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ABSTRACT

Supcrt and PHreeQc are two software packages widely used for thermodynamic calculations and geochemical
modeling of gas-water-mineral reactions, respectively. The versatility and easy-to-use functions of PHreeQc have
earned its popularity, but the software is limited by the default thermodynamic datasets it is distributed with,
which has limited PHreeQc applications to mostly at ambient temperature. To expand the applicability of PHreeQc
to wider temperature and pressure conditions, this study developed the software utility SupPHreEQC that extracts
thermodynamic data from SupcrtsL and translates them into PHreeQc-readable formats. By linking SupcrreL and
PHREEQC, this study helps harness high-quality thermodynamic data for minerals and a large number of inorganic
and organic aqueous species with the Helgeson-Kirkham-Flowers equation of state parameters for speciation and
solubility modeling at elevated T-P.

SupPHREEQC can generate both formats of Pureeqc datasets, namely, phreeqc.dat and linl. dat. These two formats
differ in activity coefficient and gas-mixing models, as well as pressure corrections for log K. As examples, three
datasets were made from SupPHreEQC: diagenesis.dat (0.01-200 °C and up to 1000 bar), geothermal.dat (0.01-300
°C at Pgat), and bldat at 0.5, 1, 2, and 5 kb 1000 °C. The diagenesis.dat and geochermal.dat datasets have also
incorporated the library of callable BASIC scripts for rate equations and kinetic parameters for 53 minerals. These
databases can be downloaded or run together with PureeQc online at https://models.earth.indiana.edu.

1. Introduction

Zhu and Anderson (2002) state that any geochemical modeling ex-

ercise requires the “parts of three”:

(3) a dataset of thermodynamic, kinetic, and surface properties that
supplies the computer code the necessary equilibrium constants
and kinetic parameters for the calculations.

While many thermodynamic datasets are distributed with

(1) A computer code that is an assembly of numerical techniques,
bookkeeping, and control language that represents the model
from acceptance of input data and instruction to delivery of
output;

(2) an input file that defines the conceptual model and provides the
chemical and physical measurements of the system of concern;
and
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geochemical modeling software, it is generally the modeler’s re-
sponsibility to ensure the quality of the thermodynamic data and the
dataset’s applicability with respect to the ranges of temperature (T),
pressure (P), chemical components (X), salinity, and other constraints
for a particular study.

PureeQc is a widely used geochemical modeling computer program
developed by the United States Geological Survey and freely distributed
to the public (Parkhurst and Appelo, 1999, 2013). The program can be
used for calculations of speciation, mineral or gas solubility, reaction
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path, and one-dimensional coupled reactive mass transport. However,
the temperature and pressure range of the software’s applicability is
partly limited by the T-P coverage of the accompanying thermodynamic
and kinetics datasets.

Table 1 compares the T-P range, coverage of chemical systems,
pressure correction, activity coefficient models, and fugacity coefficient
models in the most widely used PureeQc datasets (phreeqc.dat and linl.
dat). The earlier versions of phreeqc.dat are suitable for geochemical
modeling at ambient conditions only (Parkhurst and Appelo, 1999), but
recent improvement allows for calculations up to ~200 °C and ~1000
bars (Appelo et al., 2014). However, the parameters necessary for T-P
extrapolation are available for only a small set of reactions; many species
in phreeqc.dat lack the necessary parameters and cannot be used for
calculations above 25 °C and 1 bar (Appelo et al., 2014). The dataset linL
dat partially fulfills the need for using Pureeqc to model at elevated
temperatures by covering a T-P range of 0.01-100 °C at 1 bar and
100-300 °C at Psat. However, not all chemical species listed in lInl dat
have the parameters necessary for calculations above 25 °C. lInldat also
does not consider the effects of pressure changes on log K at pressures
higher than Pgar, for example, 2 kb. Also, the fugacity estimation for
gases at higher temperatures and pressures is not accurate because it
uses the ideal gas law.

It is desirable to have the capability to generate thermodynamic
datasets for PHreeQc that cover a wide selection of chemical species and
are reliably applicable to elevated T-P of interest. The sources of log Ks
in the dataset must be well documented and traceable. The dataset must
also be updatable when new thermodynamic properties for minerals,
aqueous species, and gases become available. This will greatly expand
the utility of the Purerqc program to a broader geological and environ-
mental science community. Linking PureeQc with Supcrt is one way to
achieve this goal.

For many decades, the Supcrt program has been widely used in the
geochemistry community for computing standard state thermodynamic
properties for minerals, aqueous species, and gases at elevated temper-
atures and pressures up to 1000 °C and 5000 bars, respectively. The
original version, SupcrT92 (Johnson et al., 1992), was recently updated
to SupcrreL (Zimmer et al., 2016), which includes a comprehensive set of
thermodynamic data. The standard state thermodynamic properties for
most mineral endmembers are from Holland and Powell (2011),
Al-bearing aqueous species from Tagirov and Schott (2001), SiO3(aq)
andHSiO; from Rimstidt (1997) and Stefansson (2001). For environ-
mental applications, SupcrteL also includes As-bearing species from
Nordstrom and Archer (2003), metal-arsenate and metal-arsenate
aqueous complexes from Marini and Accornero (2010), As-bearing
minerals including arsenopyrite (Ball and Nordstrom, 1991), scorodite
and ferric-As(am) (Langmuir et al., 2006), barium-As and barium-H-As
(Zhu et al., 2005), and other As-bearing solids (Nordstrom and Archer,
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2003). The thermodynamic properties of boehmite, gibbsite, and
dawsonite in the literature were also re-calculated to be consistent with
the minerals and aqueous species mentioned above (Zimmer et al.,
2016). There are about 1630 (~1060 inorganic substances) species in
the spronsbl.dat dataset that accompanies SUPCRTBL.

Although SupcrteL is capable of computing the thermodynamic
properties of a single species (mineral, aqueous, or gas) and reactions at
T-P of interest, it cannot generate a formatted dataset that can be
directly read by geochemical modeling software. In addition, it cannot
stand alone for directly modeling fluid-related geochemical processes.
Therefore, it is necessary to develop software to extract thermodynamic
data calculated from SupcrtsL and translate it into a PureeQc-readable
format.

