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Abstract: The effects of CO2-water-rock interactions on the injectivity and safety of CO2 geological
storage have drawn wide attention. The geochemical reaction mechanisms in carbonate forma-
tions after CO2 injection are still controversial. To better understand the transformation of injected
CO2 in carbonates and the involved geochemical reactions, we first conducted autoclave experi-
ments reproducing the in-situ conditions of the Lianglitage Formation, Yingshan Formation, and
Qiulitage Formation at the Tazhong Uplift in the Tarim Basin. We then established a batch model
using TOUGHREACT-ECO2H, validated with the experimental results, to simulate the long-term
CO2-water-rock interactions. It was found that the initial mineral compositions and water chemistry
have important effects on the CO2-water-rock interactions in carbonate formations. The experiment
results show that the dissolution of calcite and dolomite dominates in the early reaction period.
However, we still observed some secondary minerals, such as ankerite, montmorillonite, calcite,
and dolomite. The CO2-water-rock reactions can be more dramatic when the contents of calcite
and dolomite in carbonates are closer. Moreover, the long-term simulation results show that calcite,
magnesite, and hematite are the main formed secondary minerals, whereas dolomite is the major
dissolved mineral. This study is helpful for a better understanding of the CO2 mineral trapping
mechanism in carbonate formations.

Keywords: carbon capture and storage; CO2-water-rock interactions; carbonate formations; experimental
study; numerical simulation; Tarim Basin

1. Introduction

Considering the serious environmental impact caused by global warming, the Paris
Agreement set the goal to hold the increase of global average temperature to well below 2 ◦C
and pursue efforts to limit the increase within 1.5 ◦C compared to preindustrial levels [1–3].
In this context, the reduction of greenhouse gas emissions, especially CO2 emission, cannot
be delayed. In 2020, China announced that it will strive to peak carbon dioxide emissions
before 2030 and achieve carbon neutrality before 2060 [4]. Carbon capture and storage
(CCS) is one of the most promising solutions for the strategy of carbon reduction. Among
the various methods of storage, CO2 geological storage has drawn tremendous attention
due to its large storage capacity.

Geological CO2 sequestration involves four trapping mechanisms [5–7]: structural
trapping, residual trapping, solubility trapping and mineral trapping. Among them, min-
eral trapping is considered to be the most stable and permanent way to store atmospheric
CO2. However, the mineral dissolution and precipitation resulting from the CO2-water-
rock interactions can significantly affect the safety and the injectivity of CO2 geological
storage by changing the reservoir conditions [7,8]. Thus, much research has been devoted
to clarifying the reaction mechanisms between CO2, water, and various rocks. To date,
CO2-water-rock interactions in silicate reservoirs have been widely studied, whereas those
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in carbonate reservoirs have been paid much less attention [8–10]. However, it should
be noted that carbonates are more reactive than silicates in acidic environments like the
CO2-rich brine [7], and more than 60% of hydrocarbon reservoirs in the world are carbonate
formations [11,12]. For this reason, the CO2 mineral trapping mechanism in carbonate
rocks plays an important role in the deployment of CCS.

To investigate the mineral trapping mechanism of CO2 in carbonate formations, re-
searchers have performed many experimental and numerical simulation studies [9,13–21].
Some results showed that carbonate rocks had a weak mineral trapping capacity [9,22–26].
For example, Azin, et al. (2015) [9] found that the dissolution of dolomite increased the
concentration of Ca2+ and Mg2+ in brine, and no secondary carbonates were observed in
the experiment. Thus, they proposed that carbonate reservoirs are proper for solubility
trapping rather than mineral trapping. In contrast, Berrezueta, et al. (2017) [18] reported
that the permeability in carbonates can be decreased by about 10% due to the mineral
precipitation after the injection of CO2. It is proposed that the change of permeability
in carbonates caused by the CO2 injection can be related to the distribution of pores, the
chemical characteristics of brine, the fluid flow rates, the injection period, and thermody-
namic conditions [24,27–32]. Crockford, et al. (2011) [14] demonstrated that lower NaCl
concentration in brine leads to higher reaction rates between CO2, brine, and the Keg River
carbonates due to the lack of compositional inhibition. However, the decreases in porosity
and permeability are more obvious with higher salt concentration. Izgec, et al. (2007) [25]
found that porosity and permeability change is case dependent, and calcite precipitation is
mainly influenced by fluid flow directions. Compared to horizontal flow, calcite precipitates
more with vertical flow. Researches have also observed other secondary minerals such as
dolomite, anhydrite, ankerite, siderite, and magnesite [9,16,31]. In addition, the zeta trends,
electrostatic interactions, surface complexation, and adsorption processes under high salin-
ity conditions in carbonate reservoirs can affect water-rock reactions as well [11,33,34]. The
related studies show that the increase of Ca2+ and Mg2+ in brine would impact the interac-
tions between the rock surfaces of calcite and dolomite, and hence, affect the dissolution
and precipitation of minerals [35–37]. The studies above have presented various factors
affecting the CO2-water-rock interactions in carbonates, but have not fully clarified the
mechanisms. Moreover, they are all based on small time scales, whereas mineral trapping
is a very slow process.

