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The cover shows chemical waves of the Belousov reaction that are calculated with
PHREEQC in a two-dimensional diffusion field with hexagonal grid-cells.
The waves travel quickly (linearly in time) by autocatalysis.
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Conversion Factors

SI to Inch/Pound
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3281 foot (ft)
kilometer (km) 0.6214 mile (mi)
meter (m) 1.094 yard (yd)
Area
square meter (m?) 0.0002471 acre
square centimeter (sz) 0.001076 square foot (ftz)
square meter (mz) 10.76 square foot (ftz)
Volume
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m?) 264.2 gallon (gal)
cubic meter (m?) 0.0002642 million gallons (Mgal)
cubic meter (m3) 35.31 cubic foot (ft3)
cubic meter (m3) 1.308 cubic yard (yd3)
Flow rate
meter per second (m/s) 3281 foot per second (ft/s)
square meter per second (mz/ s) 10.76 square foot per second (ftz/s)
cubic meter per second (m3/s) 3531 cubic foot per second (ft3/s)
Mass
gram (g) 003527 ounce, avoirdupois (0z)
kilogram (kg) 2205 pound avoirdupois (1b)
Pressure
kilopascal (kPa) 0.009869 atmosphere, standard (atm)
kilopascal (kPa) 0.01 bar
Density



kilogram per cubic meter (kg/m3) 0.06242 pound per cubic foot (lb/ft3)

Energy

joule (J)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

Abbreviations

[For abbreviations of elements and element valence states, see Table 3]

°F=(1.8x°C)+32

atmosphere

atmosphere cubic centimeter per mole per kelvin

atmosphere cubic centimeter per mole squared

bar cubic centimeter per calorie
calorie kelvin per mol

calorie kelvin per mole per bar
calorie per mole

calorie per mole per bar
coulomb per mole

cubic centimeter per calorie
cubic centimeter per mole
cubic decimeter per mole
cubic meter

cubic meter per mole

day

degree Celsius
electrostatic unit of charge
equation of state
equivalent

equivalent per cubic meter
equivalent per kilogram
equivalent per kilogram water
equivalent per liter

erg per kelvin

farad per square meter
gram

gram per cubic centimeter

atm
3 -1 -1
atm cm” mol™ /K

3 mol2

atm cm
bar cm?/cal
cal K mol™!

cal K mol™! bar’!
cal/mol

cal mol™! bar’!
C/mol

cm’/cal
cm?>/mol
dm?>/mol

m3

m3/mol

d

°C
esu
EOS
eq
eq/m3
eq/kg
eq/kgw
eq/L
erg/K
F/m?

g/ cm’

XXi
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gram per equivalent
gram per liter
gram formula weight

gram per liter per hour
gram per mole

hour

joule

joule per mole

joule per volt per equivalent
joule per kelvin per mole

joule per mole per meter
kelvin

kilocalorie

kilocalorie per mole
kilogram

kilogram per liter
kilogram solution
kilogram water

kilogram per cubic meter
kilojoule per mole

kilojoule per degree Celsius per kilogram

kilojoule per degree Celsius per meter per second
kilopascals

liter

liter per gram

liter per mole

liter per degree kelvin per mole
microgram

microgram per gram
microgram per liter

microgram per mole
micromole

micromole per kilogram water
microsiemens per centimeter
megapascals

meter

meter per second
milliequivalent

milliequivalent per gram
milliequivalent per kilogram
milliequivalent per kilogram water
milliequivalent per 100 gram
milligram per kilogram water
milligram per liter

gleq

g/L

gfw

g L'n!
g/mol

h

J

J/mol

J V'leq'1
JK 'mol!
J mol'm™!
K

kcal
kcal/mol
kg

kg/L

kgs

kgw
kg/m?
kJ/mol
kJ°eC kg
kI°C'm s
kPa

L

L/g

L/mol

L K 'mol’!
ng

He/g

png/L
pg/mol
umol
umol/kgw
uS/cm
MPa

m

m/s

meq
meq/g
meq/kg
meq/kgw
meq/100 g
mg/kgw
mg/L



millimole

millimole per square centimeter per second
millimolar (millimole per liter)

millimole per kilogram water

mole

mole per kilogram

mole per kilogram water

mole per liter

mole per liter per hour
mole per liter per second
mole per cubic meter

mole per meter to the fourth power
mole per mole

mole per second

mole per square centimeter per second

mole per square meter per second
parts per billion

parts per million

parts per thousand

second

siemens per meter

siemens square meter per mole
square meter

square meter per gram

square meter per mole

square meter per second

square meter per second per volt
square nanometer

tracer diffusion coefficient in water
volt

year

mmol
—ZS-I
mM
mmol/kgw
mol
mol/kg
mol/kgw
mol/L

mol LTh!
ls-l

mmol cm

mol L~
mol/m?>

mol/m*
mol/mol
mol/s
—ZS-I
—ZS-I

ppb
ppm
ppt

mol cm

mol m

S/m
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Description of Input and Examples for PHREEQC
Version 3—A Computer Program for Speciation,
Batch-Reaction, One-Dimensional Transport, and Inverse
Geochemical Calculations

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

Abstract

PHREEQC version 3 is a computer program written in the C and C++ programming languages that is
designed to perform a wide variety of aqueous geochemical calculations. PHREEQC implements several
types of aqueous models: two ion-association aqueous models (the Lawrence Livermore National
Laboratory model and WATEQA4F), a Pitzer specific-ion-interaction aqueous model, and the SIT (Specific
ion Interaction Theory) aqueous model. Using any of these aqueous models, PHREEQC has capabilities for
(1) speciation and saturation-index calculations; (2) batch-reaction and one-dimensional (1D) transport
calculations with reversible and irreversible reactions, which include aqueous, mineral, gas, solid-solution,
surface-complexation, and ion-exchange equilibria, and specified mole transfers of reactants, kinetically
controlled reactions, mixing of solutions, and pressure 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.

