decrease rate on precipitation
90 if SR(“Albite”) > 1 then moles = moles * 0.1
100 save moles
-end

B

#Calcite

Ht

#

# Plummer, L.N., Wigley, T.M.L., and Parkhurst, D.L., 1978,
# American Journal of Science, v. 278, p. 179-216.

#
# Example of KINETICS data block for calcite rate:

#

# KINETICS 1

# Calcite

# -tol  1e-8

# -m0  3.e-3

# -m  3.e-3

# -parms 5.0 0.6
Calcite

-start
1rem Modified from Plummer and others, 1978
2rem parm(1) = AV, 1/m  parm(2) = exponent for m/m0

10 si_cc = si(“Calcite”)

20 if (m <= 0 and si_cc < 0) then goto 200

30 k1 =10"(0.198 - 444.0/(273.16 + tc) )

40 k2 =107(2.84 -2177.0/(273.16 + tc) )

50 if tc <= 25 then k3 = 10°(-5.86 - 317.0/ (273.16 + tc) )
60 if tc > 25 then k3 = 107(-1.1 - 1737.0/ (273.16 + tc) )
70 t=1

80 if mO > 0thent=m/m0

90 ift=0thent=1

100 moles = parm(1) * (t)"parm(2)

110 moles = moles * (k1 * act(“H+") + k2 * act(“CO2") + k3 * act(“H20"))
120 moles = moles * (1 - 10"(2/3*si_cc))

130 moles = moles * time

140 if (moles > m) then moles =m
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150 if (moles >= 0) then goto 200

160 temp =tot(“Ca")

170 mc =tot(“C(4)")

180 if mc < temp then temp = mc

190 if -moles > temp then moles = -temp
200 save moles

-end

it
#Pyrite
ittt

#

# Williamson, M.A. and Rimstidt, J.D., 1994,

# Geochimica et Cosmochimica Acta, v. 58, p. 5443-5454.
#

# Example of KINETICS data block for pyrite rate:
KINETICS 1
Pyrite

-tol  1e-8

-m0 5.e-4

-m 5.e-4

-parms 2.0 0.67 5 -0.11

HHHE R

Pyrite
-start
1rem Williamson and Rimstidt, 1994
2rem parm(1) = log10(A/V, 1/dm)  parm(2) = exp for (m/m0)
3rem parm(3) = exp for 02 parm(4) = exp for H+

10 if (m <= 0) then goto 200

20 if (si(“Pyrite”) >= 0) then goto 200

20 rate =-10.19 + parm(1) + parm(3)*Im(“02”) + parm(4)*Im(“H+") + parm(2)*log10(m/mO0)
30 moles = 10"rate * time

40 if (moles > m) then moles = m

200 save moles

-end

HHHHHHHHH
#Organic_C
T

#

# Example of KINETICS data block for Organic_C rate:
# KINETICS 1

# Organic_C

# -tol  1e-8

# # m in mol/kgw
# -m0  5e-3
-m  5e-3

H*

Organic_C
-start
1 rem  Additive Monod kinetics
2 rem  Electron acceptors: 02, NO3, and SO4

10 if (m <= 0) then goto 200
20 mO2 = mol(“02")
30 mNO3 = tot(“N(5)")
40 mSO4 = tot(“S(6)")
50 rate = 1.57e-9*m0O2/(2.94e-4 + mO2) + 1.67e-11*mNO3/(1.55e-4 + mNO3)
60 rate =rate + 1.e-13*mS04/(1.e-4 + mSO4)
70 moles = rate * m * (m/mO0) * time
80 if (moles > m) then moles = m
200 save moles
-end