The purpose of this study is to better understand the reactive mechanisms induced by
CO2 injection into carbonate formations. We performed both lab and numerical experiments
based on thermal, mineralogical, and geochemical conditions specific to the carbonate
formations of the Tarim Basin. The effects of initial mineral compositions and salinities on
the CO2-water-carbonate reactions are also considered.

2. Geological Settings

The Tarim Basin, located in the southern part of Xinjiang Uyghur Autonomous Region,
is the largest inland stacked hydrocarbon-bearing basin in China, with a total area of
560,000 km2. The basin is bordered by the Tianshan Mountains in the north and the Kunlun
Mountains in the south. The hinterland of the basin is the Taklamakan Desert (Figure 1).
Tarim Basin consists of four depressions (the Kuqa, the North, the Southwest, and the
Southeast) and three uplifts (the Tabei, the Tadong, and the Central). The central Uplift
includes the Bachu Uplift, the Gucheng nosed Uplift, and the Tazhong Uplift. In the Tarim
bBasin, except for some portions at Kueche and Kashi city, carbonate formations are covered
by Cretaceous, Silurian, and Quaternary deposits. The carbonate formations developed in
the tectonic evolution of seafloor retrogradation and transgression are at least 1 km thick,
in total.
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Figure 1. Geological structures of the Tarim Basin and the location of wells TC1 and TZ1 (modified
from Gao, et al. (2018) [38]).

The Tazhong Uplift is the study area in this study because the depth of carbonates
is more than 3.5 km in the vicinity of Tazhong and fully meets the conditions for CO2
geological storage and also not too deep. In this area, the carbonate formations consist of
Lianglitage Formation (LF), Yingshan Formation (YF), and Qiulitage Formation (QF) from
top to bottom (Figure 2) [38,39]. Due to the change of sedimentation phase, the limestone
of these formations in the Tazhong uplift gradually turns to dolomite from east to west.

Figure 2. Stratigraphic column of the Tazhong Uplift in the Tarim Basin (modified from He, et al.
(2016) [39]).
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3. Materials and Methods
3.1. Sample Description

To investigate the effects of mineral compositions in carbonates, especially the propor-
tion of calcite and dolomite, we have selected rock samples from Lianglitage Formation
(LF), Yingshan Formation (YF), and Qiulitage Formation (QF) in the Tazhong Uplift. From
the Well TC1, we obtained two core samples belonging to the Lianglitage Formation (LF)
and Qiulitage Formation (QF), respectively. In addition, to increase the diversity of mineral
compositions, more outcrop samples were collected from the three target formations based
on the mineral compositions (Table 1). A 50 wt% calcite–50 wt% dolomite synthetic rock
sample was also used in the experiments.

Table 1. Mineral composition of rock samples before experiments.

Cases Sample
Type Formations Sampling

Depth (m)
Calcite
(wt%)

Dolomite
(wt%)

Quartz
(wt%)

Kaolinite
(wt%)

Case 1 Outcrops YF 478 97.31 1.63 1.05
Case 2 Outcrops LF 540 95.08 3.07 1.85 2.09
Case 3 Rock core LF 4031.2 86.79 9.22 3.99 0.5
Case 4 Synthetic 50 50 0 0
Case 5 Rock core QF 5100 4.12 94.39 1.49
Case 6 Outcrops QF 219 0 100.00 0

Case 6 DI Outcrops QF 219 0 100.00 0

3.2. Physical Experimental Conditions

To reproduce the in-situ reservoir conditions, the experimental conditions are outlined
as follows: (1) 120 ◦C for the autoclave reaction temperature (reservoir temperature);
(2) synthetic brine with a salinity of 138.42 g/L (drilling report of Well TZ1) (Table 2). To
consider the effects of salinity of brine, deionized water is also used in the experiments. The
pressure in the reaction autoclave is set as 25 MPa, which is lower than the actual reservoir
pressure of 45 MPa, considering the limitation of the apparatus.

