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Figure 1. Strategy of CO2 sequestration in geothermal reservoirs (modified after Ueda et al., 2005).

storage of CO2 in deep earth during energy extraction from
hot dry rocks.
A significant part of research has been carried out
recently to investigate the water-rock interactions of CO2based geothermal reservoirs. In order to simulate deep
geological conditions, researchers have focused on the
injection of CO2 in the supercritical state into their
experimental systems, since the critical point is 31.0 °C
and 7.38 MPa (Span and Wagner, 1996). Ré et al. (2014)
conducted hydrothermal experiments to evaluate the
geochemistry and the mineralogical response of granite
exposed to water, with and without the presence of
supercritical CO2 (sc CO2) at 250°C and 25–45 MPa. The
study reveals that metastable smectite precipitation takes
place in water-saturated granite with the injection of sc
CO2, while the dissolution of minerals such as K-feldspar,
oligoclase, and quartz occurs with time. Ré et al. (2014)
further concluded that rock carbonation occurred during
cooling and degassing in their experiments, and, hence,
CO2 sequestration in geothermal systems requires an
extended period of reservoir operation. Suto et al. (2007)
conducted batch-type experiments to evaluate the
reactivity of granite in a CO2-saturated system over a wide
temperature range of 100 to 350 °C at 25 MPa. This study
found that the addition of CO2 to a hydrothermal system
enhances the reactivity of granite with the initial
dissolution of minerals (significant dissolution of
plagioclase phase) followed by secondary precipitation of
clay minerals such as kaolinite, smectite, muscovite, and
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calcite. Further, the precipitation of aluminium silicates
and calcium-aluminosilicates as secondary precipitants
confirms the fixation of CO2 in a hydrothermal system
with CO2 and granite (Liu et al., 2003). In addition, it has
been identified that the effect of CO2 is quite small at
350 °C, and, hence, moderate temperatures of 150–250 °C
have been pinpointed as favourable for the capture of CO2
(Suto et al., 2007). In addition, a study by Ueda et al.
(2005) revealed that the calcium from granitic silicates
can easily be removed as Ca CO3, CaSO4, or CO2 during CO2
sequestration in geothermal reservoirs. Moreover,
Remoroza et al. (2015) concluded that the increase in the
H2O content of a CO2-rock hydrothermal system causes
increased mineral dissolution and the formation of pits
and cavities in granite. However, Jung (2014) revealed
that the precipitation of carbonates and clay minerals
does not significantly influence the permeability
enhancement of geothermal reservoirs in the short term,
and this occurs a long period after ceasing the injection of
CO2. However, most researchers (Lin et al., 2008; Xu et al.,
2008; Petro, 2013; Pan et al., 2017) have concluded that
the injection of CO2 into a hydrothermal system with
granite and water causes the initial hydrolysis of mineral
phases followed by the formation of secondary
precipitants, which results from both short-term and
long-term reactions. Hence, the combination of mineral
dissolution and precipitation in the peripheral zone of the
geothermal reservoir affects the geological storage of CO2,
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reservoir growth, and the productivity of the geothermal
system in the long term.
However, the studies of hydrotherma systems and
batch experiments reported in the literature have only
considered geochemical reactions for short periods with a
maximum period of 28 days (Lo Ré et al., 2012; Ré et al.,
2014). Nevertheless, the literature shows that the
duration of reaction profoundly impacts the formation of
secondary minerals from the ions released to the geofluid
after initial mineral dissolution. Furthermore, the
equilibrium conditions of the possible reactions of granite
with sc CO2-dissolved water were not achieved in the
experiments reported in the literature (Remoroza et al.,
2015). Hence, it is vital to evaluate the reactivity of granite
exposed to water with sc CO2 in order to have a clear
understanding of the long-term geochemistry of a CO2based geothermal reservoir under continuous operation.
Therefore, the aim of the present study is to investigate
the
long-term
mineralogical
interactions
and
geochemistry of a granite-sc CO2-water system by
conducting a batch reactivity experiment at 100 °C and 10
MPa. The temperature of 100 °C was selected for the batch
experiment, since CO2 capture is encouraged in
geothermal reservoirs with moderate temperatures (Suto
et al., 2007). Water-rock interactions were evaluated for a
total period of 10 weeks, and geochemical modelling was
conducted based on the reaction kinetics obtained from
the experimental results, and modelling continued for a
period of 20 weeks in order to evaluate the long-term
mineralogical interactions.
2. Experimental methodology
2.1. Harcourt granite used for reactivity analysis
Harcourt granite sourced from Mount Alexander, Victoria,
was selected as the test material for the reactivity