HHHHHEHHE
#Pyrolusite
R R

#
# Postma, D. and Appelo, C.A.J., 2000, GCA 64, in press
#

# Example of KINETICS data block for Pyrolusite
KINETICS 1-12
Pyrolusite

-tol  1.e-7

-m0 0.1

-m 0.1

o

Pyrolusite
-start
5 if (m <= 0.0) then goto 200
7 sr_pl = sr(“Pyrolusite”)
9 ifabs(1 - sr_pl) < 0.1 then goto 200
10 if (sr_pl > 1.0) then goto 100
#20rem initially 1 mol Fe+2 = 0.5 mol pyrolusite. k*A/V = 1/time (3 cells)
#22 rem time (3 cells) = 1.432e4. 1/time = 6.98e-5
30 Fe_t=tot(“Fe(2)")
32 if Fe_t < 1.e-8 then goto 200
40 moles = 6.98e-5* Fe_t * (m/m0)"0.67 * time * (1 - sr_pl)
50 if moles > Fe_t/2then moles=Fe_t/2
70 if moles > m then moles =m
90 goto 200
100 Mn_t = tot(“Mn")
110 moles = 2e-3 * 6.98e-5 * (1-sr_pl) * time
120 if moles <= -Mn_t then moles = -Mn_t
200 save moles
-end
END
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Attachment C--Input File To Investigate the Order of the Numerical Method For
Example 12

The following input data file performs calculations for example 12, which models the diffusion of heat and
solute from a constant boundary condition at one end and a closed boundary condition at the other. The input file is
simplified from that given in example 12 by eliminating one of the transport calculations and setting up the initial
conditions directly wittSOLUTION data blocks.

For the constant boundary condition, an analytical solution exists for the temperature and concentration as a
function of time and distance. To test the accuracy of the numerical methd®RANSPORT calculation is
performed with two discretizations, a 20-cell model and a 60-cell model. For a second-order method, decreasing the
cell size by a factor of three should decrease the discrepancy with the analytical solution by a factor of about nine.
The deviations from the analytical solutions for each model at the end of the time step are calculated and stored with
PUT statements for distances from 0.5 to 8.5 m (in 0.5 m increments) by the Basic progrard 88Re PUNCH
data block. The stored results are printed in an additional simulation WBER_PRINT data block. The final
simulation is a dummy calculation for pure water, none of the results are printed. However, the calculation causes
USER_PRINT to be invoked. The Basic program in tSER_PRINT data block uses GET statements and prints
the results stored by théSER_PUNCH Basic program during the previolRANSPORT simulations.

Table 56.-- Input data set for example 12 demonstrating second-order accuracy of the numerical method

TITLE Example 12a.--Advective and diffusive transport of heat and solutes.
Constant boundary condition at one end, closed at other.
The problem is designed so that temperature should equal Na-conc
(in mmol/kgw) after diffusion. Compares with analytical solution
for 20-cell and 60-cell models.
EXCHANGE_SPECIES
Na+ + X- = NaX

log_k 0.0
-gamma 4.0 0.075
H+ + X- = HX
log_k -99.
-gamma 9.0 0.0
K+ + X- = KX
log_k 0.0
-gamma 3.5 0.015
#
# 20-cell model, initial conditions
#

SOLUTION 0 Fixed temp 24C, and NacCl conc (first type boundary cond) at inlet
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g) -0.67
Na 24.e-3
Cl 24.e-3
SOLUTION 1-19 24.0 mM KNO3
units mol/kgw
temp O # Incoming solution 0C
pH 7.0
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pe 12.0 02(g)-0.67
K 24.e-3
N(5) 24.e-3
EXCHANGE 1-19
KX 0.048
SOLUTION 20 Same as soln 0 in cell 20 at closed column end (second type boundary cond)
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g) -0.67
Na 24.e-3
Cl 24.e-3
EXCHANGE 20
NaX 0.048
PRINT
-reset false
END
#
# 20-cell model, transport
#
TRANSPORT # Diffuse 24C, NaCl solution from column end
-cells 20
-shifts 1
-flow_d diffusion
-bcon constant closed