Table 2. Hydro-chemical characteristics of the formation water sample.

Formation Depth
(m) pH Na+ + K+

(g/L)
Mg2+

(g/L)
Ca2+

(g/L)
Cl−
(g/L)

SO4
2+

(g/L)
HCO3−

(g/L)
TDS
(g/L)

Ordovician 3853.38–3970.44 6.5–7 43.27 0.82 9.02 84.50 0.593 0.21 138.42

3.3. Experimental Apparatus and Procedures

The experiments are conducted in three reaction autoclaves (Figure 3). Each autoclave
has a capacity of 100 mL. The autoclaves are made of 316 L stainless steel and support
a magnetic steering function. The inner liner of the reactor is made of quartz material.
The temperature detector and the sampling pipe is made of Hastelloy C276, a Ni-Cr-Mo
wrought alloy generally considered a versatile corrosion resistant alloy material. The
experimental procedures are as follows:

1. Grind 4 g rock sample in an agate bowl into powders, and sieve the powders to
approximately 150 µm grain size. Wash and dry the powder sample;

2. Place the treated powder sample in a reactor that is filled with 75 mL synthetic brine
and then seal the case;

3. Make the top space of the reactor into a vacuum state, and heat it to 120 ◦C. Inject
99.9 wt% CO2 into the reactor until the pressure reaches to 25 MPa;

4. Take a 2 mL fluid sample under pressure every 3 days for the measurement of pH and
electrical conductivity with Hach HQ40d.
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Figure 3. A schematic representation of the work sequence followed in this study.

The experiment takes 15 days until the reaction reaches a balance. Before and after the
experiments, the samples were analyzed for mineral compositions with X-ray diffraction
(XRD, Bruker AXS D8-Focus, Bruker, Germany). The morphology changes on the mineral
surfaces before and after reactions were observed by SEM (Hitachi SU8010, Hitachi, Ltd.,
Tokyo, Japan), coupled with energy dispersive X-ray spectroscopy (EDS, EDAX, AMETEK,
Santiago, CA, USA). Water contents are analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES, PerkinElmer 5300DV, Waltham, MA, USA).

3.4. Numerical Methods

The numerical simulations were performed with the TOUGHREACT simulator [40],
equipped with a new equation of state module ECO2H [41,42], which supports high
reservoir temperature up to 300 ◦C and working pressure up to 60 MPa. TOUGHREACT
is a non-isothermal, multiphase reactive transport simulation code, and it is used here to
simulate the fluid-rock interactions under batch (zero-dimensional) conditions. The created
conceptual model is shown in the figure below (Figure 4).

Figure 4. Conceptual model representation, including the initial and boundary conditions.

In this study, the reactor (0.1 L total volume) has been discretized into two volumes.
At the top, a cell characterized by 100% porosity and gas saturated mimics the presence of
a CO2 gas cap zone (CO2 is the only initial constituent of this gas zone). At the bottom, a
high-porosity (0.947), liquid-saturated cell represents the domain within which the rock
powder interacts with the aqueous solvent. The boundaries of the model are set closed.
The temperature and pressure in the model are set to 120 ◦C and 25 MPa, respectively, the
same as the experimental conditions in the autoclaves.
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The initial mineral compositions shown in Table 3 for the numerical experiments are
also set according to the lab experiments, except for Case 6 and Case 6 DI. When calibrating
the model, combining the analysis of XRD, SEM-EDS, and water chemistry, it is found
that a minor amount of halite and calcite not detected should be added to the modeling
of Case 6 and Case 6 DI to achieve relatively good fitting results. Table 4 gives the kinetic
properties of the primary and possible secondary minerals in this study. The parameters
are all explained below in detail.

Table 3. List of initial mineral volume fractions.