investigations included in the study. The results of X-ray
diffraction (XRD) tests reveal that Harcourt granite is
mainly composed of quartz, biotite, plagioclase, and Kfeldspar.
The
mineralogical
composition
and
petrophysical properties of Harcourt granite are shown in
Table 1. Ground granite with particle sizes ranging from
150 to 350 µm was used for the reactivity tests, and the
particle size distribution of the powder in the range of
150–350 µm is shown in Figure 2. The effective particle
diameter was determined to be 248 µm.
Powdered granite was rinsed with distilled water and
oven-dried at 80 °C for 48 h in order to remove dust and
moisture prior to testing. A SEM image of granite powder
prepared for the tests is shown in Figure 3 with the
energy-dispersive spectroscopy (EDS) analysis. An
abundance of elements such as Si, Al, Na, Mg, and Ca was
found, based on the EDS analysis of the granite used in the
tests.
2.2. Experimental set-up for batch reactions
A mixture of rock and distilled water with a water/rock
ratio of 1:10 was poured into the reaction vessel of the
reaction chamber used for the tests of rock-water
interactions. The high-temperature and high-pressure
Table 1. Petrophysical properties of Harcourt granite.
Mineralogy:
Percentage by mass:
Quartz (SiO₂)
31.3%
Biotite (K(Mg,Fe)₃AlSi₃O₁₀(OH)₂)
6.7%
Plagioclase (Albite dominated)
33.8%
(NaAlSi3O8 – CaAl2Si2O8)
28.1%
K-feldspar (KAlSi₃O₈)
Density
2.68 g/cm3
Effective diameter

248 µm

Geometric surface area

9.03 m2/kg

Figure 2. Particle size distribution of Harcourt granite powder ranging from 150 to 350 µm.
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reaction chamber used in the study is shown in Figure 4,
highlighting the fluid injection paths and pressure control
devices. Once the mixture of granite and water was placed
in the reaction vessel, the chamber was carefully sealed
using an ‘O’ ring and steel bolts in order to avoid fluid
leakage. The reaction vessel and injection tubing are made
of stainless steel in order to avoid corrosion and reaction
of the acidic medium with the chamber.
Initially, the reaction chamber was pressurised up to
10 MPa using a syringe pump with 99.9% CO2 pumped

from the gas cylinder. The CO2 pressure in the reaction
vessel was monitored by a pressure gauge fixed to the
injection lines. The system was allowed to stabilise the
pressure for 24 h before the initiation of heating. Once the
pressure was stabilised, the chamber was heated to 100 °C
by covering the reaction vessel with a heating band. The
temperature and pressure values of the reactivity study
were maintained in order to represent the geological
conditions of the upper-most layers of CO2-based
geothermal reservoirs. CO2 at 100 °C and 10 MPa behaves

Figure 3. SEM image and EDS analysis of powdered granite used for reactivity tests.

Figure 4. High-pressure reaction chamber used in study of granite/water/CO2 interactions.
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as a supercritical fluid (sc CO2) with 1.4% molar solubility
in water, since its critical point is 31.10 °C and 7.39 MPa
(Suto et al., 2000). The temperature of the chamber was
controlled using a thermocouple fixed to the vessel (refer
to Figure 4). The increase of pressure in the vessel due to
the expansion of gas-phase CO2 was controlled by the
syringe pump, so that constant pressure of 10 MPa was
maintained in the reaction vessel. During the experiments,
the rock powder was maintained in suspension by stirring
the solution uniformly at a constant speed. The system
was kept closed in order to provide space for water-rock
interactions to take place over time. Both liquid and
powdered samples were removed from the chamber at
different time periods of 2 days, 4 days, 7 days, 14 days. 21
days, 42 days, 63 days, and 70 days for the conduct of
analytical tests. The pressure in the reaction chamber was
released, and the system was cooled before the samples
were removed from the vessel. This method was followed
since no drainage valve is connected to the chamber,
which is an experimental limitation. The system was
sealed immediately after the samples were taken, and
pressurised and heated immediately after removing the
samples. The liquid solutions were immediately used for
ICP-OES analysis, while the powdered samples were
directed to XRD analysis and SEM imaging.
2.3. Analytical methods adopted
2.3.1. Scanning electron microscopy (SEM) analyses of
reacted granite powder
The reacted granite removed from the reaction chamber
was drained using a filter paper and oven-heated at 80 °C
for 24 h to remove the moisture from the sample. The
powder was then immediately sent for SEM analyses. The
JOEL 7001F microscope available at the Monash Centre
for Electron Microscopy (MCEM) was used for SEM
imaging throughout the study (refer to Figure 5(a)).
Specimens prepared for SEM analyses were coated with
carbon in order to avoid the charging effect and overillumination of the images. SEM imaging and energy
dispersive spectroscopy (EDS) analyses were carried out
following the standard EDS process with an accelerating
voltage of 15kV, 10 mm working distance, and a probe
current of 10. EDS analyses was conducted of selected
areas of each specimen to identify the mineral
composition of the new precipitants and to identify the
mineralogy of pitted areas.
2.3.2. X-ray diffraction analyses
Powder XRD analyses were conducted on granite powder
reacted for different time durations using the D8 cobalt
XRD instrument shown in Figure 5(b). The XRD
recordings were taken using Kα radiation of Cu at 40.0 kV
and 25.0 mA for a 2θ range of 5 to 90. Semiquantitative
analyses, based on the integrated areas of the peaks of
corresponding mineral phases, were adopted to
determine the mineralogical composition of the reacted
granite powder. DIFFRAC EVA software (4.3 version) was
used for the semiquantitative analyses of the results. XRD
analyses were conducted only on selected sampling

