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INTRODUCTION

This study focuses on the calculation of chemical
equilibria in multicomponent systems combined with
accounting for the real kinetics of mineral dissolution
for the modeling of irreversible chemical interactions
between major rock�forming minerals and aqueous
solutions. The approaches and theoretical principles of
such modeling were formulated by Barton et al. [1],
Helgeson [2], and Helgeson et al. [3]. They can be sum�
marized as follows: (1) geologic systems usually occur in
a state of partial equilibrium during geochemical pro�
cesses; i.e., the systems are in an equilibrium state with
respect to at least one chemical reaction or process but
are out of equilibrium with respect to others; (2) sec�
ondary solid phases are formed through the stage of pri�
mary mineral dissolution; (3) all aqueous species are in
chemical equilibrium with each other; and (4) the pre�
cipitation of secondary minerals is controlled by their
solubilities and is faster than the dissolution of minerals,
which is the rate�limiting step of the process [3]. Both
theoretical analysis and comparison of theoretical pre�
dictions with the characteristics of geologic systems
support these suggestions [3].

During the past two decades, considerable experi�
mental evidence has been gained and interpreted on the
kinetics of congruent dissolution of major minerals in
aqueous solutions [4, 5]. These data embrace a wide

range of solution pH values and temperatures. Most of
such experiments were conducted under flow�through
conditions; i.e., the inflowing aqueous solution showed
a constant chemical composition far from saturation
with respect to the dissolved mineral. The goal of these
experiments was to obtain information for the calcula�
tion of chemical element fluxes during the chemical
transport from geologic massifs.

The idea of this study was to use this information on
the kinetics of mineral dissolution for the modeling of
chemical interactions in closed and partly open systems
in which solutions occur in contact with rocks over long
time intervals. In such systems, the chemical composi�
tion of the solution (in particular, pH) changes contin�
uously owing to the dissolution of primary minerals and
the precipitation of secondary phases. These changes
affect in turn the dissolution rates, and this effect is dif�
ferent for different minerals.

KINETICS OF MINERAL DISSOLUTION

The temperature dependence of the rate of a chem�
ical reaction is described by the Arrhenius equation:
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where r0 and rT are the reaction rates at absolute tem�
peratures Т0 and Т, respectively; R is the universal gas
constant; and Ea is the apparent activation energy,
which can be calculated from the experimentally
determined reaction rates at least at two different tem�
peratures.

According to the transition state theory [6, 7], a
decrease in the rate of a reaction approaching equilib�
rium is specified by the general equation

(2)

where ΔG is the driving force of the reaction reflecting
the degree of solution saturation with respect to the
mineral. The p and q coefficients are adjustable
parameters determined by the approximation of the
dissolution rates of particular minerals approaching
saturation. They have been determined only for a few
phases [4, 8, 9] and are assumed to be one for most
minerals. The exponent in Eq. (2) is approximately
zero if ΔG � 0 and approaches one (correspondingly,
the dissolution rate, r, approaches zero) if ΔG is close
to zero.

In models of heat and mass transfer accounting for
chemical interactions [10, 11], the rates of chemical
reactions are usually calculated using an equation
obtained by combining Eqs. (1) and (2). Although the
general equation for the rate of chemical reactions pro�
posed by Xu and Pruess [10] includes “some function of
the activities of the individual ions in solution such as
Н+ and ОН–”(σ(ai)), the parameter rT is usually con�
sidered as the rate constant of the chemical reaction at
a given temperature, Т. Some programs for the model�
ing of water–rock interaction (EQ3/6, PHREEQC,
and CrunchFlow) also include programmable options
for the calculation of composition�dependent rates
[12–14]. However, kinetic modeling on the basis of
these programs is performed at given activities, and
there is no feedback between the composition of solu�
tion and reaction rates. Such an approach is reasonable
for near�steady state conditions, when the chemical
composition of aqueous solution, including pH, shows
minor variations with time. In a general case, this equa�
tion is invalid.

It is known [4, 15] that the acidity of aqueous solu�
tion directly influences the dissolution rates of minerals.
The experimentally determined rates of the congruent
dissolution of most minerals under far from saturation
conditions can be approximated with a good accuracy
as a function of pH by the Laidler empirical equation
[15]:

(3)

where  and  are the activities of H+ and OH–,

which are connected by the ion product of water at the
given temperature; and , , , n, and m are
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the parameters obtained for various minerals by the
approximation of experimental kinetic data. The val�
ues of  and  equal to the dissolution rate con�

stants at  and = 1, and n and m are the

orders of the reactions for H+ and OH–, respectively.
At constant pH, Eq. (3) describes the kinetics of a
zeroth�order reaction.