Mineral
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 6 DI

Volume Fraction (%)

Calcite 97.31 95.78 83.93 50.00 4.14 0.19 0.19
Halite 0 0 0 0 0 0.81 2.81
Quartz 1.05 1.49 3.66 0 1.49 0 0

Kaolinite 0 0 0.5 0 0 0 0
Dolomite 1.63 2.73 11.56 50.00 94.37 99.0 97.0

Pyrite 0.8

Table 4. Summary of primary and secondary mineral species and their kinetic properties.

Minerals A (cm2/g)
Neutral Acidic Base

k25
(mol/m2·s)

Ea
(kJ/mol)

k25
(mol/m2·s)

Ea
(kJ/mol)

n
(H+)

k25
(mol/m2·s)

Ea
(kJ/mol)

n
(H+)

Primary
Calcite 0.89 a 1.55 × 10−6 23.50 4.012 × 10−2 14.40 1.00 3.310 × 10−4 35.40 1.0
Halite 0.101 a 5.40 × 10−1 7.40
Quartz

Kaolinite
401 1.023 × 10−14 87.70

151.60 6.918 × 10−14 22.20 4.898 × 10−12 65.90 0.77 8.913 × 10−18 17.90 0.47
Dolomite 0.008 a 2.951 × 10−8 52.20 6.457 × 10−4 36.10 0.50

Secondary
Magnesite 9.80 4.571 × 10−10 23.5 4.169 × 10−7 14.40 1.00
Ankerite 12.90 1.260 × 10−9 62.76 6.457 × 10−9 36.10 0.50
Hematite 9.80 2.512 × 10−15 66.20 4.074 × 10−10 66.20 1.00

Montmorillonite 9.8 3.020 × 10−13 88.0 7.762 × 10−12 88.0 0.5
Smectite-Ca 151.6 1.660 × 10−13 35.0 1.047 × 10−11 23.6 0.34 3.020 × 10−17 58.9 −0.40
Smectite-Na 151.6 1.660 × 10−13 35.0 1.047 × 10−11 23.6 0.34 3.020 × 10−17 58.9 −0.40

Pyrite 12.90
k25 = 1.260 × 10−9

Ea = 62.76
n(O2(aq)) = 0.5

k25 = 6.457 × 10−9

Ea = 56.10
n(H+) = −0.50, n(Fe3+) = 0.5

1. A is reactive surface area, k25 is kinetic constant at 25 ◦C, Ea is the activation energy, and n is the power term in
Equation (2); 2. Acidic and base mechanisms are with respect to H+; 3. For pyrite, the neutral mechanism has one
n with respect to O2(aq), the acidic mechanism has one n with respect to H+ and another with respect to Fe3+;
4. Data denoted with a are revised mineral surface area by calibrating the models; other thermal data come from
Palandri, et al. (2004) [43].

In TOUGHREACT, the dissolution and precipitation of kinetic minerals are controlled
by the kinetic rates. The reaction rates can be expressed as Equation (1) [44]:

rn = f (c1, c2, . . . . . . cNc) = ±kn An

(
1−Ωθ

n

)η
(1)

where the subscript n denotes the index of mineral species, kn denotes the rate constant
that is temperature dependent, An is the specific surface area, and Ωn is the kinetic mineral
saturation ratio. Parameters θ and η are measured in the laboratory; Usually, they are set to
1. The positive values of rn means mineral dissolution and the negative values of rn means
mineral precipitation.
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For most of the mineral species, the rate constant k is defined as Equation (2) [44]:

k = knu
25 exp

[
−Enu

a
R

(
1
T −

1
298.15

)]
+ kH

25exp
[
−EH

a
R

(
1
T −

1
298.15

)]
anH

H

+kOH
25 exp

[
−EOH

a
R

(
1
T −

1
298.15

)]
anOH

OH

(2)

where the superscripts nu, H, OH represent neutral, acidic, and basic mechanisms, re-
spectively; Ea denotes the activation energy, k25 is the rate constant at 25 ◦C, R is the gas
constant (8.31 J/mol K), T denotes the temperature, a is the activity of species, and n is the
power-term. The TOUGHREACT thermal database is revised from the EQ3/6 geochemical
modeling code database [45], for which the parameters are mainly taken from Palandri,
et al. (2004) [43].

The initial concentrations of the aqueous species for simulation in Table 5 are calculated
from the hydro-chemical characteristics of the formation water sample shown in Table 2 [46].
It should be noted that the concentrations of each aqueous species have to be given out
separately. Therefore, here we combined the sum of the mass concentrations of K+ and
Na+ and the law of charge conservation to calculate the concentrations of K+ and Na+. In
addition, the SiO2, AlO2−, O2, and Fe in the aqueous are assumed to be trace substances.