The SupPHreEQC program presented in this study fulfills this much-
needed function. Both Pureeqc and Supcrter have specific requirements
in their data input and output files. Below, we will first describe these
specific requirements and how SupPHreeQc handles these requirements.
Then, we will present three example datasets and demonstrate the types
of datasets that SupPHREEQC can generate. Finally, we will demonstrate
how these datasets can be applied to geological and environmental
processes.

2. The design of SupPHREEQC
2.1. PHreeQc dataset structures and formats

Two types of dataset structures for PHreeqc are defined in Parkhurst
and Appelo (2013) - the phreeqc.dat and lInl. dat frameworks. Each type
requires a specific format and structure for master species, secondary
species, activity coefficient parameters, parameters for pressure cor-
rections of log K, and Equation of State (EOS) of gas for geochemical
calculations. Table 2 lists four data blocks of interest in the framework of
phreeqc.dat: SOLUTION_MASTER_SPECIES, SOLUTION_SPECIES, PHA-
SES, and RATES. SOLUTION_MASTER_SPECIES defines element names,
aqueous primary and secondary master species, and related alkalinity
contribution of the master species. The SupcrsL reaction files discussed
below must be consistent with this list.

The SOLUTION_SPECIES block defines aqueous species-related
chemical reactions. The master species used in the solution species
must be consistent with what is listed in the SOL-
UTION_MASTER _SPECIES. The “-analytic” line supplies parameters for
calculating log K at elevated temperatures. The lack of these parameters
for most entries in phreeqc.dat is our primary motivation for establishing
the link to SupcrreL. The PHASES data blocks define the names of mineral
and gas phases, chemical reactions, log K, parameters for log K pressure
corrections, and Peng-Robinson EOS for gases. The mineral phase names
in SupcrTL must be compatible with those in phreeqc.dat-type datasets.

Table 1
Comparison of thermodynamic datasets discussed in this study.
Dataset T-P range Pressure correction P range Aqueous activity Fugacity Number of Sources
coefficient model coefficients species
linl.dat 0.01-100 °C at 1 bar, SupcrT92 Py, B-dot Ideal gas law ~2590 Greg M. Anderson;
100-300 °C along Psat Eq3/6"
phreeqc.dat <200 °C Appelo et al. (2014) up to Davies Peng-Robinson ~310° Appelo et al.
<1 kb ~1000 bar (2014)
diagenesis. 0.01-100 °C at 1 bar, Appelo et al. (2014) & up to Davies Peng-Robinson ~1040 SupPHreEQC (this
dat 100-200 °C along Psar log K in SupcrTBL ~1000 bar study)
geothermal. 0.01-100 °C at 1 bar, SUPCRTBL P, B-dot Ideal gas law ~1040 SupPHREEQC (this
dat 100-300 °C along Psar study)
bldat Up to 1000 °C and 5000 bar SUPCRTBL up to 5000 B-dot Ideal gas law ~1040 SupPHReEQC (this
(variable T isobaric) bars study)

4 Fom ‘thermo.com.V8.R6.230’ prepared by Jim Johnson at Lawrence Livermore National Laboratory in Geochemist’s Workbench format. Converted to PHREEQC
format by Greg Anderson with assistance from David Parkhurst. The actual number of species with parameters for calculations at elevated T-P is much smaller than the

total number of species in the dataset.

b The number of species with parameters for calculations at elevated T-P is much smaller. See Appelo et al. (2014). Shaded entries are example datasets generated in

this study by SupPHRrEEQC.
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Table 2
The framework of the phreeqc.dat dataset.

Data block Parameters

SOLUTION_MASTER SPECIES  element name, master species, alkalinity, formula,

gram formula weight of element

association reaction

- analytic: coefficients for an analytical expression
of log K

- log k: log K at 25 °C

- delta_h: enthalpy of reaction at 25 °C.

- Vm: parameters used to calculate the specific
volume (¢cm®/mol) of aqueous species

phase name

dissolution reaction

- analytic: coefficients for an analytical expression
of log K

- Vm: molar volume of the solid phase

- Omega: acentric factor of the gas

- P_c: critical pressure of the gas

- T_c: critical temperature of the gas

refer to Parkhurst and Appelo (2013)

SOLUTION_SPECIES

PHASES

RATES

The reactions in the file RXN must be consistent with those in phreeqc.
dat. The molar volume Vm of both solution species and phases is needed
for pressure correction. A limited number of Vm is available in phreeqc.
dat. This study provides a more complete list of these values by linking it
to SupcrreL. The RATES block defines rate expressions for kinetic re-
actions. The mineral names must be identical to the names in PHASES.

Table 3 lists the five data blocks of interest in the framework of lInL
dat. There is an additional LLNL_AQUEOUS MODEL_PARAMETERS
block not present in phreeqc.dat. This data block defines the parameters
for the B-dot equation, including Debye-Hiickel parameters A and B, the
B (B-dot) parameter, as well as parameters for activity coefficient
function of CO2(aq) (co2_coefs). In addition, the SOLUTION_SPECIES
block of llnl.dat also defines the ion size parameter of aqueous species d;
for the B-dot equation. There are no parameters for pressure corrections
of log K and Peng-Robinson equation of state in linl dat. linl.dat uses the
B-dot equation to calculate activity coefficients. The ideal gas law is used
for gases.

Both phreeqc.dat and IInldat dataset formats use the following
polynomial analytical expression for the temperature dependence of log
K (Parkhurst and Appelo, 2013)

Table 3
The framework of the linl.dat dataset.

Data block Parameters

LLNL_AQUEOUS_MODEL PARAMETERS - temperatures: temperature grid

- dh_a: Debye-Hiickel A parameter

- dh_b: Debye-Hiickel B parameter

- bdot: Debye-Hiickel B-dot parameter

- co02_coefs: parameters for activity
coefficient function of CO5(aq)

element name, master species, alkalinity,

formula, gram formula weight of

element

association reaction

- llnl_gamma: hard-core diameter in B-
dot equation

- analytic: coefficients for an analytical
expression of log K

- log k: log K at 25 °C

- delta_h: enthalpy of reaction at 25 °C.

- CO2_lInl_gamma: indicate activity
coefficient for COy(aq) is used for this
uncharged species

SOLUTION_MASTER _SPECIES

SOLUTION_SPECIES

PHASES phase name
dissolution reaction
- analytic: coefficients for an analytical
expression of log K
RATES refer to Parkhurst and Appelo (2013)
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log, K =A, +AZT+/¥+A4logIOT+%+A6T2 (€))
where T is the temperature in kelvin; A;, Az, A3, A4, A5, and Ag are fitting
parameters. Without these parameters available in the datasets, PHREEQC
uses the reaction enthalpy value (-delta_h) and van’t Hoff equation for
extrapolating the log K to elevated temperatures. Lacking both param-
eters results in automatic calculations at 25 °C and 1 bar without
warning to the user. To ensure that all species listed in the dataset have
the requisite Az, Az, Az, A4, As, and Ag fitting parameters was a major
effort in this study.