MODEL OUTLINE

The occurrence of water–rock interactions in time
is modeled as a series of sequential equilibria calculated
for each kth time step. These calculations yield the cur�
rent equilibrium composition of aqueous solution and
the masses of newly precipitated minerals, if they must
precipitate. For the calculation of the kth chemical
equilibrium, the balance of each jth chemical element
(bjk) is computed from the chemical composition of
aqueous solution at the previous step, bj,k – 1(aq), and the
masses of minerals Δxik that has to be dissolved during
the current time step:

where νji is the stoichiometric coefficient of chemical
element j in the formula of the ith mineral. The molar
amount of the mineral dissolved at the kth step (xik) is
calculated by the expression

(4)

where  is the surface area of the ith mineral acces�
sible for the solution in square meters Δtk is the dura�
tion of the step in seconds, and rik is the current rate of
mineral dissolution in moles per square meter per sec�
ond.

The minerals that precipitated during previous steps
are considered as primary and can be dissolved, if they
are not in equilibrium with the current composition of
aqueous solution.

Surface Areas of Minerals

The mineral surface is often only partly accessible
for the aqueous solution. Therefore, in order to monitor
the degree of grain surface exposure to aqueous solu�
tion, the parameter Fsi (0 ≤ Fsi ≤ 1) was introduced for

each mineral, such that  = SikFsi. This parameter
can be interpreted in terms of rock fracturing, loose�
ness, effective porosity, etc. Although Fsi may change in
some way during interaction, it was assumed constant.

At the first time step, the number of grains, Ni, and
the surface area, Si, of each primary mineral are calcu�
lated from the preset grain size, di, and the volume con�
tent of the mineral in the initial rock, Vi. For spherical
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grains, Ni = 6Viπ–1  and Si = Niπ  = 6Vi . At each
subsequent time step, the surface areas of primary min�
erals are recalculated accounting for the decrease in
grain size owing to dissolution at the previous step.

The model considers two different growth scenarios
for secondary minerals. The first scenario postulates a
constant grain size. Correspondingly, the number of
grains of such a phase will change owing to precipitation
or dissolution. Such an assumption seems to be reason�
able for hydroxides and clays [16], the particles of which
usually show characteristic sizes in aqueous environ�
ments. The second scenario implies that a secondary
mineral grain is formed by the replacement of a grain of
a certain primary mineral (e.g., development of chlorite
after biotite). In such a case, the number of secondary
mineral grains is constant and equal to the number of
grains of the respective primary mineral, and their size
varies in time. The current version of the model does not
implement other growth scenarios, for instance, the
formation of secondary mineral overgrowths on the pri�
mary mineral, which can significantly impede its disso�
lution [17, 18].

Dissolution Rates and Time Step Duration 

The current rates of mineral dissolution rik at any kth
time step are calculated using Eqs. (1)–(3) and the pH
and ΔGi values obtained during the previous (k – 1)th
step. Since Eq. (3) describes the rate of a zeroth�order
reaction at constant pH, the time step length in Eq. (4)
must be sufficiently short to prevent a significant change
in pH owing to the dissolution of considerable amounts
of minerals. On the other hand, a decrease in time step
duration increases the number of calculated equilibria
and, correspondingly, computation time. In order to
prevent strong changes in pH between time steps, the
mass of material entering the solution owing to mineral
dissolution at each step was limited. That is, the length
of the time step was optimized using the inverse of

Eq. (4), Δtk = Δxik/(  ⋅ rik), for the given molar
amount of material Δxik entering the solution (calcu�
lated to 1 kg of water) owing to the dissolution of the
most rapidly dissolved mineral. The experience of
our calculations showed that the optimum value is
1 × 10–5 mol/kg, and its further decrease does not
result in any significant changes. Thus, similar
masses of minerals were transferred into the solution
during each step, and the time step duration may vary
by several orders of magnitude depending on partic�
ular dissolution rates.