Table 5. Initial concentrations of primary aqueous species for simulation.

Source Primary Aqueous Species Initial Concentration
(mol/kg)

Measured values

H+ 1.60 × 10−6

Ca+2 2.08 × 10−1

Mg+2 4.52 × 10−2

Na+ 1.83 × 10+0

K+ 1.60 × 10−2

HCO3− 4.80 × 10−3

SO4
−2 9.20 × 10+0

Cl− 2.33 × 10+0

H2O 1.00 × 10+0

Assumed values

SiO2(aq) 1.00 × 10−12

AlO2− 1.00 × 10−12

O2(aq) 1.00 × 10−65

Fe 1.00 × 10−12

4. Results and Discussion

The rock samples used in this study can be divided into two main categories: (1) the
calcite-rich limestone group (Case 1–3), and (2) the dolomite-rich group with low calcite
content (Case 5–6). The rock sample in case 4 consists of 50 wt% calcite and 50 wt% dolomite.
The aqueous solutions used to simulate the formation water include the synthetic brine
(Case 6) and the deionized water (Case 6 DI). In this section, by the comparison of different
cases, the effects of mineral compositions and brine salinities on the interactions between
CO2-water-carbonates are investigated.

4.1. Experimental Study on CO2-Water-Rock Interactions
4.1.1. Variation of Water Chemistry

At the beginning of the experiments (0–3 days), the pH of the brine rapidly decreases
from 6.8 to 5.6 (Figure 5a) due to the CO2 dissolution (Equation (3)), whereas the electrical
conductivity (EC) of brine increases significantly within 0–3 days (Figure 5b). Due to the
continued consumption of H+ in mineral dissolution, the descending speed of pH slows
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down after the third day, and then the pH even begins to ascend. Correspondingly, the EC
starts to decline slowly after reaching its peak on the third day.

CO2 + H2O = H+ + HCO3
− (3)

Figure 5. Evolution of the pH and electrical conductivity in brine during the experiments (a,b).
Concentration changes of the major ions Mg2+ and Ca2+ (c,d).

Figure 5c,d illustrates the concentration changes of Ca2+ and Mg2+ in brine. In the
early stage of the experiments (0–3 days), the increase of Ca2+ is much higher than that of
Mg2+. Considering that dolomite is the only source of Mg2+ (Equation (4)), we conclude
that the increase in the concentration of Ca2+ is mainly due to the dissolution of calcite
(Equation (5)). That is to say, the dissolution rate of calcite is higher than that of dolomite.
For this reason, within 0–3 days, the decreasing rate of pH and the increasing rate of EC for
the calcite-rich group is, respectively, lower and higher than those for the dolomite-rich
group. In addition, by comparing Case 6 and Case 6 DI, the effect of initial salinity in
brine on the reactions is revealed. As shown in Figure 6a, the concentration increments
of the Ca2+ and Mg2+ in Case 6 DI are higher than those in Case 6, which denotes that
lower salinity of brine can promote the dissolution rate of the minerals [14]. Thus, the pH
of Case 6 DI decreases the most slowly and rebounds most obviously in all the cases. In
addition, since the initial salinity of Case6 DI is zero, the conductivity of Case 6 DI is much
lower than others. As shown in Figure 6b, the Ca2+/Mg2+ ratio decreases in both Case 6
and Case 6 DI. This means during the dissolution process, more Mg2+ is increased in the
solution than Ca2+, which is a situation that is better for dolomitization to happen.

CaMg(CO3)2 (dolomite) + 2H+ = Ca2+ + Mg2+ + 2HCO3
− (4)

CaCO3 (calcite) + H+ = Ca2+ + HCO3
− (5)
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Figure 6. The increase in Ca2+ and Mg2+ concentrations for Case 6 and Case 6 DI (a). Change of
Ca2+/Mg2+ concentration ratio for Case 6 and Case 6 DI (b).