stages, since the loss of material would affect the
experiment. Therefore, XRD analysis was conducted for
granite powder reacted for 7 days, 14 days, 21 days, 42
days, and 70 days.
2.3.3. Inductively-coupled plasma optical emission
spectroscopy (ICP-OES) analyses
The liquid samples removed from the chamber were
subjected to ICP-OES analysis at the PerkinElmer Flagship
testing facility (shown in Figure 5(c)) at the Monash
Analytical Platform in order to determine the fluid
chemistry of the samples. The liquid solutions were
filtered using 0.45 µm filter paper to remove solids
suspended in the solutions, and the filtrate was diluted
two times using 1% HNO3. The solutions were acidified to
avoid the precipitation and clogging of dissolved metals
(Pereira et al., 2011). The concentrations of dissolved
metals in the solutions were determined by following the
corresponding calibration charts, which were separately
developed for different elements. The pH values of these
solutions were also measured using a pH meter 1 h after
the solutions reached atmospheric temperature and
pressure.
2.4. Geochemical modelling
2.4.1. Determination of saturation indices (SI)
Geochemical modelling of the granite-water- CO2
interactions was carried out using PHREEQC software
(3.4.0 version) based on the LLNL.dat database
(Parkhurst, 1995). Calculations of reactive kinetics and
equilibrium speciation concentrations were based on the
measured compositions of the final solutions. The
saturation indices (SI) of different mineral phases in the
solution, which depend upon the elemental
concentrations in the liquid samples, were calculated at
different time intervals. The calculation of SI is based on
Eq. 1 where, IAP is the ion activation product and the KSP
is the solubility product of the corresponding mineral
phase (Boudot et al., 1996). Positive values for SI indicate
that the minerals are likely to precipitate, whereas
negative values for SI show the dissolution of mineral
phases.
(1)
2.4.2. Calculation of the initial pH value of solutions
Aqueous CO2 is characterised as H2CO3, and the initial pH
value of a solution with dissolved CO2 is determined with
reference to the dissociation of H2CO3 into H+ and H2CO3 ,
as shown in Eq. 2. The equilibrium constant (K) for the
reaction is defined using Eq. 3, where- [H+] and [HCO3 ]
stand for the activities of H+ and HCO3 , respectively and
fCO2 is the fugacity of CO2 gas at a given temperature and
pressure. Here, the fCO2 is assumed to be the partial
pressure of CO2 at 100 °C and 10 MPa (Suto et al.,
- 2007).
According to the charge balance, [H+] = [HCO3 ] under
initial conditions, and, hence, the initial pH value can be
determined using Eq. 4. The calculated initial pH value of
the solution at 100 °C and 10 MPa was 3.68.
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with the supply of photons. Hence, there is no direct effect
on the dissolution of silicate materials in the solution
(Golubev et al., 2005; Hänchen et al., 2006). Alemu et al.
(2011) further explained that the influence of dissolved
CO2 on carbonate precipitation is insignificant compared
to its influence on increasing the acidity level of the
solution. Therefore, the general form of the rate law given
in Eq. 5 developed from the transition state theory
(Aagaard and Helgeson, 1982; Lasaga, 1984; Alemu et al.,
2011) was incorporated to calculate the kinetic rates of
acidity-driven dissolution and precipitation reactions.
In Eq. 5, Ratem is the dissolution or precipitation of m
mineral phase, and positive values denote dissolution, and
negative values denote precipitation of the corresponding
mineral phase. A is the reactive surface area per one
kilogram of water, k(T) is the reaction rate constant for the
considered temperature, aHT is the photon activity, n is the
order of the reaction, K is the equilibrium constant of the
considered reaction, and Q is the ion activity product. The
temperature-dependent reaction rates were also
calculated with reference to the reaction rates at 25 °C
based on Arrhenius’ law (Laidler, 1972; Aquilanti et al.,
2010), given in Eq. 6. In Eq. 6, k25 is the reaction rate at
25 °C for the considered reaction in molm–2s–1, Ea is the
activation energy in Jmol–1, R is the gas constant, which is
8.314 J mol–1K–1, and T is the temperature in Kelvin. The
reaction rate constants for mineral phases were obtained
from previous studies, and the calculated values at 100 °C
based on Eq. 6 are given in Table 2 with the corresponding
reference study. Other parameters used for the simulation
are also included in Table 2. In the calculation of the
surface areas of mineral grains, a spherical shape with an
effective diameter was considered for all mineral phases.
It should be noted that all the minerals were allowed to
dissolve and precipitate, and similar reaction rates were
used for both dissolution and precipitation processes
(Alemu et al., 2011). Plagioclase phase feldspar was
introduced to the model as 75% albite and 25% anorthite,
and biotite was introduced as 44% annite and 56%