Program Implementation
and Input Thermodynamic and Kinetic Data 

The thermodynamic–kinetic model was imple�
mented in the GEOCHWQ package [19], which
includes a thermodynamic database and the CHEMEQ

di
–3 di

2 di
–1

Sik
ex

program for equilibrium calculations. The database is a
modification of the well�known SUPCRT92 database
[20] allowing refinement and addition of new informa�
tion. The CHEMEQ code computes equilibria in
closed and partly open systems of aqueous–gas–solid
solutions by the minimization of the free energy of the
system using a convex simplex algorithm [21].

For our modeling, the program package was signifi�
cantly modified and extended [22]. In addition to ther�
modynamic information, fields for the storage of the
kinetic parameters of the reactions of the congruent dis�
solution of minerals  n, and m in

Eq. (3) and apparent activation energies for Eq. (1)]
were included for single�component solid phases. Rou�
tines were developed for the preparation of input data
for the calculation of partial equilibria at each time step
and processing of output data, including the calculation
of the size and number of grains of various minerals, dis�
solution rates at current pH values, optimum time step,
and, eventually, mass balance for the system for the cal�
culation of punctuated chemical equilibrium. The
GEOCHEQ program automatically computes ΔGi for
all the minerals considered at each partial equilibrium.
These values are accounted for by Eq. (2) of the transi�
tion state theory for the correction of dissolution rates at
the subsequent time step, up to zero if the mineral is in
equilibrium with the solution (ΔGi = 0).

The technique of accounting for the formation of
mineral solid solutions deserves special comments.
Since the model must make allowance for the possibil�
ity of the formation of compositionally evolving solid
solutions, the solid solutions of a single mineral formed
at different time intervals have to be discriminated. In
order to solve this problem, possible solid solutions were
divided during the preprocessing of input data into a
series of discrete minerals with fixed formulas and
slightly different proportions of end�members. The free
energies of these intermediate members were calculated
using the mixing models contained in the database. The
list of possible minerals increases significantly, but this
does not significantly affect the computation time. In
particular, such an approach was used by us for the Mg–
Fe serpentine solid solution during the modeling of
CM2 chondrite–water interaction [23].

NUMERICAL EXAMPLE

An example of the calculation of chemical inter�
action between granite gravel and 0.0001 M HCl
solution is given below. We are aware that this exam�
ple is rather artificial, but it illustrates the possibilities
of the model for the calculation of sequential changes
in mineral associations and the compositional evolu�
tion of solutions.

k
0H

+, k0H2O, k
0OH

–,
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Input Data 

T = 298.15 K and P = 100 bar. The initial water is an
aqueous solution of 1 × 10–4 M HCl (pH = 4); the sys�
tem is open to CO2,  = 1 × 10–6 bar. The rock was

represented by the mineral composition of granite
(wt %): microcline KAlSi3O8 (65%), oligoclase
Na0.8Ca0.2Al1.2Si3O8 (10%), quartz SiO2 (20%), and
biotite K(Fe0.75Mg0.25)3[AlSi3O10](OH)1.5F0.45Cl0.05

(5%). All grains were spheres with a diameter of 2 mm.
The degree of grain surface accessibility for solution was
Fsi = 1 for all minerals. The grain size of all secondary
minerals, except for chlorite, was taken to be 0.001 mm.
It was assumed that chlorite grains grow at the expense
of the dissolution of biotite crystals. The water–rock
mass ratio (W/R) was taken to be 0.135, which approx�
imately corresponds to the filling of the pore space by
solution at the closest packing of spherical grains of
equal sizes. Calculations were carried out in the H–O–
Si–Al–K–Na–Fe–Mg–Ca–Cl–F–C system.
Twenty nine possible minerals (albite, oligoclase, anor�
thite, microcline, clinochlore, daphnite, four illite vari�
eties, kaolinite, laumontite, stellerite, OH�muscovite,
(OH,F)�muscovite, F�muscovite, paragonite, quartz,
(Fe,Mg)�biotite, phlogopite, annite, magnetite, goet�
hite, hematite, gibbsite, Ca�montmorillonite, K�mont�
morillonite, Na�montmorillonite, and siderite) and 30
aqueous species were considered.

The kinetic parameters of the dissolution reactions
of the primary and secondary minerals that were formed
in the system are given in the table. Anorthite was not
formed in the system, but the kinetic parameters of its

PCO2

dissolution were used as proxies for the dissolution rates
of calcic zeolites. The initial thermodynamic data for
aqueous species and minerals were taken from Johnson
et al. [20].