Many new modeling features were added to PHREEQC version 3 relative to version 2. The Pitzer
aqueous model (pitzer.dat database, with keyword PITZER) can be used for high-salinity waters that are
beyond the range of application for the Debye-Hiickel theory. The Peng-Robinson equation of state has been
implemented for calculating the solubility of gases at high pressure. Specific volumes of aqueous species are
calculated as a function of the dielectric properties of water and the ionic strength of the solution, which
allows calculation of pressure effects on chemical reactions and the density of a solution. The specific
conductance and the density of a solution are calculated and printed in the output file. In addition to
Runge-Kutta integration, a stiff ordinary differential equation solver (CVODE) has been included for kinetic

calculations with multiple rates that occur at widely different time scales.
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Surface complexation can be calculated with the CD-MUSIC (Charge Distribution MUItiSIte
Complexation) triple-layer model in addition to the diffuse-layer model. The composition of the electrical
double layer of a surface can be estimated by using the Donnan approach, which is more robust and faster
than the alternative Borkovec-Westall integration. Multicomponent diffusion, diffusion in the electrostatic
double layer on a surface, and transport of colloids with simultaneous surface complexation have been added

to the transport module.

A series of keyword data blocks has been added for isotope calculations—I SOTOPES,
CALCULATE_VALUES, ISOTOPE_ALPHAS, ISOTOPE_RATIOS, and NAMED_EXPRESS|IONS.
Solution isotopic data can be input in conventional units (for example, permil, percent modern carbon, or
tritium units) and the numbers are converted to moles of isotope by PHREEQC. The isotopes are treated as
individual components (they must be defined as individual master species) so that each isotope has its own
set of aqueous species, gases, and solids. The isotope-related keywords allow calculating equilibrium
fractionation of isotopes among the species and phases of a system. The calculated isotopic compositions are

printed in easily readable conventional units.

New keywords and options facilitate the setup of input files and the interpretation of the results.
Keyword data blocks can be copied (keyword COPY') and deleted (keyword DEL ETE). Keyword data items
can be altered by using the keyword data blocks with the M ODIFY extension and a simulation can be run
with all reactants of a given index number (keyword RUN_CELLYS). The definition of the complete
chemical state of all reactants of PHREEQC can be saved in a file in a raw data format (DUMP and _RAW
keywords). The file can be read as part of another input file with the INCL UDES$ keyword. These keywords
facilitate the use of [Phreeqc, which is a module implementing all PHREEQC version 3 capabilities; the
module is designed to be used in other programs that need to implement geochemical calculations; for

example, transport codes.

Charting capabilities have been added to some versions of PHREEQC. Charting capabilities have been
added to Windows distributions of PHREEQC version 3. (Charting on Linux requires installation of Wine.)
The keyword data block USER_GRAPH allows selection of data for plotting and manipulation of chart
appearance. Almost any results from geochemical simulations (for example, concentrations, activities, or
saturation indices) can be retrieved by using Basic language functions and specified as data for plotting in
USER_GRAPH. Results of transport simulations can be plotted against distance or time. Data can be added

to a chart from tab-separated-values files.
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All input for PHREEQC version 3 is defined in keyword data blocks, each of which may have a series
of identifiers for specific types of data. This report provides a complete description of each keyword data
block and its associated identifiers. Input files for 22 examples that demonstrate most of the capabilities of

PHREEQC version 3 are described and the results of the example simulations are presented and discussed.

Introduction

PHREEQC version 3 is a computer program for simulating chemical reactions and transport processes
in natural or polluted water, in laboratory experiments, or in industrial processes. The program is based on
equilibrium chemistry of aqueous solutions interacting with minerals, gases, solid solutions, exchangers, and
sorption surfaces, which accounts for the original acronym—pH-REdox-EQuilibrium, but the program has
evolved to include the capability to model kinetic reactions and 1D (one-dimensional) transport. Rate
equations are completely user-specifiable 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) in a model period. A 1D transport algorithm simulates dispersion and
diffusion; solute movement in dual porosity media; and multicomponent diffusion, where species have
individual, temperature-dependent diffusion coefficients, but ion fluxes are modified to maintain charge
balance during transport. A powerful inverse modeling capability allows identification of reactions that
account for observed water compositions along a flowline or in the time course of an experiment. Extensible
chemical databases allow application of the reaction, transport, and inverse-modeling capabilities to almost
any chemical reaction that is recognized to influence rainwater, soil-water, groundwater, and surface-water
quality.

PHREEQC evolved from the Fortran program PHREEQE (Parkhurst and others, 1980). PHREEQE
was 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.

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

* Jon-exchange equilibria,

* Surface-complexation equilibria,

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

* Geochemical inverse modeling.

Other improvements relative to PHREEQE included 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
aqueous phase, identification 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.

PHREEQC version 2 was a modification of PHREEQC version 1. All of the capabilities and most of

the code for version 1 were retained in version 2 and several new capabilities were 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
* [sotope mole balance in inverse modeling.

The numerical method was modified to use several sets of convergence parameters in an attempt to avoid
convergence problems. User-defined quantities could be written to the primary output file and (or) to a file
suitable for importation into a spreadsheet, and solution compositions could be defined in a format

compatible with spreadsheet programs.

PHREEQC version 3 extends PHREEQC version 2 with new features based on experience gained
while simulating the results from laboratory experiments and field investigations. Furthermore, the code has
been generalized into a computer object (IPhreeqc) to facilitate its use by other software programs that need

to calculate chemical reactions or the distribution of chemicals in various phases.
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Capabilities of PHREEQC Version 3

PHREEQC can be used as a speciation program to calculate saturation indices, the distribution of
aqueous species, and the density and specific conductance of a specified solution composition. For
calculating solute activities, PHREEQC uses ion-association, Pitzer, or SIT (Specific ion Interaction Theory)
equations to account for the nonideality of aqueous solutions. 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 available.
PHREEQC allows the concentration of an element to be adjusted to obtain equilibrium (or a specified
saturation index or gas partial pressure) with a specified phase, or to obtain charge balance. Solution

compositions can be specified with a variety of concentration units.