4.1.2. Changes in Mineral Morphology

Scanning electron microscope (SEM) analyses of rock samples before and after exper-
iments illustrate the dissolution of calcite and dolomite. Before the experiment, mineral
surfaces of calcite and dolomite were generally smooth (Figure 7a1,b1), whereas with the
start of dissolution, corrosion pits and smaller particles at the surfaces become more evident
afterward (Figure 7a2,b2). The higher resolution images in Case 4 and Case 6 (Figure 8)
show that after the experiment, heavy corrosion occurs, which produces a rough surface
morphology mainly caused by calcite and dolomite dissolution. In Case 6 the corrosion
pits are very obvious (Figure 8b2). From the EDS and XRD analysis after the experiment,
some secondary mineral formations like halite, ankerite (Figure 7a2), montmorillonite
(Figure 7b2), and kaolinite can be observed (Equations (6)–(8)). The Fe2+ may come from
some iron-bearing, unobserved primary minerals that were not detected.

Na+ + Cl− = NaCl (halite) (6)

Ca2+ + 0.3Mg2+ + 0.7Fe2+ + 2HCO3
− = (CaMg0.3Fe0.7)(CO3)2 (ankerite) + 2H+ (7)

2Al3+ + 2SiO2 + 5H2O = Al2Si2O5(OH)4 (kaolinite) + 6H+ (8)

Figure 7. Scanning electron photomicrographs of rock samples: (a1) Case 1 before experiment;
(a2) Case 1 after experiment; (b1) Case 3 before experiment; (b2) Case 3 after experiment.
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Figure 8. Scanning electron photomicrographs of rock samples: (a1) Case 4 before experiment;
(a2) Case 4 after experiment; (b1) Case 6 before experiment; (b2) Case 6 after experiment.

4.1.3. Transformation between Calcite and Dolomite

Table 6 gives the mineral compositions before and after the CO2-water-rock interaction
experiments. It can be seen that the geochemical reactions are more dramatic when the
contents of calcite and dolomite in carbonates are closer. According to the changes in calcite
and dolomite abundance in the rock samples, the cases can be mainly divided into four
categories (Table 7). As can be seen, when the initial calcite content is larger than 90%
(Case 1 and Case 2), calcite tends to transform into dolomite. Conversely, when the initial
dolomite content is larger than 90% (Case 5 and Case 6), dolomite tends to transform into
calcite. It was found that the situation is more complicated when the initial content of
calcite and dolomite in carbonates are closer to each other. In Case 3, the initial calcite
content is between 50 and 90%, which leads to the transformation from dolomite to calcite.
In contrast, when the initial dolomite content in Case 4 is between 50 and 90%, calcite
transforms to dolomite. It should be noted that the rock sample in Case 4 is synthetic and
consists of 50% calcite and 50% dolomite. The trends shown in Table 7 are consistent with
the results of Wang (2020) [47] and Ma (2021) [48].

Table 6. XRD results of the rock samples before and after the experiments.

Cases Samples Calcite (wt%) Dolomite (wt%) Quartz (wt%) Kaolinite (wt%) Pyrite
(wt%)

Before After Before After Before After Before After

Case 1 YF (outcrop) 97.83 95.21 1.10 1.71 1.05 3.08 - - -
Case 2 LF (outcrop) 95.78 88.68 2.73 7.92 1.49 1.24 - 2.16 -
Case 3 LF (rock core) 83.93 94.29 11.56 1.11 3.66 2.47 0.5 2.13 0.82 (before)
Case 4 Synthetic 50.0 48.13 50.0 51.24 0 0.62 0 0 -
Case 5 QF (rock core) 4.14 3.4 94.37 93.34 1.49 2.41 - - 0.85 (after)
Case 6 QF (outcrop) 0 0.34 100 99.34 0 0.32 0 0 -

Case 6 DI QF (outcrop) 0 1.20 100 97.55 0 1.26 0 0 -
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Table 7. The changes in the calcite and dolomite abundance.

Category Cases Mineral Abundance Results

1 Case 1, Case 2 Calcite, >90% Calcite ↓, Dolomite ↑
2 Case 3 Calcite, 50–90% Calcite ↓, Dolomite ↓
3 Case 4 Dolomite, 50–90% Calcite ↓, Dolomite ↑
4 Case 5, Case 6 Dolomite, >90% Calcite ↑, Dolomite ↓

‘↓’ denotes content decrease; ‘↑’ denotes content increase.