2.2. SupcrrsL input and output formats

SupcrteL produces a list of log K values at the specified T-P formatted
as a plain text file. These log K values must be translated into the PHrREEQC
formats mentioned above. To produce the output file with the desired
log Ks, a series of files are necessary to ensure consistency with PHREEQC.
The detailed input and output formats for SupcrtL are described in
Zimmer et al. (2016) and Johnson et al. (1992). Here, we provide only a
brief introduction. The input files include the CON file, RXN file, and
direct-access Supcrr database file (dpronsbl.dat). The CON file defines a
set of T-P grids for calculations of thermodynamic properties and is
automatically generated by SupPHreeqc for the user-specified T-P range.
The RXN file defines the chemical reactions of interest. A default RXN
file is provided, which covers almost all inorganic aqueous species,
minerals, and gases, as well as several organic aqueous species from the
SurcrtBL database, dpronsbl.dat. dpronsbl.dat contains the standard molal
thermodynamic data at 25 °C and 1 bar, and parameters needed to
calculate temperature and pressure dependence of these properties.
Note that dpronsbl.dat is in direct-access format, meaning that it can be
directly read by SupcrrsL, but is unfriendly for users to read and modify.
Therefore, a sequential-access counterpart, spronsbl.dat, is available for
human utilization, which can then be converted to dpronsbl.dat (using
CrronseL). The outputs of SupcrreL are the calculated standard molal
thermodynamic properties of the reactions, including log K values,
defined in the RXN file over the range of conditions specified in the CON
file. These log K values are used for generating PureeQc datasets.

2.3. The workflow of SupPHREEQC

SupPHREEQC is written in C++11 and contains seven functional
modules (Fig. 1): (1) A reading module that prompts users for the
desired dataset framework and T-P values. (2) A CON file generation
module that, using the read T(s) and P, generates a Supcrr-format CON
file (Johnson et al., 1992) to specify the T-P conditions. (3) A format
conversion module that calls the CrronseL program to convert the
sequential-access Supcrt database (spronsbldat) to direct-access format
(dpronsbl.dat). CrronssL is a derivative of Cprons92 modified to support
SupcrtsL (Zimmer et al., 2016). (4) A log K-calculation module that calls
the SurcrtBL program to calculate log K values using a CON file, a re-
action (RXN) file in SupcrrBL-format, and the dpronsbl. dat file. (5) A log K
analytical expression generation module that regresses the coefficients
for the polynomial analytical expression used in Pureeqc for the tem-
perature dependence of log K based on the 11 discrete log K values from
the step 4. (6) An activity coefficient parameter module that calculates
the T- and P-dependent values of the Debye-Hiickel A, B, and B-dot
parameters for the B-dot equation (Parkhurst and Appelo, 2013). This
module is only available for datasets following the linl dat framework.
(7) An output module that produces the desired Pureeqc dataset
following the phreeqc.dat or llnl.dat framework by integrating parame-
ters for the analytical expression of log K, reactions extracted from the
RXN file, and a set of customized master species. BASIC scripts for rate
equations and kinetic parameters for minerals, the activity coefficient
parameters (only for Illnldat type datasets), and an accompanying
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< Select a dataset type>

phreeqc.dat framework (diagenesis.dat)

linl.dat framework (geothermal.dat

v or bl.dat)

|

T input Patainteiaede il T, P input
’ spronsbl.dat 4
L/ ___________ , /
Generating CON file along Generating CON
Psar file
;o TmTEs Ry
Calling CPRONSBL, )/ Customized
. —_—
generating dpronsbl.dat ’ RXN file
¢ A _¢_ [
Calling SUPCRTBL,
generating log K
T TTTET s T / ‘( ;T TT . ot T _l
, Data file of molar volume / ; Asetof cus'tormzed / "
/l parameters, critical ,l Generating coefficients for /I master species and a /, - —
/ temperature, pressure, / the analyti cal expres sion of / library ofBas%c scripts ’ Generatlng activity
/ acentric factor. / log K ’ for rate equations and ¢ coefficient parameters
’ I, 0g ’ kinetic parameters II
S VR v fommmme T v

Generating the thermodynamic dataset for
PHREEQC (diagenesis.dat)

Generating the thermodynamic dataset for
PHREEQC (geothermal.dat or bl.dat)

Fig. 1. A flow chart illustrating the generation of a thermodynamic dataset for PHreeqQc using SupPHreeQc. Dashed parallelograms indicate the accompanying datasets
used with SupPureeQc. Blue and red items represent the data flow for generating phreeqc.dat and linl. dat framework datasets, respectively. Black items indicate data
flow shared by both frameworks of datasets. Names in parenthesis (diagenesis.dat, geothermal.dat, bl-1kb.dat) are example datasets generated using SupPHreEQc and
discussed in Section 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

dataset (only for phreeqc.dat type datasets) of molar volume parameters,
critical temperatures, critical pressures, and acentric factors are
embedded in SuPPHREEQC.

3. Embedded files, equations, and parameters in SuPPHREEQC
3.1. Master species file and reaction file

A set of master species in the “master species file” and an RXN file are
customized to be consistent with spronsbldat. Currently, the master
species and RXN file contain almost all the inorganic aqueous species,
minerals, and gases found in the SupcrteL database as well as several
organic aqueous species (e.g., CH4, Acetate”, HAcetate). The master
species are subdivided into primary and secondary species, following
Parkhurst and Appelo (2013).

In the RXN file, all aqueous complexes (master species and secondary
species) are written in the format of association reactions, and all solid
and gas phases are written in the format of dissolution reactions,
following Parkhurst and Appelo (2013). The reactant in the association
reaction for primary master species is the primary master species itself
and their log Ks are always zero. The secondary master species are
defined via redox reactions, which include the related primary master
species and Os. Oy is also a secondary master species.

Generally, the reactions of secondary aqueous species, minerals, and

gases in the RXN file are written in a non-redox form, using the primary
and secondary master species as reactants.