RESULTS 

The calculations were terminated at a time of
70250 yr, when the dissolution rates of all minerals
remaining in the system became zero. Overall, 16380
sequential partial equilibria were calculated. It is impor�
tant to note that the final composition of the system was
almost exactly identical to the single calculation of the
equilibrium composition of the system with the bulk
composition considered; i.e., the thermodynamic
modeling has eventually led to chemical equilibrium.

The mineral transformations of granite and the
chemical evolution of solution with time are shown in
the figure. A short initial stage of congruent mineral dis�
solution was followed by the formation of small
amounts of kaolinite and muscovite and, then, goethite
and magnetite, which were subsequently dissolved.
Biotite was replaced by chlorite (daphnite + cli�
nochlore), and oligoclase was replaced by secondary
albite with some fluorite and, later, calcite. Zeolites
(laumontite followed by stellerite) were formed during
the final stages of chemical weathering. Microcline and
quartz were most resistant. The amount of quartz
showed minor variations. Microcline was initially
slightly dissolved, but its content increased somewhat
later.

The pH value of the solution increased initially up to
11.3 and then decreased and stabilized at 8.9 during

Parameters of Eq. (3) for the calculation of the dissolution rates of minerals far from saturation at 298.15 K

Mineral
 mol 

m–2 s–1
n 

 

mol m–2 s–1 

 

mol m–2 s–1
m Reference

Quartz 0 0 –12.0 –10.0  0.3 [24] 

Anorthite (parameters were used 
for Ca�zeolite dissolution)

–5.9 1.0 – –9.4 0.3 [4], [25] 

Oligoclase and albite –9.60 0.5 – –9.9 0.3 [4], [26] 

Microcline –9.65 0.45 – –9.8 0.50 [4], [26] 

Muscovite –11.09 0.23 – –10.56 0.26 Approximation after[27] 

Chloritese –9.89 0.49 –13.0 –10.8 0.43 [9] 

Kaoliniteg –12.4 0.35 – –11.8 0.55 [27]

Goethite – – – – – [27] 

Magnetite –8.77 0.25 – 0 0 [28] 

Biotite –9.06  0.69 – –7.69 0.55 Approximation after [27]

kH( )log kH2O( )log kH2O( )log
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Calculation of granite interaction with 0.0001 M HCl solution as a function of time at T = 298.15 K, P = 100 bar,  = 1 ×
10–6 bar, and W/R = 0.135. (a) Primary minerals and albite. (b) Main secondary minerals. (c) Minor secondary minerals.
(d) Variations in the chemical composition of solution.

PCO2

albite precipitation and the beginning of zeolite forma�
tion. The cation composition of the solution changed
systematically with time, from potassium�dominated to
sodic and then calcium�rich. The stage character of

variations in solution composition is closely related to
the sequence of appearance of secondary mineral
assemblages. The saw�toothed variations in magnesium
content in the solution were probably related to numer�
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ical effects. They are manifested in that, despite the
influx of magnesium from slowly dissolved biotite, the
solution occurred for some time in a state when it was
either slightly oversaturated or slightly undersaturated
in clinochlore.

CONCLUSIONS

We cannot claim that the proposed equilibrium–
kinetic model adequately describes the real time evolu�
tion of water–rock interactions in a closed system. The
reliability of the results is dependent not only on the
uncertainty or absence of kinetic data and errors in the
determination of the thermodynamic properties of
individual minerals. Simple calculations and numerical
experiments with our model showed that, other condi�
tions being equal, the results are significantly affected by
the assessment of the reactive surface of primary and
secondary minerals, Sex. It is evident that the correct
estimation of Sex for minerals requires accounting for
time�variable structural and textural characteristics of
rocks, fracturing, shape of mineral grains, and the for�
mation of secondary mineral rims on primary minerals.
These are conceptual limitations. The macroscopic
model can resolve these problems to some extent by the
use of adjustable empirical parameters. Another known
conceptual limitation is that solution supersaturation
(i.e., the kinetics of precipitation) is ignored. Further�
more, numerous discrepancies between the experimen�
tal and natural rates of chemical weathering [29, 30]
cast some doubt on the applicability of the model to
complex natural conditions. Nonetheless, we hope that
the proposed model is a step toward more adequate
modeling of low�temperature interactions in multi�
component polymineralic closed or partly open water–
rock systems. Perhaps, it will help us better understand
such geochemical processes as the development of the
chemical compositions of groundwater and interaction
of liquid wastes injected into underground repositories
with the country rocks.
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