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ABSTRACT 
PHREEQC version 2 is a computer program written in the C programming language that is designed to perform a 
wide variety of low-temperature aqueous geochemical calculations. PHREEQC is 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 in PHREEQC version 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 quantities to the 
primary output file and (or) to a file suitable for importation into a spread- sheet, 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 in PHREEQC; describes the input for the program; and presents examples that demonstrate 
most of the program's capabilities. 
 
 
INTRODUCTION 
PHREEQC version 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 2 User's Guide 
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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. 
 
PHREEQC is based on the Fortran program PHREEQC (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. 
 
PHREEQC 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. PHREEQC version 1 (Parkhurst, 1995) was a completely new program written in the C 
programming language that implemented all of the capabilities of PHREEQC and added many capabilities that were 
not available in PHREEQC, including:  
• lon-exchange equilibria,  
• Surface-complexation equilibria,  
• Fixed-pressure gas-phase equilibria, and  
• Advective transport. 
 



 

 

 
Other improvements relative to PHREEQC 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 is a modification of PHREEQC version 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  
• lsotope 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. 
 
 
Program Capabilities 
PHREEQC can 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 he 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. Solution compositions can 
he specified with a variety of concentration units. 
 
In batch-reaction calculations, PHREEQC is 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 generalised 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 program (phreeqc.dat and wateq4f.dat) are taken from Dzombak and Morel (1990); surface complexation 
constants for the other database distributed with the program (minteq.dat) are taken from MINTEQA2 (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.dat and wateq4f.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, muiticomponent 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. 
 
lt 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 he 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 modeling. PHREEQC provides a numerically efficient 
method for simulating the movement of solutions through a column or 1D flow path with or 4 User's Guide to 
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within the column are specified and the changes in composition due to advection and dispersion (Appelo and Postma, 
1993) coupled 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. 
 
lnverse 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 account for the 
differences in composition. Inverse models that mix two or more waters to form a final water can also be calculated. 
PHREEQC allows uncertainty limits to be defined for alt analytical data, such that inverse models are constrained to 
satisfy mole balance for each element and valence state as welt as charge balance for each solution, 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 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. 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 version 2 (PHREEQC for Windows, V.E.A. Post, written commun., 1999, 
http://www.geo.vu.nl/users/posv/phreeqc.html). 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 data sets with a standard 
editor. The C programming 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 phases, 
exchangers, solid solutions, or surfaces that can be defined to the program. 
 
 
Program Limitations  
PHREEQC is a general geochemical program and is applicable to many hydrogeochernical environments. However, 
several limitations need to be considered. 
 
Aqueous Model  
PHREEQC uses ion-association and Debye Hückel 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 of the aqueous model 
through the use of an ionic-strength term in the Debye Hückel expressions. These terms have 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 incorporated 
in PHREEQC. 
 
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 code, phreeqc.dat and wateq4f.dat are consistent with the aqueous model of 
WATEQ4F (Ball and Nordstrom, 1991) and the compilation of Nordstrom and others (1990), the other database, 
INTRODUCTION 5 minteq.dat is taken from MINTEQA2 (Allison and others, 1990). However, in these compendia, the 
log K's and 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 individual log K's 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 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-Hückel 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 he 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  
PHREEQC incorporates 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 in PHREEQC. 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 species. PHREEQC version 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 appropriate log K's. In many field studies, surface complexation 
modeling requires experimental data on material from the study site for appropriate model application. 
The capability of PHREEQC to calculate explicitly the composition of the diffuse layer (-diffuse_layer option SURFACE 
data block) is ad hoc and should be used only as a preliminary sensitivity analysis. 
 
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. lt 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. 
 
Transport Modeling  
An explicit finite difference algorithm is included lor calculations of ID 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 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. lt 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  
PHREEQC tries to identify input errors, but it is not capable of detecting some physical impossibilities in the chemical 
system that is modeled. For example, PHREEQC allows 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 an acid is needed (or vice 
versa) and (2) when noncarbonate alkalinity exceeds the total alkalinity given on input. At present, the numerical 
method has proved to he 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 features of the KNOBS keyword. The scaling features appear to be necessary when total dissolved 
concentrations fall below approximately 10-15 mol/kgw (moles per kilogram of water). 
 
Inverse Modeling 
lnclusion 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. In addition, the inability to make Rayleigh fractionation calculations 
for isotopes in precipitating minerals is a limitation. 
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