In batch-reaction calculations, PHREEQC is oriented toward system equilibrium rather than just
aqueous equilibrium. For an 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, and any kind of kinetically controlled
reaction. 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. Temperature
effects can be modeled with the reaction enthalpy (Van’t Hoff equation) or with a polynomial for the
equilibrium constant. Pressure effects can be simulated by entering molar volumes of solids and parameters
for defining the specific volume of aqueous species as a function of temperature, pressure, and ionic strength
with a Redlich-type equation (for example, Redlich and Meyer, 1964). The solubility of gases in gas mixtures
at (very) high pressures can be calculated with the Peng-Robinson equation of state (Peng and Robinson,
1976). The parameters for calculating the specific volume of aqueous species, the Peng-Robinson parameters
for gases, and molar volumes of minerals have been added to the databases phreeqc.dat, Amm.dat, and

pitzer.dat.

Sorption and desorption can be modeled as surface complexation reactions or as (charge neutral) ion
exchange reactions. PHREEQC has two models for surface complexation. One surface complexation model
is based on the Dzombak and Morel (1990) database for complexation of heavy metal ions on hydrous ferric
oxide (Hfo, or commonly referred to as ferrihydrite). Ferrihydrite, like many other oxy-hydroxides, binds

metals and protons on strong and weak sites and develops a charge depending on the ions sorbed. The model
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uses the Gouy-Chapman equation to relate surface charge and potential. The other surface complexation
model is CD-MUSIC (Charge Distribution MUItiSIte Complexation), which also allows multiple binding
sites for each surface. In addition, the charge, the potential, and even the sorbed species can be distributed
over the Stern layer and the Helmholtz layer in this model (Hiemstra and Van Riemsdijk, 1996). The
CD-MUSIC model has more options to fit experimental data and was developed for sorption on goethite. In
both models, the surface charge can be neutralized by an electrical double layer (EDL) on the surface. The
composition of the EDL can be calculated by explicit integration of the Poisson-Boltzmann equation
(Borkovec and Westall, 1983), or by averaging for a Donnan volume (Appelo and Wersin, 2007). Surface
complexation constants for two of the databases distributed with the program (phreeqc.dat and wateq4f.dat)
are taken from Dzombak and Morel (1990); surface complexation constants for the other databases
distributed with the program (minteq.dat and minteq.v4.dat) are taken from MINTEQAZ2 (Allison and others,
1990; U.S. Environmental Protection Agency, 1998).

Ion exchange can be modeled with the Gaines-Thomas convention (the equivalent fraction of the
exchangeable cation is used for activity of the exchange species), the Gapon convention (equivalent fraction
of exchange sites occupied by a cation is used for activity of the exchange species), or the Vanselow
convention (mole-fraction of the exchangeable cations is used for activity of the exchange species). The
equilibrium constants for the Gaines-Thomas model as listed in Appelo and Postma (2005) are included in
several of the databases distributed with the program (Amm.dat, iso.dat, lInl.dat, phreeqc.dat, pitzer.dat, and
wateq4f.dat).

Kinetically controlled reactions can be defined in a general way by using an embedded Basic
interpreter. Rate expressions written in the Basic language can be included in the input file, and the program
uses the Basic interpreter to calculate rates, which can depend on any parameter of the chemical model.
Multiple rates can be integrated simultaneously by using Runge-Kutta explicit or the CVODE implicit (stiff)
equation solver (Cohen and Hindmarsh, 1996). Formulations for ideal, multicomponent and nonideal, binary
solid and liquid solutions are available. The equilibrium compositions of nonideal, binary solid solutions can
be calculated even if miscibility gaps exist, and the equilibrium composition of ideal solid and liquid
solutions that have two or more components also can be calculated. It is possible to precipitate solid solutions
from supersaturated conditions with no preexisting solid, and to dissolve solid solutions completely. Both
fixed-pressure gas-phase (fixed-pressure gas bubbles) and fixed-volume gas-phase compositions can be

included in the calculations.
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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 can be added, and equilibrium is calculated for the resulting system. (Equilibrium is identical to the
minimum Gibbs energy for the system.) If kinetic reactions are defined, then the kinetic reactions are
integrated with an automatic time-stepping algorithm while system equilibrium is maintained for the

equilibrium reactions that are defined.

PHREEQC provides a numerically efficient method for simulating the movement of solutions through
a column or 1D flow path with or 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 and (or) diffusion (Appelo and Postma, 2005) coupled with reversible and irreversible chemical
reactions within the column can be modeled. For simulating colloidal transport, surfaces can be given a
diffusion coefficient and transported as solutes through the column. For modeling a dual porosity medium,
stagnant zones can be incorporated in the column. Multicomponent diffusion, a process where each solute
diffuses according to its own diffusion coefficient, can be included in advective transport simulations or as
a stand-alone diffusion process. In the multicomponent diffusion process, diffusion in the EDL and in the
interlayers of clay minerals can be included, and the diffusion coefficients can be coupled to porosity changes
that may result from mineral dissolution and precipitation, thus providing a framework for simulating
experiments with clays and clay rocks. A stagnant-zone option can be used for modeling (multicomponent)
diffusion in three dimensions by using explicit finite-difference equations to define mixing among the
stagnant cells. A 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 water evolves along a flow
path. Assuming two water analyses 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
account for the differences in composition. Inverse models that mix two or more waters to form a final water
also can be calculated. PHREEQC allows 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 solution, while adjustments to the analytical data are constrained to be within the specified
uncertainty limits. Isotope mole-balance equations with associated uncertainty limits can be specified, but

inverse modeling does not include Rayleigh fractionation processes.
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The input to PHREEQC is 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 species, solid solutions, and pure phases, which eliminates all use of index numbers to
identify elements or species. The C programing language allows dynamic allocation of computer memory,
so there are no limitations on array sizes, string lengths, or numbers of entities, such as solutions, phases, sets
of phases, exchangers, solid solutions, or surfaces that can be defined to the program. The graphical user
interface Phreeqcl (Charlton and Parkhurst, 2002) provides input screens for all of the features of version 2
and most of the features of version 3, including charting. Another graphical user interface with charting
options, PHREEQC for Windows, has been written by Vincent Post (2012). The free-format structure of the
data, the use of order-independent keyword data blocks, and the relatively simple syntax facilitate the

generation of input files with a standard editor.

