
Advances in
Geo-Energy Research Vol. 17, No. 2, p. 121-134, 2025

Original article

Reactive transport modeling of water-CO2-rock interactions in
clay-coated sandstones and implications for CO2 storage

Huan Li1, Qinhong Hu2 *, Rukai Zhu3, Bo Liu3, Achyut Mishra4, Eric O. Ansah5

1Hubei Key Laboratory of Complex Shale Oil and Gas Geology and Development in Southern China, Yangtze University, Wuhan 430100,
P. R. China
2National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao 266580, P. R. China
3Xinjiang Research Institute of Huairou Laboratory, Urumqi 830000, P. R. China
4Department of Earth Sciences, Indian Institute of Technology Gandhinagar, Palaj, Gandhinagar, Gujarat 382355, India
5WH Bryan Mining & Geology Research Centre, Sustainable Minerals Institute, University of Queensland, Brisbane 4072, Australia

Keywords:
CO2 storage
water-CO2-rock interactions
grain-coating clay
mineral carbonation
mineral dissolution

Cited as:
Li, H., Hu, Q., Zhu, R., Liu, B., Mishara,
A., Ansah, E. O. Reactive transport
modeling of water-CO2-rock interactions
in clay-coated sandstones and implications
for CO2 storage. Advances in Geo-Energy
Research, 2025, 17(2): 121-134.
https://doi.org/10.46690/ager.2025.08.04

Abstract:
In this work, the potential influences of grain-coating clays on water-CO2-rock interactions
in sandstones and subsequent ramifications for CO2 storage were investigated using
reactive transport simulations. The results indicated that, compared to pore-filling smectite,
grain-coating smectite leads to significant pH decrease, increases in the CO2-species
concentrations, and decreases in smectite dissolution and the precipitation of secondary
minerals. Moreover, it was revealed that smectite and chlorite coats dissolve preferentially
over detrital K-feldspar being covered, while K-feldspar is dissolved preferentially over
illite and kaolinite coats. While the mineral trapping mechanism is only important for
smectite and chlorite coats, sandstone porosity is significantly reduced for chlorite coat
but increased for the other three clay coats. The main causes of the differences between
pore-filling and grain-coating scenarios for smectite and chlorite coats are ascribed to the
inhibitory effect of clay coats on the growth of secondary quartz and the dissolution of
clay. In addition to the above two factors, the decelerating effect of clay coats on the
dissolution of K-feldspar is also important for illite coat; meanwhile, for the kaolinite
coat, the dissolution of clay is less important and the other two factors are more critical.
Furthermore, the coverage and thickness of clay coats, fluid flow rate, detrital grain size,
detrital lithology, partial pressure of CO2, and temperature may all impact the role of clay
coats.

1. Introduction
Many types of grain-coating clays have been observed

(see the compilation by Li et al. (2024)), including chlorite,
smectite, illite, kaolinite, and a mixture of multiple clays. In
water-rock interactions, grain-coating clays have been sug-
gested to decrease the available surface area of detrital grains,
suppress the precipitation of secondary quartz (Worden et
al., 2020; Gong et al., 2023), and retard the dissolution of

detrital feldspars being covered (Li et al., 2025). The inhibitory
effect of clay coats on quartz cements has been regarded
as a critical mechanism responsible for the preservation of
sandstone porosity at deep burial depths (Walderhaug and
Porten, 2022).

Regarding the decelerating effect of clay coats on the dis-
solution of detrital feldspars being covered, different scholars
hold different viewpoints. On one hand, some studies have
suggested that grain-coating minerals hardly affect the disso-
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Fig. 1. (a) One-dimensional homogeneous reactive transport
model domains and (b) grain-coating and (c) pore-filling clay
minerals.

lution rates of the minerals being covered. For example, Hod-
son (2003) conducted flow-through dissolution experiments to
react anorthite powder with FeCl3 and HCl solutions at a pH
of 2.6 and a temperature of 25 ◦C, and observed that the pre-
cipitation of amorphous Fe-rich coatings in the FeCl3 solution
did not apparently decelerate the steady-state dissolution rate
of anorthite compared to the dissolution rate in HCl solution.
Meanwhile, others suggested that grain-coating minerals are
able to significantly slow the dissolution rates of the minerals
being covered because they can decrease the available surface
area of these minerals (Daval et al., 2009) and reduce the
mass diffusion rate across the coating phase (Li et al., 2025).
In fact, the dissolution rate reduction degree is collectively
controlled by the coverage, thickness and microporosity of
the coating phase (Emmanuel, 2022). Therefore, it is likely
that the conclusion from Hodson (2003) is caused by the very
low coverage of Fe-rich coatings, as illustrated by scanning
electron microscopy images.