However, if the valence state of an element in the secondary aqueous
species or phase is not in the list of master species (e.g. S5, poly-
sulfides, and polythionates), then the redox-form reactions are individ-
ually specified and their valances are defined following the conventions
in lInl.dat (Table 4).

3.2. Activity coefficient model for databases with the llnl.dat framework

3.2.1. Activity coefficient equations

In datasets generated by SurPHreeQc that follow the llnldat frame-
work, the “LLNL_AQUEOUS_MODEL PARAMETERS” keyword is
included, which means that the B-dot equation is employed to calculate
the activity coefficient for aqueous species (Parkhurst and Appelo,
2013):

—AZIOS

T+ a0 TB 2

logy, =

where y; denotes the activity coefficient for species i; A, B are Debye-
Hiickel parameters; 2; is the charge of species i; I is the ionic strength; d; is
the ion size parameter of species i; B (B-dot) is the correction parameter.
The d; values for the aqueous species in SupPHREEQC are mostly taken from
the EQ3/6 database (dataO.com.V8.R6). However, if the species is not



G. Zhang et al.

Table 4
Special species association and dissolution reactions in RXN file.

Species or Corresponding association or dissolution reactions

phases

S5 2 HS + 0.5 0, = S3~ + H,0

$,0% 2504 +0.50;, + 2H" = 5,02" + H0

S3 H' + 0, +3HS =S8} +2H0

S30% 3803 + 4H' = S30% + 0.5 0, + 2 H,0

S3 150, +2H" + 4HS = S? + 3 H,0

8402~ 4504 +6H" =5,0% +1.50, + 3H0

s¢ 20, +3H" +5HS =8¢ + 4 H0

8502~ 5803~ + 8 H' = S50%~ + 2.5 0, + 4 H,0

Pyrite FeS, + Hy0 = Fe?™ + 2 HS + 0.5 0,

Copper Cu + 0.5 0y + 2 H' = Cu®** + H,0

Diamond C + Oy + H0 = HCO; + H*

Graphite C + Oy + H0 = HCO; + H*

Sulfur S+H0=HS +H"+0.50,

Pyrrhotite(trov) Feo.g75S + 0.75 H™ + 0.125 H,0 = 0.875 Fe?* + HS™ + 0.0625
0,

Iron Fe + 0.5 0 + 2 H" = Fe?* + H,0

Nickel Ni + 0.5 05 + 2 H™ = Ni®* + H,0

S2,8 Sz +2H,0 =2.5H" + 1.5 HS + 0.5 S03~

listed in the Eq3/6 database, the following rules (compatible with the
Eq@3/6 database) are applied:

(1) d; for anions is 4.0

(2) d; for neutral species is 3.0

(3) d; for cations with 2<4 is 3.5 + 0.5z, where z is the charge of the
species

(4) d; for cations with z > 4 is 6.0.

3.2.2. Debye-Hiickel and B-dot parameters
The Debye-Hiickel parameters A and B are calculated following
Helgeson (1969),

| 18246 x 10905,

3)
(EHZOT)I.S
©50.29 x 10%05,
= 4)
(emo0T)

where py o is the density of water (g/em®), and ey, is the dielectric
constant of water.

In SuPPHREEQC, py,o Values are calculated with Supcrrer, which uses
the equation of state for water in Johnson and Norton (1991). The cal-
culations for py, ¢ in the critical region are different from those outside of
the region (Johnson and Norton, 1991; Johnson et al., 1992). The
dielectric constant is calculated via (Johnson and Norton, 1991; Johnson
et al., 1992),
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B-gamma of NaCl (up to 1000 °C and 5000 bars) in Oelkers and Helgeson
(1990)’s Table A-2. Note that this function misbehaves outside a narrow
pressure-temperature region.

3.2.3. Activity coefficient of aqueous carbon dioxide

The activity coefficient of aqueous carbon dioxide CO3(aq) in data-
sets following the lInl.dat framework is defined as a function of tem-
perature and ionic strength (Drummond, 1981; Parkhurst and Appelo,
2013),

G 1
logyco, = (C+ FT+?)I — (E+HT) (ﬁ) (6)

where T is the temperature (K); I is ionic strength; C, F, G, E, and H are
species-dependent parameters. The stated application range of this
equation is 0-400 °C, 0-500 bars, and 0-6 molal NaCl solutions. Outside
this P-T-X range, the uncertainty is not known. Activity coefficients for
Hj(aq) and Os(aq) are calculated following Eq. (6).

3.3. Other files

Other files in SupPHreEQC provide molar volume parameters, critical
temperatures, critical pressures, and acentric factors. The molar volume
parameters for most minerals and aqueous species are from spronsbl.dat.
The critical temperatures, critical pressures, and acentric factors for
most gases are from phreeqc.dat. However, the related data for CO(g) are
from Voigt et al. (2018), and are unavailable for Sy(g). Another dataset
contains a library of callable BASIC scripts for dissolution and precipi-
tation rate equations and kinetic parameters for minerals, which takes
from Zhang et al. (2019) but omits phases unavailable in SupcrTaL.

4. Example datasets and applications
4.1. Dataset types and examples

SurPHREEQC can generate three types of datasets: one adopts the
framework of phreeqc.dat and the other two use the framework of linl
dat. For the latter, their T-P ranges are either 0.01-100 °C at 1 bar and
100-300 °C at Psat or up to 1000 °C at constant pressure up to 5000 bars
(the limits set by SupcrtsL, Zimmer et al., 2016. See also Sverjensky et al.,
2014).

Users of SupPHREEQC can generate their own datasets at any T-P range
within the limits stated above. To illustrate the three types of datasets,
we produced an example of each: diagenesis.dat, geothermal.dat, and bl
dat (Table 1). The diagenesis.dat dataset follows the framework of
phreeqc.dat. It includes (1) the temperature polynomials for the log K of
aqueous species, minerals, and gases reactions covering the T-P range of
0.01-100 °C at 1 bar and 100-200 °C at Psat; (2) molar volume pa-
rameters for solids and aqueous species for estimating the effect of
pressure on log K (suitable up to ~1000 bar and 200 °C; Appelo et al.,
2014); and (3) Peng-Robinson equation parameters, critical tempera-

€m0 =1 +T%PH20 + (%er +a,T )pHZQO + (%+a6T +a;T 2)/’1—1320 + (iJF%*alO)/’HtO )

T T

where T is expressed in K, T" = T/298.15K, py,, in g/cm?®, Pio =
PH,0 /(1 g/cm?), and a; 1 are parameters.