A new capability in PHREEQC version 3—the INCL UDES$ keyword—allows files to be inserted into
input and database files. The point of insertion can, but does not have to correspond to the end of keyword
data blocks. Inserted files may in turn insert other files, so that a collection of files may be merged into one
stream for PHREEQC database and (or) input files. The merging is done “on-the-fly”, so that it is possible
to write a file with a SELECTED_OUTPUT data block that is subsequently included in the same run.

Charting capabilities similar to those in PHREEQC for Windows have been added to the Windows
distributions of PHREEQC version 3. Charting is possible for Linux, but requires installation of Wine. The
keyword data block USER_GRAPH allows selection of data for plotting and manipulation of chart
appearance. Almost any results from geochemical simulations (for example, concentrations, activities, or
saturation indices) can be retrieved by using Basic language functions and specified as data for plotting in

USER_GRAPH. Results of transport simulations can be plotted against distance or time.

Program Limitations

PHREEQC is a general geochemical program and is applicable to many hydrogeochemical

environments. However, several limitations need to be considered.

Aqueous Model

One limitation of the aqueous model is lack of internal consistency in the data in the databases. The

database pitzer.dat defines the most consistent aqueous model; however, it includes only a limited number of
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elements. All of the other databases are compendia of logarithms of equilibrium constants (log Ks) and

enthalpies of reaction that have been taken from various literature sources. No systematic attempt has been
made to determine the aqueous model that was used to develop the individual log Ks or whether 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 default ion-exchange formulation 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-Hiickel
activity coefficient and (or) an “active fraction” 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

Davis and Kent (1990) reviewed surface-complexation modeling and note theoretical problems with
the use of molarity as the standard state for sorbed species. PHREEQC 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 appropriate log Ks. In many field
studies, surface-complexation modeling requires experimental data on material from the study site for

appropriate model application.

Solid Solutions

PHREEQC uses 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 may be large in many cases—Ilinear 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.

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 the way the solver handles small numbers. The option to change the tolerance used by the solver (-tol in
INVERSE_MODELING data block) is an attempt to remedy this problem. Some versions of PHREEQC
have an option to use an extended precision solver in inverse calculations, but this option has not proved to
be effective. The inability to make Rayleigh fractionation calculations for isotopes in precipitating minerals

is a major limitation.
Purpose and Scope

The purpose of this report is to describe the input and provide example calculations for the program
PHREEQC version 3. The report includes a discussion of the versions of PHREEQC that are available, a list
of the types of calculations that can performed, a complete description of the keyword data blocks that
comprise the input for the program, and presentation of a series of examples of input files and model results

that demonstrate many of the capabilities of the program.

Versions of PHREEQC

PHREEQC is available for a number of different software environments. Batch and library (or DLL)
versions are available for Windows and Linux. Graphical user interfaces and a COM (Component Object
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Model) version are available only for Windows operating systems. All versions are available at the Web site
http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/.

Batch Versions

Batch (or stand-alone) versions of PHREEQC have been compiled for Windows and Linux operating
systems. These versions are executed from a command line with one to four arguments: (1) input file, (2)
output file, (3) database file, and (4) screen-output file. The input file is required and the rest are optional,
but all preceding arguments are required to enter the third or fourth argument.

A batch version with charting capabilities is distributed for Windows operating systems. (This version
can be run with Wine on Linux and OS2 operating systems.) It also is possible to install Wine and related
software to compile PHREEQC with charting capabilities on Linux operating systems, but that version is not

distributed presently (2012).

Graphical User Interfaces

The program Phreeqcl is a graphical user interface to PHREEQC that runs on Windows operating
systems. It provides data entry screens for most keyword data blocks with a description of each input data
item. The interface allows input to be defined, simulations run, output viewed, and charts generated. An input
tree allows all the keyword input for multiple files to be viewed and selected for running or editing. Data
entry for keyword data blocks related to isotopes (CALCULATE_VALUES, ISOTOPE_ALPHAS,
|SOTOPE_RATIOS) has not been implemented.

The program PHREEQC for Windows (PfW) written by Vincent Post (http.//pfw.antipodes.nl/,
accessed May 31, 2012) is a graphical user interface that allows building and running PHREEQC input files.
It provides templates for each keyword data block and identifier of PHREEQC version 2 and
USER_GRAPH, which can be edited to define the desired input. PfW has charting capabilities equivalent
to PHREEQC version 3 (excluding the PLOT XY function).

The general-purpose editor Notepad++ has been adapted for writing, editing, and running PHREEQC
input files, including charting. Notepad++ provides the following capabilities:

* Syntax highlighting,
» Autocompletion of keywords, identifiers, and any other already present word in the text,

* Calltips for Basic functions and keywords,

Versions of PHREEQC 11



* Colored numbers (1 and 1 are differently colored!),

* Parenthesis matching: print (1 +9.0) / (9 + 1.0)|,

« Commenting or uncommenting multiple lines at once,

* Column editor for easy Basic line renumbering,

» Shortcuts: for example, Ctrl+F6 runs PHREEQC on the current file,

* File recognition of extensions .ppi, .pqi, .phrq, .phr, .dat, and .out.

The Notepad—++ version adapted for PHREEQC version 3 can be downloaded from

http://www.hydrochemistry.eu/downl.html.

PHREEQC Modules for Use with Scripting and Programming Languages

PHREEQC modules have been developed that allow PHREEQC to be included in many software
environments (Charlton and Parkhurst, 2011). A limited set of methods implement the full reaction
capabilities of PHREEQC for each module. These input methods use strings or files to define geochemical
calculations in exactly the same formats used by PHREEQC. Output methods provide a table of user-selected
model results, such as concentrations, activities, saturation indices, or densities. The PHREEQC modules
may be used in scripting languages to fit parameters; to plot PHREEQC results for field, laboratory, or
theoretical investigations; or to develop new models that include simple or complex geochemical
calculations.