In geological CO2 storage, injected CO2 can reduce water
pH through the formation of HCO3

– , react with in-situ pri-
mary minerals, and precipitate secondary minerals (Kharaka
et al., 2006). Clay coats such as chlorite and smectite are
typically rich in Fe, Mg and Ca (McKinley et al., 2003).
The dissolution of these Fe-Mg-Ca-rich clay coats under
CO2-rich fluid conditions may precipitate secondary carbonate
minerals (Luquot et al., 2012) and enhance the mineral car-
bonation of CO2. In summary, the aforementioned properties
of grain-coating clays may significantly change the geochem-
ical reactions among water, CO2 and sandstone minerals,
and eventually altering the fate of injecting CO2. However,
the complex influences of grain-coating clays remain largely
underexplored.

To address these unanswered questions, this study investi-
gates the influences of grain-coating clays on CO2 storage in
sandstones via reactive transport simulations while considering
real geological conditions for model setup. The objective
is to preliminarily explore the influences of grain-coating
clays on CO2 storage and provide foundations for future
studies regarding water-CO2-rock interactions in clay-coated
sandstones.

2. Numerical models

2.1 Overview
The simulator Geochemist’s Workbench® 13.0 Pro (GWB)

was employed to construct one dimensional, horizontal and
homogeneous models involving clay coats. The numerical
models are 50 m in length discretised into 200 cells (Fig.
1), which results in a uniform cell size of 0.25 m.

Different petrographic and geochemical parameters were
considered:

1) Different thicknesses of clay coat (4, 8, 12, 16 and 20
µm), were tested in a range corresponding to the mea-
sured coat thickness values in natural samples (Worden
et al., 2020; Li et al., 2024);

2) Different coverages of clay coats (20%, 40%, 60%, 80%
and 100%) were introduced into the model;

3) Four grain sizes (0.04, 0.2, 0.4 and 1 mm) were consid-
ered to calculate the clay coat volume in siltstone, fine
sandstone, medium sandstone, and coarse sandstone;

4) Four types of grain-coating clays (chlorite, smectite
(saponite-Ca), illite (muscovite used as a proxy), and
kaolinite) were set;

5) Three detrital sandstone lithologies (quartz arenite, sub-
arkose and arkose) (Folk, 1974), were considered by
changing the proportions of detrital quartz and K-
feldspar;

6) Multiple pCO2 values (2, 4, 6, 8 and 10 MPa) were used
to represent different concentrations of the injected CO2
gas;

7) Different formation temperatures (60, 70, 80, 90 and 100
◦C), were used to represent a range of burial depths
of sandstone formations used for CO2 storage (Metz et
al., 2005);

8) Three fluid velocities (0.1, 1 and 10 m/yr) were tested
considering the gas-injection rate, variation in flow veloc-
ity in the near- and far from well borehole environments,
and the evaluation of natural fluid flow velocities in
subsurface formations (Giles, 1987).

In order to highlight the influence of grain-coating clay
minerals on CO2 storage, a counterpart scenario of pore-filling
(non-coating) clay mineral was also presented for comparison
(Fig. 1). In this scenario, the same clay volume was used as
in the grain-coating scenario. There are two differences in the
model settings between the two scenarios: The detrital quartz
surface area and K-feldspar dissolution rate are mathematically
decreased in the grain-coating scenario, while they are not in
the pore-filling scenario.

2.2 Thermodynamic dataset
The Lawrence Livermore National Laboratory dataset was

consistently employed as the thermodynamic dataset used in
the constructed models (Delany and Lundeen, 1990). The
calculation of activity coefficients of aqueous component is
achieved through Debye-Hückel equation (Helgeson, 1969).
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2.3 Mineralogy
In conceptual models, the sandstones are composed of de-

trital quartz, detrital K-feldspar, clay coat, and porosity. Prior
to the involvement of clay coat, the detrital grains were set as
70 vol.% and the initial porosity as 30 vol.%. Three sandstone
lithologies were considered: Quartz arenite consisting of 65%
quartz and 5% K-feldspar, sub-arkose consisting of 55% quartz
and 15% K-feldspar, and arkose consisting of 45% quartz
and 25% K-feldspar. The volume of grain-coating clay was
mathematically calculated (Section 2.4) and the porosity was
reduced accordingly.

Saponite-Ca [Ca0.165Mg3Al0.33Si3.67O10(OH)2] was se-
lected as a representative of trioctrahedral smectite (Table S1),
which is the typically observed smectite type in clastic sedi-
ments (McKinley et al., 2003). Muscovite [KAl3Si3O10(OH)2]
was used to represent illite. The formula of chlorite
(clinochlore0.5daphnite0.5; Mg2.5Fe2.5Al2Si3O10(OH)8) and
the thermodynamic data were manually composed using daph-
nite and clinochlore (Li et al., 2024). Magnesite, siderite
and dolomite were selected as secondary minerals (Table S1)
considering the reaction pathway model results (Section 3.1).