In SupPHREEQC, the extended-term parameter (B-gamma) for calcu-
lating the activity coefficient of NaCl in the activity coefficient equation
of Oelkers and Helgeson (1990) is employed to represent B. SUPPHREEQC
estimates the value of B through linear interpolation for the values of

T2

T

tures, pressures, and acentric factors (Parkhurst and Appelo, 2013) for
calculating gas fugacities. The Davies equation for aqueous species ac-
tivity coefficients is used. Note that the list of species with molar volume
parameters was greatly expanded in diagenesis.dat compared to that
from phreeqc.dat. Also, in diagenesis.dat, almost all species have the pa-
rameters for the temperature polynomials of Eq. (1).

The geothermal.dat dataset follows the framework of lnldat and
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includes (1) the temperature polynomial for the log K of aqueous spe-
cies, minerals, and gases reactions covering the T-P range of either
0.01-100 °C at 1 bar and 100-300 °C at Pgat; and (2) B-dot equation
parameters for computing activity coefficients of aqueous species, which
are also a function of temperature and pressure. geothermal.dat does not
include the pressure modification parameters used by PureeQc and
therefore the issue of double accounting the pressure correction does not
apply (see below). Again, parameters for the temperature polynomials of
Eq. (1) are available for almost all species.

The bl.dat dataset follows the framework of linl.dat and includes (1)
the temperature polynomial for the log K of aqueous species, minerals,
and gases reactions covering the T-P range up to 1000 °C and 5000 bars,
respectively; and (2) B-dot equation parameters for computing activity
coefficients of aqueous species, which are also a function of temperature
and pressure. T-P grids inputted in SupPHreeqc for generating bl.dat
should be in the applicable range of SupcrtsL (Fig. 2c), which is 0-1000
°C and 1-5000 bars. For users’ convenience, we have generated bldat
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datasets at 0.5, 1, 2, and 5 kb (bl-0.5 kb dat, bl-1kb.dat, bl-2kb.dat, bl-5kb.
dat). bl.dat datasets also do not include the pressure modification pa-
rameters used by the phreeqc.dat framework and therefore the issue of
double accounting the pressure correction also does not apply (see
below).

The coefficients for the analytical expression of log K (conforming to
Eq. (1)) in diagenesis.dat, geothermal.dat, and bldat were calculated.
Eleven (11) discrete log K values at the specified T-P points were auto-
matically created using SupcrrsL. For diagenesis.dat, the lower and upper-
temperature points were 0.01 and 200 °C, respectively, and nine other
temperature points evenly distributed between 0.01 and 200 °C along
the liquid-vapor saturation curve. The log K values at these 11 tem-
perature points were used to regress the six parameters in Eq. (1). For
geothermal.dat, the lower and upper-temperature points were 0.01 and
300 °C, respectively, and nine other points evenly distributed between
0.01 and 300 °C along the liquid-vapor saturation curve. For bl.dat, the
points are isobaric (up to 5 kb) with variable temperatures: minimum T,
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Fig. 2. The blue regions or lines represent applicable T-P ranges for the three types of datasets generated by SupPHreeoc. REGION 1, 2, and 3 correspond to the
definitions of Johnson et al. (1992). (a) The T-P range for the dataset following the phreeqc.dat framework (e.g., diagenesis.dat), which is bound by 0.01 and 200 °C
isotherms, vaporization boundary, and 1000 bar isobar. (b) T-P range for one of the two datasets following the llnl.dat framework (i.e., geothermal.dat), which is
0.01-100 °C at 1 bar and 100-300 °C at Pgat. (c) REGION 1 & 2 cover the T-P range for the other dataset following the lInl.dat framework (e.g., blLdat), which is
bound by 1.0 and 0.35 g/cm? isochores, 5000 bar isobar, 1000 °C isotherm, vaporization boundary, and analogous perimeter of REGION 3. REGION 3 shows the T-P
range not applicable, which is bound by 350 and 400 °C isotherms, 500 bar isobar, 0.35 g/cm? isochore, and vaporization boundary. Note that REGION 1 and 2 cover
the range of the apparent standard molal Gibbs free energy and equilibrium constant calculations of SurcrrsL. However, the applicability to other thermodynamic
properties of aqueous species (enthalpy, entropy, volume, and heat capacity) depends on whether the species is neutral or charged (Johnson et al., 1992). The dot
labeled (3) in (c) indicates the critical point of water (373.917 °C and 220.46 bar). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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maximum T and nine other points evenly distributed between minimum
T and maximum T. Subsequently, non-linear fitting of Eq. (1) with the
discrete log K values is conducted in order to generate the coefficients
(A1 to Ag).

A comparison of these three SupPHreEQC generated datasets with the
default Pureeqc datasets is shown in Table 1 and the applicable T-P
ranges for the three datasets generated by SupPHRreEQC are also shown in
Fig. 2.

4.2. Applications of the SupPHREEQC datasets

Three examples below demonstrate the applications of the datasets
generated by SupPHREEQC.

4.2.1. Saturation state of geothermal waters

Stefansson and Arnorsson (2000) provided geochemical analyses of
natural geothermal waters (listed in Appendix 2 of this study). The
samples were taken from rivers, springs, and drill hole discharges with a
temperature range from 4 to 300 °C. Therefore, they are suitable ex-
amples to demonstrate the applications of geothermal.dat. We did not
consider pressures higher than Pgar in this case because these waters
were predominantly sampled from the Earth’s surface or near-surface.

Speciation and solubility calculations were conducted with three
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datasets (Table 1) for comparison: one by SupPHRreEQC (geothermal.dat)
and two that accompany the PHreeQc software distribution (IInl.dat and
phreeqc.dat). In this case, polynomial analytical expressions of log K in
geothermal.dat and lInl.dat cover a T-P range of 0.01-100 °C at 1 bar and
100-300 °C along Pgat. Saturation indices (SI) for relevant minerals
were calculated from temperatures and chemical compositions of the
water samples. SI is defined as log(Q/K), where Q denotes the reaction
quotient and K is the equilibrium constant (Zhu and Anderson, 2002).