PHREEQC version 3 has been implemented as a C++ class, and a derived class, called IPhreeqc,
includes the methods that make IPhreeqc easy to use in other software. IPhreeqc has been compiled in
libraries for Linux and Windows that allow PHREEQC to be called from C++, C, and Fortran. A Microsoft
COM (Component Object Model) version of PHREEQC has been implemented, which allows IPhreeqc to
be used by any software that can interface with a COM server—for example, Excel®, Visual Basic®, Python,

or MATLAB®.

Types and Sequence of Calculations

After reading a database file of thermodynamic data, PHREEQC reads an input file until it reaches an
END keyword or the end of the file. At that point, PHREEQC begins a simulation by processing any new
thermodynamic data that have been read, creating updated lists of elements, phases, and aqueous, exchange,

and surface species. After processing these new data, up to 12 types of calculations or data management
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operations may be performed in the following order: (1) initial solution or speciation calculations, (2) initial
exchange calculations, (3) initial surface calculations, (4) initial gas-phase calculations, (5) batch-reaction
calculations, (6) inverse-modeling calculations, (7) advective-transport calculations, (8)
advective-dispersive transport calculations, (9) cell batch-reaction calculations, (10) copy operations, (11)
dump operations, and (12) delete operations. After all of these calculations and operations are completed,
PHREEQC reads the input file to the next END keyword and starts another simulation. All the simulations

together are termed a “run”.
Initial Solution or Speciation Calculations

Generally, a chemical analysis provides total concentrations of elements in solution. A speciation
calculation distributes these totals among aqueous species by using an aqueous model; the results of the
speciation calculation are the activities of all of the aqueous species. The activities can be used for calculating
saturation indices for minerals, relative to the water. Speciation modeling requires only a SOLUTION data
block for each water analysis for which saturation indices are to be calculated. Alternatively, the
SOLUTION_SPREAD data block can be used to define multiple solutions in the same data block—one row
for each solution—and speciation calculations are performed for each analysis. Example 1 demonstrates

speciation calculations.
Initial Exchange Calculations

One type of reactant used by PHREEQC is an assemblage of one or more ion exchangers. The
elemental composition of the exchange assemblage can be defined explicitly or implicitly with the
EXCHANGE data block. If the composition is defined explicitly, that is by specifying the number of moles
of each element on exchange sites, then there is no need for an initial exchange calculation. If the
composition of the exchange assemblage is defined implicitly, a calculation is performed to determine the
composition of the exchanger that is in equilibrium with a specified solution composition. In this calculation,
the composition of the solution does not change, but the composition of the exchanger is adjusted until it is

in equilibrium with the solution. Examples 13, 14, 19, and 21 demonstrate this calculation in Examples.
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Initial Surface Calculations

One type of reactant used by PHREEQC is an assemblage of one or more surfaces, each with one or
more types of complexation sites. Similar to ion exchange, the elemental composition of the surface
assemblage can be defined explicitly or implicitly with the SURFACE data block. If the composition is
defined explicitly, that is by specifying the number of moles of each element on surface sites, then there is
no need for an initial surface calculation. If the composition of the surface assemblage is defined implicitly,
a calculation is performed to determine the composition of the surface that is in equilibrium with a specified
solution composition. In this calculation, the composition of the solution does not change, but the
compositions of the surfaces are adjusted until they are in equilibrium with the solution. Examples 14, 19,

and 21 demonstrate this calculation in Examples.

Initial Gas-Phase Calculations

A gas phase is defined by the number of moles of gas components that are present. The gas phase may
have either constant pressure or constant volume. The number of moles of each component in a
constant-pressure gas phase can be defined by specifying the partial pressures of all the gas components in
which case, no initial gas-phase calculation is done. An initial gas-phase calculation is done when the
identifier -equilibrateis included in a fixed-volume gas-phase definition. In this case, the partial pressure of
each gas component in the solution is taken as the partial pressure in the gas phase. From the partial pressures
and the volume of the gas phase, the moles of each component will be calculated by the ideal gas law or
(approximately) with the Peng-Robinson equation of state. The composition of the solution is not changed

during an initial gas-phase calculation.

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 put in 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, pressure changes, temperature changes, and (or) kinetic reactions, where the
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reaction rate can depend on solution composition or other, user-definable parameters. Conceptually, the
irreversible reactions are added and equilibrium is calculated for the system (see examples 2, 3,4, 5,6, 7, 8,
10, 19, 20, 21, and 22 in the 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, 9, and 15 in Examples).

Initial conditions for batch reactions are defined with SOLUTION, SOLUTION_SPREAD,
EQUILIBRIUM_PHASES, EXCHANGE, GAS PHASE, SOLID_SOLUTIONS, and SURFACE data
blocks. Irreversible reactions are defined with the following data blocks: M1X, for mixing of solutions;
REACTION, for adding or removing fixed amounts of specified reactants; KINETICS and RATES, for
defining kinetic reactions; REACTION_PRESSURE, for changing the pressure at which the batch reaction
occurs; and REACTION_TEMPERATURE, for changing the temperature at which the batch reaction

occurs.

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 mixture (SOLUTION or
M1 X 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, REACTION_PRESSURE, and
REACTION_TEMPERATURE. For an explicit calculation, “USE keyword number” defines a set that is
to be used regardless of position within the input lines (see examples 3, 6, 7, 8, and 9 in Examples). “USE
keyword non€” eliminates a reactant 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 saved with the
SAVE keyword. RUN_CEL L Sinvokes all the defined keyword data blocks automatically for specified cell

numbers, as explained in Cell Batch-Reaction Calculations.