-length 1.0

-thermal_diffusion 3.0 # Heat is retarded equal to Na

-disp 0.0 # No dispersion

-diffc 0.3e-9 # m"2/s

-timest 1.0e+10 # 317 years, 19 substeps will be used

SELECTED_OUTPUT
-file ex12a.sel
-high_precision true
-reset false
-dist true
-temp true
USER_PUNCH
-head Na_mmol K_mmol CI_mmol Cl-analytic Na_analytic
10 PUNCH TOT("Na")*1000, TOT("K")*1000, TOT("CI")*1000
#
# Calculate deviation from analytical solution for Cl and Na
#
20 DATA 0.254829592, -0.284496736, 1.421413741, -1.453152027, 1.061405429
30 x=DIST
40 if (x > 8.5 OR SIM_TIME <= 0) THEN END
50 IF (ABS(x MOD 0.5) > 1e-3) OR (TC <= 0) THEN END
60 READ al, a2, a3, a4, a5
70 REM calculate error in Cl
80 Arg =x/(2*SQRT(3e-10 * SIM_TIME / 1.0))
90 e =1/(1 +0.3275911 * Arg)
100 erfc_CI = (e*(al+e*(a2+e*(a3+e*(ad+e*ab)))))*EXP(-Arg*Arg);
110 REM calculate error in Na
120 Arg = x / (2*SQRT(3e-10 * SIM_TIME / 3.0))
130 e = 1/(1 + 0.3275911 * Arg)
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140 erfc_Na = (e*(al+e*(a2+e*(a3+e*(ad+e*ab)))))*EXP(-Arg*Arg);
150 REM punch results
160 error_Cl = 0.024 * erfc_CI - TOT("CI")
170 error_Na = 0.024 * erfc_Na - TOT("Na")
180 PUNCH error_ClI, error_Na
190 REM store results
200j=x-0.5
210 PUT(error_CI, SIM_NO, j, 1)
220 PUT(error_Na, SIM_NO, j, 2)
500 END
END
#
# 60-cell model, initial conditions
#
SELECTED_OUTPUT
-user_punch false
SOLUTION 0 Fixed temp 24C, and NaCl conc (first type boundary cond) at inlet
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g) -0.67
Na 24.e-3
Cl 24.e-3
SOLUTION 1-59 24.0 mM KNO3
units mol/kgw
temp O # Incoming solution 0C
pH 7.0
pe 12.0 02(g)-0.67
K 24.e-3
N(5) 24.e-3
EXCHANGE 1-59
KX 0.048
SOLUTION 60 Same as soln 0 in cell 60 at closed column end (second type boundary cond)
units mol/kgw
temp 24
pH 7.0
pe 12.0 02(g)-0.67
Na 24.e-3
Cl 24.e-3
EXCHANGE 60
NaxX 0.048
END
#
# 60-cell model, transport
#
TRANSPORT # Diffuse 24C, NaCl solution from column end
-cells 60
-shifts 1
-flow_d diffusion
-bcon constant closed
-thermal_diffusion 3.0 # Heat is retarded equal to Na
-disp 0.0 # No dispersion
-diffc 0.3e-9 # m"2/s
-length .33333333333333333
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-timest 1.0e+10 # 317 years
-punch_cell 1-60
SELECTED_OUTPUT
-high_precision true
-user_punch true
-reset false
-dist true
-temp true
END
#
# Print comparison with analytical solution for
# Cland Na in 20-cell and 60-cell models

#
SOLUTION # Initial solution calculation for pure water
# A calculation is needed to invoke USER_PRINT
PRINT
-reset false # Initial solution calculation not printed

-user_print true
SELECTED_OUTPUT
-high_precision false # Controls precision for USER_PRINT too.
USER_PRINT
10 PRINT " Error in Cl concentration Error in Na concentration
20 PRINT ™" "
30 PRINT" Distance 20-cell 60-cell 20-cell 60-cell"
40 PRINT""
50 FORj=0TO 8
60 PRINT |+ 0.5 GET(2,j, 1), GET(4,j, 1), GET(2, |, 2), GET(4, |, 2)
70 NEXT
END
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