Stefansson and Arnorsson (2000) concluded that natural waters
above 200 °C were near equilibrium with microcline and low-albite
when they are in contact with these feldspars. Fig. 3a and b show that
the modeling results using geothermal.dat and linl.dat are consistent with
this conclusion (note that the use of lInl.dat derived datasets, corel0.dat
(Neveu et al., 2017) and carbfix.dat (Voigt et al., 2018) produced results
very similar to those from linl.dat). However, SI values calculated from
phreeqc.dat are about three units lower for albite and microcline.

linl.dat uses the standard state Gibbs free energy of formation (A(G°)
for albite and microcline from Helgeson et al. (1978) while geothermal.
dat uses those from Holland and Powell (2011). In Illnl.dat, A¢G° for
SiO»(aq) came from SupcrT92 while the AG° in geothermal.dat is based
on the quartz solubility data of Rimstidt (1997). As a result, there are
differences between the SI values calculated with linl. dat and geothermal.
dat (Fig. 3c and d), yet the discrepancies are within +0.5 log unit.
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Fig. 3. Mineral saturation indices (SI) of albite and microcline for geothermal waters analyzed by Stefansson and Arndrsson (2000) (their Table 1) calculated using
PureeqQc (a)-(b): SI vs. temperature; (c): Cross plot albite and microcline SI calculated with linl.dat and geothermal.dat. The dotted lines in (c) represent a deviation of

+0.5 log units.
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Fig. 4. Comparison of log Ks for albite and microcline dissolution reactions calculated from using phreeqc.dat and geothermal.dat.

The differences in calculated SI between phreeqc.dat from geothermal.
dat (Fig. 3a and b) are large, mainly due to the differences of log Ks for
microcline and albite dissolution reactions in phreeqc.dat and geothermal.
dat (Fig. 4). The log Ks at 25 °C in the two datasets differ about 2 and 2.5
units for albite and microcline, respectively, but the temperature
dependence also differs. Because phreeqc.dat uses the van’t Hoff equa-
tion to extrapolate log K at 25 °C to higher temperatures, the differences
between log Ks in phreeqc.dat and geothermal. dat increase with temper-
ature. This example illustrates that geothermal.dat from SupPHREEQC is
more reliable for modeling geothermal waters.

4.2.2. Example of quartz solubility at elevated T and P

Experimental data of quartz solubility are available for a wide range
of T and P and they are recently evaluated critically (Sverjensky et al.,
2014; Miron et al., 2016), which allows us to test the functionality of
SupPHreeQc and the datasets that SupPHreEQc generated with PHREEQC
calculations. Towards this goal, speciation and solubility calculations of
quartz in pure water were carried out with PHreeqc using datasets
generated in this study (bLdat, diagenesis.dat, geothermal.dat) and those
distributed along with the Pureeoc program (llnldat and phreeqc.dat).
The speciation-solubility simulation results using these datasets are
shown in Fig. 5 and compared to experimental data. In order to better
compare with experiments at elevated temperatures and pressures, we
replaced the AsG® at 298.15 K and 1 bar for aqueous species SiO3 (aq) in
SupcrtBL (Zimmer et al., 2016) with that of Miron et al. (2016). Miron
et al. (2016) adopted the entropy S°, the HKF parameters al-a4, c1-c2, ®
from those of Shock et al. (1989). Note that the A¢G° at 298.15 K values
in recent literature are all close to each other and all relied on the
experimental data from Rimstidt (1997). This update in SupcrTBL was
mainly for HKF parameters that are suitable for high T and P calcula-
tions. A thorough analysis of quartz solubility and aqueous Si species is
also provided in Sverjensky et al. (2014). Here, our objective is to verify
computer program functions of SupcrRTBL — SUPPHREEQC — PHREEQC.

For the temperature and pressure range of 25-300 °C and 1 bar to
Py, the calculations from geothermal.dat compared well with the
experimental data that Miron et al. (2016) used for optimizing their A;G°
at 298.15 K and 1 bar for aqueous species SiO$ (aq) (Fig. 5a). These
experimental data included those at from Rimstidt (1997), Crerar and
Anderson, 1971, Siever (1962), Morey et al. (1962), and Lier et al.
(1960). Note that our PureeQc calculations included speciation — solu-
bility simulations. The agreement between quartz solubility calculated
using geothermal.dat and experimental data verifies the computer pro-
gram functions in SupPHreeQc and PHreeoc. However, while quartz sol-
ubility calculated using geothermal dat matched the experimental data

well, the calculated values from lInl dat did not match (Fig. 5a) because
of the known issue of the A¢G°® at 298.15 (Miron et al., 2016; Zimmer
et al., 2016).

For the 1 kb experimental data, Rimstidt (1997) and Miron et al.
(2016) convincingly argued that the experimental values for quartz
solubility at temperatures below 130 °C from Morey et al. (1962) are
incorrect because equilibrium was not attained. Therefore, only com-
parisons of their 130-300 °C data from Morey et al. (1962) are mean-
ingful. The experimental data from Walther and Orville (1983) were
included in the optimization of Miron et al. (2016). The agreement of
calculated quartz solubility using bl-1kb.dat just verified the correct
functioning of computer programs. Quartz solubility calculated with bl
dat at 1 kb also matched well with experimental data at 1 kb not
included in Miron et al. (2016), namely Hemley et al. (1980) and Weill
and Fyfe (1964). In Fig. 5b, the line calculated using phreeqc.dat also
matched well with the experimental data, which illustrates the effec-
tiveness of the pressure correction function implemented in PHrerqc by
Appelo et al. (2014). In contrast, quartz solubility calculated with IInL
dat, for which the pressure is Psat, did not match well with experimental
data at 1 kb.

We also generated bl.dat datasets from SupPHreeqc at 2 and 5 kb,
respectively. Quartz solubility calculated from bldat at 2 kb matched
well with Weill and Fyfe (1964), Hemley et al. (1980), and Walther and
Orville (1983); bl dat at 5 kb matched well with Manning (1994). These
calculations show that SupPHreEQC functioned well in generating datasets
up to 1000 °C and 5 kb for Pureeqc. It should be noted that the pressure
effect on log K values is already taken account of in the SupcrTsL
calculations.

SupPHREEQC’S ability to generate datasets at temperature up to 1000
°C and pressure up to 5000 bars and the ability of Pureeqc to calculate
solubility and speciation up to these T and P do not mean that the
programs will produce accurate solubility and speciation calculations.
The above example of quartz solubility is a simple chemical system.
Users are responsible for whether these calculations can match with
experimental data and whether they can trust the calculations.