Inverse-Modeling Calculations

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
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flow path are needed, as well as a set of phases that are potentially reactive along the flow path. From the
analyses and 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. Normally, only
SOLUTION or SOLUTION_SPREAD data blocks and an INVERSE_M ODEL ING keyword data block
are needed for inverse modeling calculations. However, additional reactant phases may need to be defined

with PHASES or EXCHANGE_SPECIES data blocks (see examples 16, 17, and 18 in Examples).
Advective-Transport Calculations

Advective-transport calculations are used to simulate advection and chemical reactions as water moves
through a 1D column (ADVECTION data block). The column is divided into a number of cells, #, which is
defined by the user. The cells are numbered 1 through 7, and these cells initially contain solutions with
identifying numbers 1 through n. A solution composition for each of these integers must have been defined
by SOLUTION (or SOLUTION_SPREAD) data blocks or the SAVE keyword. The cells also may contain
other reversible or irreversible reactants. For a given cell number, i, if a phase assemblage, exchange
assemblage, solid-solution assemblage, surface assemblage, gas phase, mixture, reaction, reaction-pressure,
or reaction-temperature data block with identifying number i has been defined, then it is present in cell i
during 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 0 to cell 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 keywords EQUILIBRIUM_PHASES,
EXCHANGE, GAS PHASE, KINETICS, M1 X, REACTION, REACTION_PRESSURE,
REACTION_TEMPERATURE, SOLID_SOLUTIONS, SOLUTION, and SURFACE allow
simultaneous definition for a range of cell numbers. The SAVE keyword also permits a range of solution,

gas-phase, or assemblage numbers to be saved simultaneously.
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Advective-Dispersive Transport Calculations

Analogous to purely advective transport, advective-dispersive 1D and diffusive 2- or 3D transport can
be modeled with the TRANSPORT data block. Dispersivities can be specified for cells, and either a single
diffusion coefficient is used for all chemical species or each species can be given its own
temperature-dependent diffusion coefficient. Like purely advective transport calculations, a column of n
cells is defined, but also dispersion/diffusion parameters, boundary conditions, direction of flow, cell lengths,
and advective time step can be provided. It also is possible to model double porosity by including the relevant
information (example 13). The infilling solution depends on the direction of flow and may be solution
number 0 or n+/. For each shift (advection or diffusion time step) a number of dispersion/diffusion mixing
steps are performed, the number depending on numerical stability criteria. For each shift and dispersion step,
kinetic reactions are integrated for each cell while maintaining equilibrium with any gas phase or

assemblages that are present in the cell (see examples 11, 12, 13, 15, 19, and 21, in Examples).
Cell Batch-Reaction Calculations

Cell batch-reaction calculations are a special case of batch-reaction calculations. Whereas any reactant
with any identification number can be reacted in a batch-reaction calculation, only reactants with the same
identification number are used in a cell batch-reaction calculation. For a cell batch-reaction calculation, the
identification number (cell number) is specified, and any reactants with that identification number are
brought together and reacted. The reactants may include any defined by the EQUILIBRIUM_PHASES,
EXCHANGE, GAS PHASE, KINETICS, M1 X, REACTION, REACTION_PRESSURE,
REACTION_TEMPERATURE, SOLID_SOLUTIONS, SOLUTION, and SURFACE data blocks. If
both a M1 X and SOLUTION are defined with the specified cell number, then the M I X reactant is used. The
USE data block has no effect on cell batch-reaction calculations. The compositions of the
EQUILIBRIUM_PHASES, EXCHANGE, GAS PHASE, KINETICS, SOLUTION, and SURFACE
reactants are automatically saved after a cell batch-reaction calculation and the SAVE data block has no

effect.
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COPY Operations

The COPY operation allows any numbered reactant to be replicated, including reactants defined with
EQUILIBRIUM_PHASES, EXCHANGE, GAS PHASE, KINETICS, M1 X, REACTION,
REACTION_PRESSURE, REACTION_TEMPERATURE, SOLID_SOLUTIONS, SOLUTION, and
SURFACE data blocks. A reactant can be copied to a single new instance with a specified identification
number or to multiple new instances with a contiguous range of identification numbers. If a reactant is copied
to an identification number, and a reactant of that type already exists with that number, the existing reactant

1S overwritten.

DUMP Operations

The DUM P operation allows any numbered reactant to be written to a file in a form that is readable by
PHREEQC (_RAW data blocks), including reactants defined with EQUILIBRIUM _PHASES,
EXCHANGE, GAS PHASE, KINETICS, MIX, REACTION, REACTION_PRESSURE,
REACTION_TEMPERATURE, SOLID_SOLUTIONS, SOLUTION, and SURFACE data blocks. The
file can be used to reestablish the state of a PHREEQC calculation in a subsequent PHREEQC run. IPhreeqc
modules can retrieve DUM P information as a string, which can be used to copy the reactant definitions to

other IPhreeqc modules.

DELETE Operations

The DEL ETE operation allows any numbered reactant to be deleted from the current PHREEQC run,
including reactants defined with EQUILIBRIUM_PHASES, EXCHANGE, GAS PHASE, KINETICS,
MIX, REACTION, REACTION_PRESSURE, REACTION_TEMPERATURE,
SOLID_SOLUTIONS, SOLUTION, and SURFACE data blocks. The reactants to be deleted can be
identified by individual or ranges of identification numbers. In some circumstances, such as cell
batch-reaction calculations, it may be useful to delete a reactant that is no longer wanted. For most
batch-reaction calculations, memory is sufficiently available in modern computers so that it is not necessary
to delete reactants that are no longer used. However, if [Phreeqc modules are used for simulations with
hundreds of thousands of cells, then DEL ETE operations may be needed for efficient management of

computer memory.
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Description of Data Input

The input for PHREEQC is 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 1. 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 first END keyword is encountered, after
which the specified calculations are performed. The process of reading data from the input file until an END,
followed by doing the calculations, is repeated until the end of the input file is encountered. The set of
calculations, defined by keyword data blocks terminated by an END, 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 the program PHREEQC.

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 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
and pressure; 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. The combination of capabilities allows the modeling of
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 composition differences between an

initial water or a mixture of initial waters and a final water.
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Table 1. List of keyword data blocks.