phlogopite. The surface area of the clay minerals was
calculated by assuming spherical grains of 2 µm (Alemu et
al., 2011).
(5)
(6)

3. Results and discussion
3.1. Dissolution of primary minerals in Harcourt
granite
3.1.1. Experimental findings from fluid chemistry and
SEM imaging
A qualitative understanding of the dissolution of different
minerals of Harcourt granite was obtained by analysing
the fluid chemistry and SEM images. The variations of
different elemental concentrations of the liquid solutions
with the increase of reaction time are shown in Figure 6.
The increase in concentrations of elements such as Si, Fe,
Al, Ca, Mg, Na, and K, which were absent in the initial
solution, characterises the initial dissolution of Harcourt
granite in the presence of CO2-dissolved water at 100 °C
and 10 MPa. Concentrations of Si, Na, K, and Ca ions in the
solution are comparatively higher than the Al, Fe, and Mg
ion concentrations. As Figure 6 shows, the concentrations
of almost all the elements increase with the increase of
reaction duration up to 14 days, whereas the Na+ and K+
ion concentrations increase continuously with a further
increase in time. The release of Na+ and K+ ions into the
solution characterises the dissolution of K-feldspar and
albite minerals. However, the origin of K+ ions in the
solution cannot be distinguished between K-feldspar and
biotite. Furthermore, the Si ion concentration peaked at
74 ppm after 7 days and reduced by 52% of the peak value
with the increase of reaction duration up to 70 days.
Similarly, the Al3+ concentration peaked at 7 days and

Table 2. Parameters used in geochemical modelling.

Ea

Mass (mol/kg of Surface area
water)
(m2/g)

(kJ/mol)

0.521

0.0091

90.90

0.00 –13.41

K-feldspar

0.101

0.0095

51.70

0.50 –10.06

–8.24

Palandri and Kharaka (2004)

Anorthite

0.030

0.0086

16.60

1.41 –8.00

–7.42

Palandri and Kharaka (2004)

Albite

0.096

0.0092

65.00

0.50

–9.71

Palandri and Kharaka (2004)

Annite

0.006

0.0072

22.00

0.37 –11.85

Phlogopite

0.011

0.0085

66.90

0.40 –10.47

–8.11

Illite
Smectite-highFe-Mg
Calcite

0

0.0088

46.00

0.10 –12.40

–10.78

(Xu et al., 2011)
(Krausz, 1974; Kalinowski and
Schweda, 1996)
(Köhler et al., 2003)

0

0.0105

23.60

0.50 –10.98

–10.15

(Palandri and Kharaka, 2004)

0

0.0089

14.40

0.50 –0.30

0.21

(Palandri and Kharaka, 2004)

Kaolinite

0

0.0100

65.90

0.20 –11.30

-8.99

(Palandri and Kharaka, 2004)

Mineral
Quartz

n

log (k 25)
(molm-2s-1)

–12.00

log (k 100)
( molm-2s-1)
–-10.21

– 11.08

Reference
Palandri and Kharaka (2004)
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Figure 6. Variations of elemental concentrations of liquid samples determined by ICP-OES tests.