4.2.3. An application to clastic diagenesis—Albitization

During burial diagenesis, albitization of detrital plagioclase and K-
feldspar in sandstones has been observed in sedimentary basins world-
wide, and has been well documented since the 1960s (e.g., Aagaard
et al., 1990; Boles, 1982; Dickinson et al., 1969; Gold, 1987; Land and
Milliken, 1981; Middleton, 1972; Morad et al., 1990). Albitization of
plagioclase is an important reaction during diagenesis of clastic sedi-
ments because it regulates the Ca and Si concentrations in the pore water
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Fig. 5. Quartz solubility (mol/kg H20) in pure water. Lines represent quartz
solubility from speciation modeling with PureeQc using assuming the monomer
of Si03(aq) is the dominant species. Symbols denote the experimental data. (a)
25-300 °C at 1 bar or Py, The black and the orange dashed lines were calcu-
lated with geothermal.dat and llnl.dat, respectively; (b) 1, 2, and 5 kb and high
temperatures. Solid Lines are calculated with bl.dat at fixed pressures of 1, 2,
and 5 kb, respectively. The red dashed line and purple dotted line are calcu-
lations with phreeqc.dat at 1 kb and llnl.dat at Pg,,, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

and thus also the cementation of calcite and quartz (Baccar et al., 1993).
Albitization of K-feldspar is a critical control of the Nat and K* con-
centrations in the formation waters because this reaction consumes Na™*
and releases K™ (Eq. (7)). Its application, Na/K geothermometer, is a
widely used tool for estimating reservoir temperatures of hydrothermal
systems (Can, 2002; Fournier and Potter, 1979; Fournier and Truesdell,
1973; Nicholson, 2012). Albitization is potentially aided by
NaCl-dominated formation waters, which have a high activity of Na*.
The reaction of albitization of K-feldspar can be expressed as:

Na™ + KAISi30g (K-feldspar) = NaAlSi3Og (albite) + K @)
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datasets. Field data (brines from Kettleman North Dome) are from Merino
(1975). The pressure is corrected to 150 bars in diagenesis.dat, and phreeqc.dat,
while Pgar is used in IlInl.dat.

If anorthite is used as a proxy for plagioclase, albitization of plagioclase can be
expressed as.

Al and Si are conserved in this reaction. Fig. 6 shows the calculated
log(aNa*t/aH™) vs. log (aK*/aH™) at 100 °C and 150 bars using different
PureeQc datasets. The calculated activity ratios are also compared with
field data from Merino (1975) that define the boundary of stability fields
of albite and K-feldspar. Calculated lines using diagenesis.dat and linl.dat
fit the field data quite well. The line calculated with phreeqc.dat is ~0.3
log units lower than those calculated with diagenesis.dat and lInl. dat. The
effects of pressure on the calculated activity ratios are small (cf. the
orange line vs. the black line).

2 Nat + CaAl,Si,0g (anorthite) + 4 SiO$ = 2 NaAlSi;Og (albite) + Ca>"(8)
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Fig. 7. Calculated values of log(aCa*/(aNa™")?)-4log(a SiO3(aq)) as a function of
temperature from formation water chemistry data from the literature projected
on a stability diagram of equilibrium between anorthite, albite, and an aqueous
solution. The boundary of the anorthite to albite stability fields was calculated
with different thermodynamic datasets for Pureegc. Hydrostatic pressure was
used in calculations using diagenesis.dat and phreeqc.dat, while Psar or 1 bar at
T < 100 °C was used in lnl.dat. L&T (1990): Lundegard and Trevena (1990);
F&B (1990): Fisher and Boles (1990).
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For the conversion of 1 mol anorthite to 2 mol albite, 4 mol of
aqueous SiOg are required. This reaction will reduce the activity of
Si0%(aq) in the formation water and thus reduce the potential of quartz
cementation. However, the addition of Ca™ may promote calcite pre-
cipitation, provided HCO3 is available in the system.

Fig. 7 depicts the relationship of log(aCa+/(aNa+)2)-4log(aSi03(aq))
as a function of temperature. The log(aCa'/! (aNa*)z)—4log(aSi08(aq))
values decrease as a function of temperature, which makes the stability
field larger for albite at lower temperatures and anorthite at higher
temperatures. The boundaries of anorthite to albite stability fields were
calculated with different thermodynamic datasets for comparison.

Because albitization is a common alteration reaction occurring in the
subsurface, geopressure should be considered when conducting
speciation-solubility calculations for the formation waters. In this study,
the pressure is assumed to be the same as the hydrostatic pressure. The
normal hydrostatic gradient for seawater is about 10.45 kPa/m (Pashin,
2008). The diagenesis.dat dataset generated by SupPHreEQc can be applied
for calculations at pressures up to ~1000 bars. Hydrostatic pressure is
used in diagenesis.dat and phreeqc.dat, while Pga or 1 bar at T < 100 °C s
used in lInl.dat.

The calculated differences between the sizes of anorthite and albite
stability fields are large (Fig. 7). This is mainly due to the different
thermodynamic data of SiO3(q) in different datasets. The source of
thermodynamic data of SiO3(aq) in phreeqc.dat is unknown. The data in
IInl.dat is from SurcrT92, and the data in diagenesis.dat is from Rimstidt
(1997).

Plagioclase is missing in the field site of Lundegard and Trevena
(1990) but co-exists with albite in the sandstones studied by Boles
(1982) and Fisher and Boles (1990). The calculated lines should pass the
data points from Boles (1982) and Fisher and Boles (1990). Most data
points from Lundegard and Trevena (1990) are expected to be within the
albite stability field. The offset likely resulted from the use of anorthite
in calculations rather than a proper component of the plagioclase solid
solution. However, for phreeqc.dat, most data from Lundegard and Tre-
vena (1990) lie in the anorthite stability field, which is problematic. In
phreeqc.dat, modeling at temperatures higher than 25 °C is done through
the van’t Hoff approximation, provided the enthalpy of reaction (A H ©)
is available. This method may have large uncertainty if the temperature
range is large (Anderson and Crerar, 1993).

5. Discussion
5.1. Limitations

Note that other geochemical modeling software packages also can
perform calculations at a wide range of temperatures and pressures,
provided there is an appropriate accompanying dataset. These software
packages include, but are not limited to, EQ3/6 (Wolery, 1992), CuEss
(Van der Lee and De Windt, 2002), The Geochemist’s Workbench
(Bethke and Yeakel, 2014), Cumm-xet (Reed, 1998), Gems-ps1 (Kulik et al.,
2004), and Reakroro (Leal et al., 2017). Several allow users to use the
Peng-Robinson model for gases in combination with the extended
Debye-Hiickel activity model.