Keyword data block

Function

ADVECTION
CALCULATE_VALUES
COPY

DATABASE

DELETE

DUMP

END

EQUILIBRIUM_PHASES
EXCHANGE
EXCHANGE_MASTER_SPECIES
EXCHANGE_SPECIES
GAS_PHASE

INCLUDES$
INCREMENTAL_REACTIONS
INVERSE_MODELING
ISOTOPES
ISOTOPE_ALPHAS
ISOTOPE_RATIOS

KINETICS

KNOBS

LLNL_AQUEOUS MODEL_PARAMETERS

MIX
NAMED_EXPRESSIONS

PHASES

PITZER

PRINT

RATES

REACTION
REACTION_PRESSURE
REACTION_TEMPERATURE
RUN_CELLS

SAVE
SELECTED_OUTPUT
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Specify parameters for advective-reactive transport, no dispersion
Define Basic functions

Make copies of keyword data blocks with new identifying numbers
Specify the database for the simulations

Delete specified reactants

Write complete descriptions of specified reactants to file (or to a string for
IPhreeqc modules)

Demarcate end of a simulation

Define assemblage of minerals and gases 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

Insert a file into the input or database file

Define whether reaction increments are incremental or cumulative

Specify solutions, reactants, and parameters for mole-balance modeling
Identify isotopes of elements and define the absolute isotopic ratio of standards
Specify fractionation factors to appear in the output file

Specify isotope ratios to appear in the output file

Specify kinetic reactions and define parameters

Define parameters for numerical method and printing debugging information

Specify activity coefficient parameters for the Lawrence Livermore National
Laboratory aqueous model

Define mixing fractions of aqueous solutions

Assigns a name to an analytical expression for an equilibrium constant or isotope
fractionation factor

Define dissociation reactions and thermodynamic data for minerals and gases
Specify the parameters of a Pitzer specific-ion-interaction aqueous model
Select data blocks to be printed to the output file

Define rate equations with Basic language statements

Specify irreversible reactions

Specify pressure(s) for batch reactions

Specify temperature(s) for batch reactions

Specify a reaction simulation that includes all reactants of a given identification
number

Save results of batch reactions for use in subsequent simulations

Print specified quantities to a user-defined file



Table 1. List of keyword data blocks—Continued

Keyword data block

Function

SIT
SOLID_SOLUTIONS
SOLUTION
SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES
SOLUTION_SPREAD

SURFACE
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

TITLE

TRANSPORT

USE
USER_GRAPH
USER_PRINT

USER_PUNCH

Specify the parameters of a SIT (specific-ion-interaction theory) aqueous model
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 for SOLUTION)

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 advective-dispersive-reactive transport, optionally with
dual porosity

Select aqueous solution or other reactants that define batch reactions
Specify data and parameters for a user-defined X-Y plot
Print user-defined quantities to the output file

Print user-defined quantities to the selected-output file

Conventions for Data Input

PHREEQC was designed to eliminate some of the input errors due to complicated data formatting in

Fortran-type input files. Data for the program are free format; spaces or tabs may be used to delimit input
fields (except SOLUTION_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 input to PHREEQC:

K eywords—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 example,
PURE_PHASES is a synonym for EQUILIBRIUM_PHASES.

I dentifier s—Identifiers 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
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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 the SOLUTION keyword and the
identifiers log_k and delta_h. The hyphen in the identifier never implies that the negative of a quantity is

entered.

Chemical equations—For aqueous, exchange, and surface species, chemical reactions must be
association reactions, with the defined species occurring in the first position after the equal sign. For phases,
chemical reactions must be dissolution reactions 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

9

formulas (that are normally represented by a ““ - °, as in the formula for gypsum, CaSO,4-2H,0) are designated

with a colon (*:”) in PHREEQC (thus, CaSO,4:2H,0), but only one colon per formula is permitted.

Element names—Two forms of element names are available (1) those beginning with an alphabetic
character and (2) those beginning with a square bracket. For form 1, an element formula, wherever it is used,

(IS

must begin with a capital letter and may be followed by one or more lowercase letters or underscores,
Numbers are not permitted, except in parentheses for defining the redox state. In general, element names are
simply the chemical 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” is an acceptable element name, and it would be possible to define metal

binding constants in terms of metal-Fulvate complexes.

Form 2 of element names is less restrictive than form 1. Within the square brackets, any combination
of alphanumeric characters and the characters plus, minus, equal, colon, decimal point, and underscore can
be used. The form-2 element name is case dependent, but upper and lower case characters can be used in any
position. The iso.dat database makes extensive use of the square-bracket form for element names by using

the mass number and chemical symbol for minor-isotope definitions, such as [13C], [15N], and [34S].

Charge on a chemical species—The 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 an integer
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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 states—Redox elements that exist in more than one valence state in solution are identified for
definition of solution composition by the element name followed by a valence in parentheses. Thus, sulfur
that exists as sulfate is defined as S(6) and total sulfide (H,S, HS", and others) is identified by S(-2). The
valence may include a decimal point. The valence number is for identification purposes only and does not

otherwise affect the calculations.

log K and temper ature dependence—The identifier log_k is used to define the log K at 25 °C for a

reaction. The temperature dependence for log K may be defined by the Van’t Hoff expression or by an

analytical expression. The identifier delta_h is used to give the standard enthalpy of reaction at 25 °C for a
chemical reaction, which is used in the Van’t Hoff equation. By default the units of the standard enthalpy are
kilojoule per mole (kJ/mol). Optionally, for each reaction the units may be defined to be kilocalorie per mole
(kcal/mol). An analytical expression for the temperature dependence of log K for a reaction may be defined

with the -analytical_expression identifier. Up to six numbers may be given, which are the coefficients for

A A
the equation: log,,K = 4, + 4,7+ 73 +A4,log, T+ =4 A6T2 , where T is in kelvin. A log K is defined either

T2

with log_k or -analytical_expression (default log_Kk is zero); the enthalpy is optional (default is zero). If
present, an analytical expression is used in preference to the log_k and enthalpy values for calculation of the

log K at the specified temperature.

Pressure dependence of log K—Pressure dependency of reaction constants for species, and the
pressure-dependent solubilities of minerals and gases, are calculated from the volume change of the reaction.
The molar volume of solids and parameters for calculating the molal volume of aqueous species are defined

in Amm.dat, phreeqc.dat, and pitzer.dat.