appeared to decrease with a further increase in reaction
time. The continuous increase in Fe ion concentration
indicates the dissolution of biotite mineral with time,
since the only source of Fe is biotite. The Ca and Mg ion
concentrations followed the consistent behaviour of an
initial increase followed by gradual reductions in
concentrations with time. The reductions of Al, Ca, Mg, Fe,
and Si ion concentrations are due to the formation of
secondary precipitants (clay minerals, aluminosilicates,
and other transitional products of Fe) when the solution
is over-saturated with these minerals.
The measured pH values during sampling were in the
range of 3.81–5.02 and slightly increased with the
increase of reaction time due to the consumption of H +
ions for the reactions of mineral dissolution and
precipitation. SEM images of the reacted granite powder
further explain the dissolution phenomenon of K-feldspar,
quartz, anorthite, and biotite minerals in Harcourt granite.
Pitting textures were observed in K-feldspar and quartz
mineral grains at initial stages of reaction after 7 days and
21 days, as shown in Figure 7(a) and Figure 7(c),
respectively. The dissolution of anorthite and biotite
phases was also observed at later stages of reaction after
42 days and 70 days, as shown in Figure 7(b) and Figure
7(d), respectively.
3.1.2. Results of geochemical modelling
Geochemical modelling was conducted to evaluate the
geochemistry of the saturated fluid with a further increase
of time up to 210 days. A comparison of the simulation
results with the results obtained from ICP-OES analysis is
shown in Figure 8. In this figure, experimentally-obtained
results are plotted as points, whereas simulation results
are plotted in lines. The results obtained from the
geochemical simulations are consistent with the
experiments, with the exception of slight deviations in Fe
1052

and Al ion concentrations. These slight variations were
possibly due to the changes in kinetic constants in the
simulations and inaccuracy in the dilution of the solutions.
The SIs calculated for different minerals which were
incorporated in the geochemical modelling are recorded
in Table 3. Negative values for SIs indicate that the
solution is under-saturated with the corresponding ions,
whereas positive values indicate that the solution is
super-saturated with the corresponding ions with the
possibility of mineral precipitation. The release of Ca and
Na ions into the solution characterises the initial
dissolution of granite in an aqueous medium (Bischoff and
Rosenbauer, 1996). In the initial stages, the SIs of
anorthite, albite, and K-feldspar are higher than those of
quartz, phlogopite, and annite, which were present in the
initial granite powder. Therefore, the dissolution of
anorthite, albite, and K-feldspar is significant in the initial
period of saturation. Furthermore, the rate of dissolution
of anorthite (3.84 x 10–8 mol/m2/s at 100C and pH = 4) is
greater than that of other minerals in the solution. The
dissolution rates of albite, K-feldspar and quartz are
approximately 1.95 x 10–10 mol/m2/s, 5.76 x 10–9
mol/m2/s and 6.18 x 10–11 mol/m2/s (at 100°C and pH =
4) (Palandri and Kharaka, 2004). Hence, anorthite tends
to dissolve more quickly in an acidic solution than other
minerals, whereas the dissolution of quartz is slow.
However, Amrhein and Suarez (1992) found that the
addition of Al to the acidic solution slows the dissolution
rate of quartz, while there is no effect of Ca and Si ions on
the dissolution rate of anorthite. Therefore, the
dissolution rate of anorthite varies greatly during the
reaction period compared to the initial condition. In all
alkali feldspars, Al is more readily hydrolysed from the
aluminosilicate framework than Si, since the removal of Al
leaves the partially-linked Si-O tetrahedra, and, hence, the

AVANTHI ISAKA and GAMAGE / Turkish J Earth Sci

Figure 7. Dissolution and pitting textures observed in SEM images of (a) K-feldspar surface after 7-day reaction, (b) anorthite surface
after 42-day reaction, (c) quartz surface after 21-day saturation, and (d) biotite cleavages after 70-day reaction

removal of Si requires the breaking of the Si-O bonds of
the tetrahedra (Oelkers and Schott, 1995). Although the
rate of dissolution of anorthite reduces with the duration
of the reaction, the solution is under-saturated with
respect to anorthite even at the end of the simulation
period, since it exhibits a SI of –2.02 after 210 days of
saturation. Hence, it is evident that anorthite continues to
dissolve in the water/CO2 medium by releasing Si, Ca, and
Al ions into the solution as per Eq. 7 (Shvartsev, 2013).
However, the SIs for anorthite obtained from simulation
results become less negative with the increase of
saturation duration (see Table 3).
Similarly, the dissolution of albite and biotite minerals
continues up to the end of the simulation period by
releasing mainly Si and Al ions to the solution as per Eq. 8
and Eq. 9 (Sugama et al., 2010; Sugama et al., 2011; Gruber
et al., 2016). The biotite mineral phase was introduced to
the geochemical model as a mixture of phlogopite and
annite, and both phases exhibit negative SIs (see Table 3)