4.1.4. Porosity Changes

The samples in this study are all powdered into very small particle sizes. Thus,
conventional methods of mercury intrusion and weighting methods are not appropriate
to measure the porosity. In a case like this, we can use image processing to obtain the
2D,3D porosity from SEM images [39,49–52]. The analysis of mineral microstructure by
scanning electron microscopy (SEM) is an important research method. Through SEM
images, parameters such as rock structure, particle and pore size, shape, and orientation
can be obtained. In this study, SEM images of all cases were taken before and after the
experiment, and the porosity and pore size distribution of the experimental results were
analyzed using MATLAB code [51,52]. By creating depth maps with different thresholding
operations for petrography analysis, binarization and segmentation operations can be
performed. Finally, the porosity can be determined using the image volume method. It
should be noted that visual porosity analysis is more accurate with SEM images with
polished thin section samples. In our case, although powders are not able to give as clear
surface change results as polished samples, the surfaces are mainly plain and the measures
can be used to some extent.

By the method noted above, it was found that the porosity of Case 1, Case 2, Case 4,
and Case 5 increased, whereas the porosity of Case 3 and Case 6 decreased after the re-
actions. This is consistent with the comparison of mineral changes before and after the
reaction, except for Case 5. These porosity changes are because of mineral dissolution and
precipitation. In all cases, calcite and dolomite composition change is inversely proportional.
We can relate this phenomenon to calcite and dolomite displacement by dolomitization and
dedolomitization. In proper conditions, the reaction speed of dolomitization can happen in
days [53]. When calcite and dolomite alternate, the process of calcite decreasing and trans-
forming into dolomite contributes to dolomitization and increases the lithologic porosity
by up to a maximum of 13% [54,55]. Therefore, it can be considered that the dolomitization
process in Case 1, Case 2, and Case 4 also increase the rock porosity. Compared with the
calcite-rich groups, the increments of porosity in dolomite-rich groups are larger. A possible
reason is that more dolomite content can initially dissolve and enrich the Mg2+ content
in the brine, which can promote the dolomitization process. In Case 3 and Case 6, the
mineral displacement is not sufficient and could result in a decrease in porosity with the
precipitated more calcite (Table 8).

Mg2++ 2CaCO3 = CaMg(CO3)2 + Ca2+ (Dolomitization) (9)

CaMg(CO3)2 + Ca2+ + SO4
2− = 2CaCO3 + Mg2+ SO4

2− (Dedolomitization) (10)

Table 8. Porosity changes before and after the experiments.

Cases Porosity
(Before)

Standard Deviation
Pore Radius

Porosity
(After)

Standard Deviation
Pore Radius

Porosity
Changes

Case 1 0.0592 1.48 0.082 1.904 0.023
Case 2 0.098 1.19 0.16 1.28 0.062
Case 3 0.19 2.23 0.17 1.05 −0.020
Case 4 0.139 2.82 0.175 1.903 0.036
Case 5 0.23 2.09 0.27 0.93 0.07
Case 6 0.09 1.4 0.016 1.7 −0.074
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4.2. Geochemical Modelling of CO2-Water-Rock Interactions
4.2.1. Model Validation

To simulate the long-term mineral trapping process of CO2 in carbonate rocks, we
used the trial-and-error method to validate the model. For time efficiency, only Case 6 and
Case 6 DI were chosen for this work. When calibrating the model, the mineral surface area
is mainly corrected due to its relatively high uncertainty. The calibrated kinetic parameters
and modified initial mineral compositions can be seen in Tables 3 and 4. Figure 9 illustrates
that the calibrated model can reasonably capture the variation of major ion concentrations
in the lab experiments.

Figure 9. Fittings of the experimental and simulation results for the major ion concentrations:
(a) Case 6 DI; (b) Case 6.

4.2.2. Short-Term Transformation of Minerals

With the mineral kinetic parameters calibrated (Tables 3 and 4), it can be seen that
the predicted results of short-term mineral transformation show the same trends as the
XRD results (Figure 10). The effect of salinity on the reactions can be observed in both
experiments and simulations. Figure 11 shows the process of mineral dissolution and
precipitation in the short term (15 days), represented by the mineral saturation indexes (SI).
Minerals precipitate when SI > 0 after reaching the saturation state (SI = 0). As can be seen,
compared with Case 6, calcite and magnesite need a longer time to start precipitation in
Case 6 DI, and it is also more difficult for other minerals are to reach saturation in Case 6 DI,
as the initial ion concentrations in Case 6 DI are extremely low.

