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As the first approximation, a thermodynamic modeling is used to simulate water-rock interactions.
An assumption of chemical equilibrium means very fast chemical reactions. Otherwise it is known that
in real, especially low-temperature systems, it takes a significant time to reach a chemical equilibrium.
This study combines thermodynamic and kinetic approaches to geochemical modeling. We have studied numerically a time, needed for approaching chemical equilibria in water-rock systems at various
temperatures as well as reaction paths in systems.
Methods of modeling
To calculate irreversible chemical interactions of rock-forming minerals with water, we used a
model which combines description of kinetics of a mineral dissolution with calculation of partial
chemical equilibria at each time step.
Chemical interactions were modeled as a number of equilibria. A chemical balance of the systems
was calculated from a current composition of aqueous solution and masses of dissolved minerals to be
dissolved during a time step (∆t). A mole mass xi of the dissolved mineral at each time step was calculated as xi = Fsi·Si ri Δt, where Si is a surface area of ith mineral, ri is a current rate of a mineral dissolution, mol·m-2·sec-1, Δt – duration of a time step. Minerals, which were dissolved at previous time
steps, are considered as primary minerals and can be subjected to dissolution if they are not in equilibrium with water solution. Surface areas of primary minerals are calculated from specified initial mineral composition and grain sizes, and further are recalculated taking into account dissolution or deposition of minerals. A parameter Fsi (0<Fsi<1) controls degree of exposure of mineral surface areas to
aqueous solution. Surface areas of secondary minerals were calculated from masses of newly formed
minerals with specified grain sizes (0.001 mm).
Rates of mineral dissolution were calculated for current pH and degree of undersaturation of a mineral with respect to solution:
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The equation is a combination of Ladler equation, Arrhenius equation, and the transition state theory equation [2, 3, 4]. More detailed description of the applied approach is in [5]. Kinetic constants of
mineral dissolution are listed in the table. The modeling is based on GEOCHEQ_M program [6].
Table
Albite
Clinochlore
Daphnite
Illite
Kaolinite
Magnetite
Microcline
Quartz
Oligoclase
Biotite
Goethite
Hematite
Stellerite

Kinetic parameters of congruent mineral dissolution
lgKOH
nH
mOH
Eact
lgKH
lgKH2O
1.50E+04 -9.60E+00 -1.20E+01 -9.90E+00 5.00E-01 3.00E-01
1.70E+04 -9.79E+00 -1.30E+01 -1.08E+01 4.90E-01 4.30E-01
1.70E+04 -9.79E+00 -1.30E+01 -1.08E+01 4.90E-01 4.30E-01
8.15E+03 -1.18E+01 -1.51E+01 -1.20E+01 5.86E-01 7.60E-01
1.37E+04 -1.24E+01 0.00E+00 -1.18E+01 3.50E-01 5.50E-01
7.00E+03 -8.77E+00 0.00E+00 0.00E+00 2.50E-01 0.00E+00
1.40E+04 -9.65E+00 0.00E+00 -9.80E+00 4.50E-01 5.00E-01
1.70E+04 0.00E+00 -1.20E+01 -1.00E+01 0.00E+00 3.00E-01
1.50E+04 -9.60E+00 -1.20E+01 -9.90E+00 5.00E-01 3.00E-01
1.37E+04 -9.06E+00 -1.16E+01 -7.69E+00 6.90E-01 5.50E-01
1.00E+03 0.00E+00 -1.15E+01 0.00E+00 0.00E+00 0.00E+00
1.00E+03 0.00E+00 -1.15E+01 0.00E+00 0.00E+00 0.00E+00
1.90E+04 -9.65E+00 0.00E+00 0.00E+00 4.50E-01 0.00E+00

Reference
7
98
98
98
9
10
7,9
11,12
7,9
9
10
10
8

2

The system under investigation
We modeled chemical interactions in granite-water system (12-component system O-H-K-Mg-CaAl-C-Si-Na-F-Cl-Fe) at temperatures of 25°С, 100°С, 200°С, and 300°С and at water saturation pressures.
We took a disintegrated granite consisted of 2-mm spherical mineral grains. Initial mineral composition (weight %) is microcline (65), quartz (20), oligoclase (10), and biotite
K(Fe0.75Mg0.25)3[AlSi3O10](OH)1.5F0.45Cl0.05 (5). Water/rock ratio was 1. Initial water solution was
1×10-4 M HCl solution. The system was opened with respect to CO2 (РСО2=10-6 bar).
Results
As a result of kinetic-thermodynamic computations chemical equilibria were achieved for any temperatures. Final results are practically the same as the results of point calculations of complete equilibria in the systems of the specified chemical composition. Time of approaching chemical equilibrium
significantly decreases with temperature increase. At 25° C the system was equilibrated in 324790
years, at 100°С - 94.6 years, at 200°С - 0.89 years, at 300°С - 0.25 years (fig. 1).

Fig.1. Rates of dissolution of some minerals at various temperatures

Fig.2. Change of volumes of primary minerals
in time at various temperatures

Primary minerals. At various temperatures the alteration of primary minerals is suitable (fig.2).
The content of microcline finally increases. Albite, zeolites, and calcite replace oligoclase. Biotite was
completely dissolved.
Secondary minerals. Secondary minerals (fig. 3) are albite, chlorite (clinochlore and daphnite), zeolites (stellerite at 25°С and lomontite), carbonites (calcite and dolomite), fluorite, magnetite (at
300°С).
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Fig.3. Change of volumes of secondary minerals in
time at various temperatures

Fig.4. Change of solution chemical composition in
time at various temperatures

Change of solution composition. Just after start of interaction cations and anions come into solution
in equivalent amounts (fig. 4). After finalization of the stage of congruent mineral dissolution, potassium becomes the dominant cation, and fluorine is the main anion. Later, after significant alkalinity
increase, solution becomes sodium, and then calcium-chloride.
Conclusions
1. Kinetic-thermodynamic modeling of water-rock interaction approaches a chemical equilibrium.
2. Time of approaching of chemical equilibrium decreases with temperature increase.
3. Formation of equilibrium mineral assemblage passes through intermediate mineral assemblages
and intermediate stages of evolution of solution chemistry.
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