However, a more fundamental limitation is the lack of internal
consistency in the thermodynamic data behind the calculated log K
values. While in spronsbl.dat the thermodynamic properties for minerals
and aqueous species are respectively internally consistent, they may not
be consistent with each other. Solubilities calculated from combining
the two may not be consistent with the experimental data (Miron et al.,
2016; Tutolo et al., 2014).

5.2. Errors due to pressure over-correcting and constant mineral molar
volume

Because the PureeQc program uses 1 bar as the reference pressure to
correct the pressure effect on log Ks with molar volumes of solids and
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aqueous species (Appelo et al., 2014), diagenesis.dat accounted for the
pressure effects twice: once in SupcrrsL and again in PHreeoc for the
temperature range of 100-200 °C, where log Ks are calculated at Pgar
rather than at 1 bar. This is shown in the equation below from Appelo
et al. (2014),

P—1

2.303RT ©)

logKp 1 =logKp—p, .+ — AV;
where log Kpr denotes the equilibrium constant at pressure P and
temperature T; logKp_p,, 7 is the equilibrium constant at temperature T
and reference pressure P..¢ (P = 1 bar); AV, is the standard volume of
the reaction; R is the universal gas constant. When log Ks are calculated
at Psat at T > 100 °C, double accounting of the pressure effect occurs.
Other datasets that follow the same phreeqc.dat approach (corelO.dat
and carbfix.dat) have the same issue of double accounting.

This study has investigated the effects of pressure over-correction on
log K. Note that Appelo et al. (2014) assumed that mineral molar volume
is invariable with T and P. We followed this assumption to calculate the
errors in log K of dissolution reactions of 30 minerals due to pressure
over-correction, based on Eq. (9). The maximum error is only ~0.045 at
200 °C and 1 kb. Therefore, this type of error can be ignored at T < 200
°C. Appelo et al. (2014) advised their approach (the phreeqc.dat frame-
work) should be used below 200 °C, which should be followed.

However, in reality, mineral molar volume changes with T and P. We
compared the log K of dissolution reactions of 30 minerals from
diagenesis.dat (mineral molar volume invariable with T and P) with those
from SupcrteL (mineral molar volume changes with T and P). The
maximum difference is ~0.82 in log K at 200 °C and 1 kb. As a result, the
errors from the assumption of invariable mineral molar volumes are
more significant than those from pressure over-correcting.

6. Conclusions

This paper introduces SupPHREEQC, a computer program written in
C++11, which links PureeQc and SupcrtsL to facilitate geochemical
modeling of mineral-water-gas interactions at elevated T-P. SUuPPHREEQC
generates thermodynamic datasets suitable for use with PureeQc by
translating log K values from SupcrreL (Zimmer et al., 2016) to PHREEQ-
c-readable datasets. This link allows utilization of the high-quality
thermodynamic data for minerals (Holland and Powell, 2011; Helge-
son et al., 1978) and a large number of inorganic and organic aqueous
species with the Helgeson-Kirkham-Flowers equation of state parame-
ters (e.g., Sverjensky et al. (1997) and other HKF related publications)
for speciation and solubility modeling at elevated T-P.

As examples, we generated three Pureeqc datasets (diagenesis.dat,
geothermal.dat, and bl.dat) to represent the three types of datasets that
SurPHREEQC can generate. diagenesis.dat follows the framework of
phreeqc.dat and includes the T-P range of 0.01-100 °C at 1 bar and
100-200 °C at Pgar, as well as the pressure correction and Peng-
Robinson equation parameters for gas fugacity from Appelo et al.
(2014). In addition to different sources of thermodynamic data, the
difference between the phreeqc.dat and the diagenesis.dat datasets (and
other datasets generated from SupPHreeqc) is their reliability for
modeling at elevated temperatures. Only a small set of reactions
included in phreeqc.dat have the necessary parameters for calculations
up to 200 °C and 1 kb. In contrast, in diagenesis.dat and other Sup-
PureeQc-generated datasets that follow the phreeqc.dat format, nearly all
species have temperature dependence via the temperature polynomial
approach.

The second example is geothermal.dat, which follows the framework
of linl.dat. Its T-P range is 0.01-100 °C at 1 bar and 100-300 °C at Pgat.
The default linl.dat and geothermal dat datasets differ in their thermo-
dynamic database sources (for minerals Helgeson et al., 1978 vs Holland
and Powell, 2011; critical aqueous Si and Al species, and other species
outlined in Zimmer et al. (2016)). Again, in geothermal.dat and other
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SupPHreEQC-generated datasets that follow the linl.dat format and struc-
ture, nearly all species have temperature dependence via the tempera-
ture polynomial approach. However, the default linl.dat dataset has
many species that do not have log K values other than those at 25 °C and
1 bar.

The third example, bldat, follows the framework of linldat and
generates datasets that cover a range of temperatures (up to 1000 °C) at
a constant pressure (up to 5000 bars). These T and P limits correspond to
the T-P limits of SupcrteL. Additionally, this study has supplied the pa-
rameters for calculating activity coefficients using the B-dot equation up
to 1000 °C and 5000 bars for speciation calculations. As examples, we
have generated in this study of bl.dat series datasets at 0.5 kb (65-300
°C), 1 kb (110-600 °C), 2 kb (180-940 °C), and 5 kb (300-1000 °C).

This study has also developed an online version of PHreeqc, which is
available at https://models.earth.indiana.edu. The three datasets above
appear as options in the pulldown menu for dataset selection. Users may
also use their own custom dataset generated from SupPHreeQc with
PHREEQC.

Computer code availability

The SupPHreeQc C++ source code and executables are available at htt
p://hdl.handle.net/2022/23355 (https://doi.org/10.5967 /yjxn-5548)
and https://github.com/HydrogeolU/SupPHREEQC. The executable
programs run with Windows and Linux systems. An online version of
SupPHREEQC, along with an online version of PHreEQc, is available at htt
ps://models.earth.indiana.edu. Contact Chen Zhu at chenzhu@indian
a.edu or by phone: 001 812 856 1884 to report any issues. The pro-
grams have become available in the year 2020.
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