Figure 10. Comparison of XRD results and predicted results: (a) Case 6; (b) Case 6 DI.



Minerals 2022, 12, 635 13 of 17

Figure 11. Variations of mineral saturation indexes in the first 15 days: (a) Case 6 DI; (b) Case 6.

4.2.3. Long-Term Transformation of Minerals

As can be seen in Figure 12b–e, the concentration variations of Ca2+ and Mg2+ and the
abundance changes of calcite and dolomite are more dramatic in dolomite-rich carbonates.
The decrease of Ca2+ and dolomite and the increase of Mg2+ and calcite show that the
precipitation of calcite and dissolution of dolomite are the dominant reactions during the
whole process of CO2-water-carbonate interactions.

Figure 12. The variations of pH (a), Ca2+ and Mg2+ concentrations (b,c). The abundance changes of
dolomite (d), calcite (e), and magnesite (f).
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In the calcite-rich carbonates, Ca2+ increases slowly in the early stage and starts to
decline after about 0.5 years. Similarly, Mg2+ also increases slowly in the early stage,
but the increase accelerates after 0.1 years. The reason is that the precipitation of calcite
overwhelms the dissolution of calcite after 0.1 years, while the dissolution rate of dolomite
further increases. It also can be seen that the increase rate of calcite in Case 3 was the fastest,
and that in Case 1 was the slowest. In addition, the dolomite-rich cases (Case 4–Case 6)
show that the reaction rate of Case 4 is higher than those of Case 6 and Case 5. This
corresponds to the higher reaction rate of the mineral transformation when the calcite or
dolomite content is in the 50–90% interval. Therefore, it can be determined that, to reach
more mineralized CO2, dolomite or limestone formation lithology purity should be less
than 10%.

As the carbonate rocks primarily consist of calcite, dolomite, quartz, and kaolinite,
the secondary minerals are small amounts of hematite, magnesite, displaced calcite, and
dolomite. Due to the low content of iron and aluminum ions in the initial solution, and the
high reservoir temperature and pressure, the main carbon-fixing minerals such as ankerite
and dawsonite do not appear during the simulation process. Calcite and dissolved dolomite
were first formed from the initial time to 100 years, and magnesite began to precipitate in
large quantities after 100 years. In addition, more calcite precipitated and more dolomite
dissolved after 100 years.

5. Conclusions

To better understand CO2-water-rock interactions and what to expect under conditions
similar to carbonate rocks of the deep layers of the Tarim Basin, we ran laboratory and
numerical experiments with different initial mineralogical compositions and fluid salinity.
These results may provide guidance for careful site selection in the framework of possible
CCS operations in the Tarim Basin. The major conclusions are as follows:

1. The dissolution of CO2 leads to a rapid decline of pH in the early stage. The pH then
rises and becomes stable at the end of the experiments. The dissolution of minerals
results in a continuous increase in electrical conductivity until the major secondary
minerals reach an equilibrium state and start to precipitate, and then conductivity
starts to decrease.

2. The SEM analysis demonstrates the dissolution of the calcite and dolomite resulted
in a rough surface texture and the formation of dissolution patterns at the edges of
the crystals. In addition, some new micropores and pits can be observed. The sec-
ondary minerals include ankerite, halite, montmorillonite, calcite, and dolomite. The
decreased concentration ratio of Ca2+ to Mg2+ promotes the dolomitization process.

3. When the initial calcite content is greater than 90%, or the initial dolomite content
is between 50 and 90%, calcite tends to transform to dolomite after the injection
of CO2. This dolomitization process increases the rock porosity. When the initial
dolomite content is greater than 90%, or the initial calcite content is between 50 and
90%, dolomite transforms to calcite. This dedolomitization process decreases the
rock porosity. These can be used for better site selection when considering carbonate
reservoirs in CO2 geological storage.

4. With the experimental results, corrected reaction rates and surface area are used for the
long-term simulations. It was found that in geological time scale, the main secondary
minerals that can be observed are calcite, dolomite, magnesite, and hematite. Among
them, magnesite and calcite are the main rock-forming minerals, whereas dolomite is
the main dissolving mineral. Secondary minerals like ankerite and dawsonite cannot
form in the long term mainly due to low iron and aluminum content in the initial
system, which limits the CO2 mineral trapping capacity. On the other hand, quartz
and kaolinite do not show a significant change in mineral abundance.
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