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 setup. In addition, it is useful for temporarily removing lines from an input file.

L ogical lineseparator—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:
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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
description fields.

L ogical 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:

Ca0.165A12.33513.67010(0H)2 + 12 H20 = \
0.165Ca+2 + 2.33 AL (OH)4- + 3.67 H4SiO4 + 2 H+

on two lines. The program would interpret this sequence as a balanced equation entered on a single logical
line. For a line to be logically continued, the backslash must be the last character in the line except for white
space.

Repeat count—An asterisk (“*”’) can be used to indicate a repeat count for the data item that follows
the asterisk. 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”). Repeat
counts can be used for specifying data for the identifiers -length and -disper sivity in the TRANSPORT data
block and for specifying reaction steps in the REACTION and KINETICS data blocks.

Range of integer s—A hyphen (“-”) can be used to indicate a range of integers for the keywords with
an identification number (for example, SOLUTION 2-5). It is also possible to define a range of cell numbers
for the identifiers -print_cells and -punch_cellsin the ADVECTION and TRANSPORT data blocks and
in the options for the COPY, DELETE, DUMP, and RUN_CEL L Sdata blocks. A range of integers is given
in the form m-n, where m and n are positive integers, m is less than n, and the two numbers are separated by
a hyphen without intervening spaces.

Special character s—A summary of all of the special characters used in PHREEQC formatting is given
in table 2.

Reducing Chemical Equations to a Standard Form

The numerical algorithm of PHREEQC requires 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 program PHREEQE, these species were
called “master species” and the reactions for all aqueous complexes had to be written using only these
species. PHREEQC also 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
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Table 2. Summary of special characters for input data files.

character Use

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

- Indicates a range of cell numbers for keyword data blocks (for example, SOLUTION 2-5), for identifiers
-print_cellsand -punch_cellsin the ADVECTION and TRANSPORT data blocks, and for identifiers in the
COPY, DELETE, DUMP, and RUN_CEL L S data blocks.
In a chemical equation, “:” replaces “” in a formula like CaSO42H,0.

[1 Used to define element names including numeric and a limited set of special characters (+-. :).

) 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 count for -length and -dispersivity values in the TRANSPORT data block and steps

in the REACTION and KINETICS blocks.

an aqueous species in terms of any aqueous species in the database (not just master species), and PHREEQC

will rewrite the equation to the proper internal form.

PHREEQC also will rewrite reactions for phases, exchange complexes, and surface complexes.
Reactions are required to be dissolution reactions for phases and association reactions for aqueous, exchange,
or surface complexes. Dissolution reactions for phases allow inclusion of names of solids and gases in the

equations, provided they are appended with the strings “(s)”” and “(g)”; for example,
CaC0O2[180] (s) + H20(l) = H2[180] (ag) + Calcite(s).

The string “(1)” can be appended to the water formula and *“(aq)” to aqueous species for clarity, but they are
not required. The “(s)” and “(g)” suffixes cause the program to look in the list of phases to find equations
that can be used to reduce the original equation to an equation that contains exclusively aqueous species.
This capability to use solids and gases in chemical reactions for phases was implemented primarily to
simplify the definition of equations for isotopic solid and gas components. The log Ks for these isotopic
species often depend on the log K for the predominant isotopic species (solid or gas) offset by a
fractionation factor and (or) a symmetry-derived log K. The inclusion of gases and solids in the equations
for isotopic solids and gases is a straightforward method to define these dependencies of the isotopic
species equilibrium constant on the equilibrium constant for the predominant isotopic species. In the

example given here, the equilibrium constant for the single oxygen-18 form of calcium carbonate solid
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depends on the equilibrium constant of the pure carbon-12, oxygen-16 form of calcite, which is specified by

“Calcite(s)” in the example equation and refers to the equation and log K defined for the calcite phase.

There is one major restriction on the rewriting capabilities for aqueous species. PHREEQC calculates
mole balances on individual valence states or combinations of valence states of an element for initial solution
calculations. It is necessary for PHREEQC to 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 only one aqueous
species of an element valence state is defined by the electron half-reaction that relates it to another valence
state. The aqueous species defined by this half-reaction is termed a “secondary master species”’; there must
be a one-to-one correspondence between valence states and secondary master species and the coefficient of
the newly defined species must be one. In addition, there must be one “primary master species” for each
element, such that reactions for all aqueous species for an element can be rewritten in terms of the primary
master species. The equation for the primary master species is simply an identity reaction. If the element is
aredox element, the primary master species must also be a secondary master species. For example, to be able
to calculate mole balances on total iron, total ferric iron, or total ferrous iron, a primary master species must
be defined for Fe (iron) 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 is Fe'?, the secondary master
species for Fe(+2) is Fe'2, and the secondary master species for Fe(+3) is Fe™3. The correspondence between
master species and elements and element valence states is defined by the

SOLUTION_MASTER_SPECI ES data block, which for iron in phreeqc.dat are as follows:

SOLUTION MASTER SPECIES

Fe Fe+2 0.0 Fe 55.847
Fe (+2) Fe+2 0.0 Fe
Fe (+3) Fe+3 -2.0 Fe

The line with “Fe” (without parentheses) defines the primary master species, and the last two lines, which
have parentheses following “Fe”, define the secondary master species. The chemical equations for the

master species and all other aqueous species are defined by the SOLUTION_SPECI ES data block.

Conventions for Documentation

The descriptions of keywords and their associated input are now described in alphabetical order as
listed in table 1. Several formatting conventions are used to help the user interpret the input requirements. In

this report, keywords are always capitalized and bold. Words in bold must be included literally when creating
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input files (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
considered to be sub-keywords or options. Although identifiers are case independent, by convention,
identifiers appear in lowercase bold in this manual. “Temperature” is an identifier for SOLUTION input.
Each identifier may have two forms: (1) the identifier word spelled exactly (“temperature”, in this case), or
(2) a hyphen followed by a sufficient number of characters 