until the end of the reaction period. Therefore, Mg and Fe
ions are continuously released into the solution from the
dissolution of the biotite phase. Although albite
dissolution is slower than anorthite dissolution, it is faster
than that of quartz. Therefore, the initial increase in Si
concentration of the solution is mainly due to the
hydrolysis of anorthite, albite, and K-feldspar minerals,
and the impact of quartz dissolution is insignificant.
Further, quartz dissolution takes place according to the
generalised Eq. 10 in an aqueous solution, whereas there
is no direct impact from dissolved CO2 on the dissolution
reaction, other than an increase in acidity level (Liu et al.,
2003; Suto et al., 2007; Lin et al., 2008). Dissolution of Kfeldspar releases K, Na, and Al ions into the solution
according to Eq. 11 (Kampman et al., 2009), whereas the
results of geochemical modelling indicate that K-feldspar
dissolution continues with time, except at the end stage of
the simulation.
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Figure 8. Extended variations of elemental concentrations in liquid samples obtained from geochemical modelling
Table 3. Saturation indices (SIs) of mineral phases calculated using PHREEQC at different time intervals.

Quartz;
SiO₂
K-feldspar;
KAlSi₃O₈
Anorthite;
CaAl₂Si₂O₈
Albite
NaAl₂Si₃O₈
Annite
KFe₃²⁺AlSi₃O₁₀(OH)₂
Phlogopite
KMg₃AlSi₃O₁₀(F, OH)₂
Illite
(K,H3O)(Al,Mg,Fe)2 (Si,Al) 4O10 [(OH)2,H2O)]
Smectite-high-Fe-Mg
(Mg,Fe,Al)6 (Si,Al)4O10 (OH)8
Calcite
CaCO₃
Kaolinite
Al₂Si₂O₅(OH)₄

1 week

2 weeks

4 weeks

8 weeks

16 weeks

30 weeks

–0.74

–0.27

–0.09

–0.02

0.01

0.06

–4.31

–2.84

–1.56

–0.97

–0.24

–0.15

–6.74

–4.51

–3.58

–2.91

–2.53

–2.02

–5.71

–4.32

–3.56

–3.04

–2.87

–2.64

–3.95

–2.86

–2.02

–1.83

–1.75

–1.69

–2.87

–1.58

–1.34

–1.25

–1.09

–1.02

0.26

2.67

3.86

4.02

4.54

4.63

3.65

3.24

3.08

2.96

2.84

2.72

–3.63

–1.02

–0.08

0.03

0.12

0.19

2.21

3.56

4.02

4.35

4.41

4.53

𝐶𝑎𝐴𝑙2 𝑆𝑖2 𝑂8 + 3𝐻2 𝑂 + 2𝐶𝑂2 ↔ 𝐶𝑎2+ +
2𝐴𝑙2 𝑆𝑖2 𝑂5 𝑂𝐻 4 + 2𝐻𝐶𝑂3−

(7)

𝑁𝑎𝐴𝑙𝑆𝑖3 𝑂8 + 4𝐻 + ↔ 𝐴𝐿3+ + 𝑁𝑎+ + 3𝑆𝑖𝑂2 + 𝐻2 𝑂

(8)

𝐾 𝐹𝑒, 𝑀𝑔 3 𝐴𝑙𝑆𝑖3 𝑂10 𝐹, 𝑂𝐻 2 + 12𝐻 + ↔
𝐾𝐴𝑙𝑆𝑖𝑂4 + 2𝑆𝑖𝑂2 + 3𝑀𝑔2+ + 3𝐹𝑒 2+ + 2𝐻𝐹 +
2𝑂𝐻 − + 10𝐻 +

(9)
(10)

𝑆𝑖𝑂2 𝑠 + 𝐻2 𝑂 → 𝑆𝑖𝑂2 . 𝑛𝐻2 𝑂 𝑎𝑞
+

+

+

𝐾𝑁𝑎𝐴𝑙𝑆𝑖3 𝑂8 + 6𝐻2 𝑂 + 2𝐻 ↔ 𝐾 + 𝑁𝑎 +
𝐴𝑙 𝑂𝐻 +
2 + 3𝐻4 𝑆𝑖𝑂4
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(11)

3.2. Precipitation of secondary minerals
The fluid chemistry of the solutions taken at different
reaction durations shows that the ion concentration in the
solution peaks at a particular time followed by gradual
reductions. In particular, significant reductions in Al, Si,
Mg, and Fe ions were observed in the results of both
experiments and geochemical modelling, as shown in
Figure 6 and Figure 8, respectively. In addition, the
calculated SIs for different mineral phases (see Table 3)
show that clay minerals such as kaolinite, illite, and
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smectite form secondary precipitants with time by
consuming ions from the solution.
Hydrolysis of anorthite and albite minerals in an acidic
medium results in kaolinization, as given in Eq. 1 and Eq.
2. Hence, kaolinite precipitation can be observed in the
early stages of the reaction period, since the dissolution of
anorthite and albite is faster. Interestingly, secondary
precipitants rich in Al, Si, and O, which may possibly be
kaolinite, were observed on top of the plagioclase phase
feldspar in Harcourt granite powder reacted for 7 days
and 14 days, as shown in Figure 9(a) and Figure 9(b),
respectively. These kaolinite precipitants can be
characterised as randomly-oriented fine flocculent
platelets (Lin et al., 2008). Furthermore, the appearance
of new peaks corresponding to kaolinite in the XRD
analysis (as shown in Figure 10(a)) further confirms the
kaolinization of minerals of granite during reactivity in an
acidic medium. Previous studies by Ueda et al. (2001)
have shown that the kaolinization of anorthite proceeds at
temperatures from 100°C to 250°C, and the reaction rate
increases with the increase of acidity level of the medium
(Gales, 1905). In addition, continuous hydrolysis of
anorthite releases Ca ions into the saturation medium, and
the reaction given in Eq. 1 proceeds to the right at high
temperatures. Hence, the solution becomes oversaturated with Ca ions with time, and Ca ions are removed
from the solution as Ca-silicate minerals or calcite (Ueda
et al., 2005). Calcite formation and dissolution take place
as per the reaction given in Eq. 6. In the initial stages of the
reaction period, the release of Ca2+ to the acidic medium
by the accelerated hydrolysis of anorthite moves the
equilibrium of the reaction towards the right side.
However, the increase in CO2 pressure increases the
acidity level of the residual solution, hence contributing to
the dissolution of calcite in the acidic solution. Likewise,
competing reactions of calcite dissolution and
precipitation occur in CO2-dissolved acidic media. Hence,
Hitchon et al. (1999) argued that the continuous
formation of calcite cannot be expected in
water/granite/CO2 systems under low pH values.
2𝐶𝑎2+ + 𝐶𝑂2 𝑔 + 𝐻2 𝑂 ↔ 𝐶𝑎𝐶𝑂3 𝑠 + 2𝐻 +
(12)
However, Lin et al. (2008) explained that calcite can be
precipitated in a scCO2/vapour/granite system at 100 °C
and 10 MPa. According to Lin et al. (2008), only a small
amount of water in the form of vapour can be diffused into
the scCO2 fluid, and a thin film of water is created on the
surface of granite which has the low solubility of scCO 2.
Since the water in the form of vapour exhibits greater
reactivity, the solubility of minerals is accelerated. Hence,
there is a possibility of a greater concentration of cations
being present in the thin film of water due to the enhanced
dissolution of minerals. This phenomenon encourages the
forward reaction given in Eq. 12 by forming calcite
precipitants in the scCO2/water/granite medium. It is also
evident from the results of geochemical modelling that the
Mg and Fe concentrations in the residual solution are
significantly lower than the Ca concentration, even at the

end of the reaction period. Hence, calcite precipitation
should occur instead of MgCO3 according to their order of
solubility constants (MgCO3> CaCO3> FeCO3) (Lide, 2004).
Similar observations were made in the present study. The
results for SIs obtained from geochemical modelling for
calcite reveal that the fluid medium (scCO2/ vapour/
granite at 10 MPa and 100 °C) is slightly over-saturated
with respect to calcite after four weeks of saturation. In
addition, precipitants rich in Ca and O (possibly calcite)
were observed on the surface of K-feldspar in the SEM
images of granite powder reacted for 6 weeks, as shown
in Figure 9(c). However, calcite peaks were not observed
in the XRD analysis, possibly because the calcite
precipitants appeared in very small amounts, which were
not available in the powder sample taken for XRD analysis.
Moreover, precipitants rich in Mg, Na, Si, Al, O and K,
Mg, Fe, Al, Si, O were observed on quartz surfaces and
between biotite cleavages, as shown in Figure 9(d), and
Figure 9(e), respectively. These clay mineral precipitants
can be characterised as illite, smectite, or a mixture of
both. In a previous study by Ré et al. (2014), smectite
precipitants were characterised as rosette-forming
aluminosilicates, and similar observations were made in
the present study. In addition, Ré et al. (2014) interpreted
illite as petal-forming structures rich in Mg and Fe.
However, the structure of the precipitant observed in the
present study (possibly illite) is not clearly visible in the
SEM images. Furthermore, smectite and mixed layers of
smectite and illite may precipitate in scCO2/water/granite
systems at temperatures up to 180 °C and 220 °C,
respectively (Henley and Ellis, 1983). Interestingly, clay
mineral precipitants were observed in the XRD analysis,
and new peaks were observed in the XRD plots of reacted
granite in the two-theta range of 5-8°, as shown in Figure
10(b). The presence of a mixture of clay minerals
precipitants was also observed close to the two-theta
value of 5° in granite reacted for 21 days, 42 days, and 70
days, as highlighted in Figure 10(b). The XRD results for
clay mineral precipitants are consistent with those
reported in previous studies (Kim et al., 2016; Chen et al.,
2020). However, peaks for illite and smectite were not
observed in the XRD plots of granite powder reacted for
14 days (see Figure 10(b) and Figure 10(c)), possibly due
to a scanning error, since all other XRD plots exhibit the
relevant peaks for clay minerals, which can be interpreted
as illite and smectite. Moreover, illite precipitation was
traced from the peaks of the XRD plots, as shown in Figure
10(c). Precipitation of these clay minerals consumes the
cations in the solution such as Mg, Na, K, and Fe,
encouraging the dissolution reactions of the mineral
phases. In addition, the SIs of illite, smectite and kaolinite
are positive, and increase with the increase of reaction
time. Hence, the precipitation of these clay minerals takes
place throughout the reaction period of 210 days in a
scCO2/water/granite system until equilibrium states are
reached. In the final stage of the experimental reactivity
tests (after 70 days), precipitants of K-aluminosilicates
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Figure 9. SEM images of newly-formed secondary precipitants at different reaction durations.
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were observed, as shown in the SEM images in Figure 9(f)
and Figure 9(g). These flaky-like precipitants rich in K, Al
and Si elements which appear at high temperatures

(300°C) were interpreted as muscovite by Suto et al.
(2007). However, it was not possible to clearly interpret
the clay mineral formed in the present study.

Figure 10. Peaks of secondary precipitants of clay minerals; (a) kaolinite, (b) smectite, and (c) illite identified from XRD analysis.
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The formation of silica precipitants was observed in
the quartz surface after 70 days reaction in the SEM
images shown in Figure 9(h). According to previous
studies (Gunnarsson, 2003; Gunnarsson and Arnórsson,
2005; Bhuana et al., 2009; Ngothai et al., 2012), the silica
polymerisation mechanism is complex. Generally, the
silica polymerisation process can be divided into two
processes:
1. Monomeric silica precipitates directly from the
solution onto the surfaces and takes place at lower
concentrations of dissolved silica. These deposits are dark
in colour and have a comparatively high density of about
2.0 g/cc (Bhuana et al., 2009).
2. Silica polymerisation remains as a colloid in the
suspension for a long period. This polymerisation occurs
due to the rapid nucleation of Si atoms. This nucleation
reaction is enhanced by silicic acid. Weres et al. (1982)
stated that the subsequent coagulation and flocculation of
polymers occur due to the cementation and chemical
bonding of Si atoms. The flocculation process continues
until the concentration of monomeric silica in the solution
reaches the saturation concentration of amorphous silica
at that particular fluid temperature. However, this
precipitation process is heavily dependent on factors such
as temperature, pH value, salt concentration, and
residence time (Brown, 2011).
The results of the geochemical modelling show that the
negativity of the SI of quartz decreases with time and
becomes slightly positive in the final stage of the
simulation after 56 days. Hence, the formation of
amorphous or monomeric silica can be expected in
scCO2/water/granite
during
long-term
reaction.
However, the introduction of CO2 into the system does not
influence the dissolution and precipitation kinetics of
silica (Lin et al., 2008).
4. Conclusions
Laboratory reactivity tests and geochemical simulations
were conducted on a scCO2/water/granite system at
100 °C and 10 MPa in order to characterise the mineral
dissolution and precipitation of Harcourt granite during
long-term reactions. Based on the results of the
experiments and geochemical simulations, the following
conclusions are drawn:
•
The increase in acidity level of the system due to
the dissolution of scCO2 in the water at 100 °C and 10 MPa
promotes the dissolution of the mineral phases of
Harcourt granite. Hence, mainly alkali (Na and K) and
alkali-earth metals (Ca and Mg) are released into the
acidic medium. The mineral dissolution process is initially
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