2.4 Clay volume
The calculation of the volume content of clay coat (V )

employs a method involving the calculation of the specific
surface area (S) of consolidated sandstones (Li et al., 2024):

V =
4.23(1−φ)2

d
Ch(1−φc) (1)

where φ denotes sandstone porosity without involving grain-
coating clays, d denotes median grain size, C denotes the
coverage of clay coats, h denotes the thickness of clay coats,
and φc denotes the intergranular microporosity of grain-coating
clays. The thickness of grain-coating clay was set to be
consistent in every model (Fig. 1). The reported averaged
intergranular microporosities of chlorite, illite, and smectite
are ∼ 50% (Hurst and Nadeau, 1995), ∼ 35% (Alansari et
al., 2019), and ∼ 15% (Alansari et al., 2019), respectively.
However, to our knowledge, the microporosity of kaolinite
coat has not been measured and reported. Thus, this study used
the reported microporosity of pore-filling kaolinite (average:
∼ 45%) as an alternative (Alansari et al., 2019).

2.5 Dissolution-precipitation kinetics
2.5.1 Kinetic rate laws

In light of the transition state theory, mineral reaction
behaviours can be constrained as (Lasaga, 2014):

r =−S′k+ f (ai)g(∆G) (2)
where r denotes the reaction rate describing the dissolution or
precipitation of a mineral and S′ denotes the bulk surface area
of the considered mineral. The term k+ denotes the reaction
rate constant, which can be estimated by (Lasaga, 2014):

k+ = k25◦C exp
[
−E
R

(
1
T
− 1

298.15

)]
(3)

where k25◦C denotes the reaction rate constant at a condition
of 25 ◦C, E denotes the activation energy of the considered
mineral, R denotes the universal gas constant, and T denotes
the Kelvin temperature. The term g(∆G) is estimated using
the relationship with the saturation index of the mineral
(Lasaga, 2014):

g(∆G) =

[
1−

(
Q
e

)pi
]qi

(4)

where Q denotes the activity product of species involved in
the reaction, e denotes the equilibrium constant, and pi and
qi denote empirical constants. The term f (ai) explains the
promoting or inhibitive effects of a specific species i and is
calculated considering the exponential relationship (ni) with
the activity (ai) of the involved aqueous species i as follows
(Oelkers et al., 1994):

f (ai) = ∏
i

ani
i (5)

Proton (H+) is typically the dominant species that impact
reaction rate for most minerals (Palandri and Kharaka, 2004).
The activity of H+ can be incorporated into the rate equation,
integrating three mechanisms at acid, near neutral and alkaline
solution conditions (Palandri and Kharaka, 2004):

r =S′
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(6)

where k25 ◦C
a , k25 ◦C

n , and k25 ◦C
b stand for the standard rate

constants under acid, neutral and alkaline conditions, respec-
tively; Ea, En, and Eb stand for the activation energy under
acid, neutral and alkaline conditions, respectively; aH+ denotes
the activity of aqueous proton (H+); n and m stand for
exponential orders of the activity of H+ under acid and alkaline
conditions, respectively. The k25 ◦C, E, n, and m values of
quartz, K-feldspar, siderite, chlorite, illite, magnesite, smectite,
kaolinite, and dolomite were directly sourced from Palandri
and Kharaka (2004) (Table S1). Moreover, nucleus density was
employed in the GWB as the original surface area of a mineral
that is not present in the original model (Bethke, 2008). In
this study, a nucleus density of 10 cm2/cm3 for non-clay
minerals was artificially selected, including magnesite, siderite
and dolomite. The nucleus density of kaolinite was artificially
set to 100 cm2/cm3 (Table S1) (Bethke, 2008).

Specific surface area is a pivotal parameter in evaluating
and predicting mineral reaction rates (Eq. (2)). Beckingham et
al. (2016) suggested that the 2D image-based specific surface
area could derive an effluent concentration most closely match-
ing their flow-through experimental results. Therefore, the
available two-dimensional image-based S values measured by
Beckingham et al. (2016) were applied, including quartz, K-
feldspar, kaolinite, chlorite, and smectite. The specific surface
area of illite (Lammers et al., 2017), siderite (Golubev et
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al., 2009), magnesite (Pokrovsky et al., 2009), and dolomite
(Luhmann et al., 2014) were reported in their respective
artificial dissolution experiments and utilized in this work
(Table S1).

As the effective surface area (SE ) in natural environments
is typically larger than the measured values, this may lead
to overestimated reaction rates (Beckingham et al., 2017).
This effect can be overcome through a scaling factor (F) to
manually decrease the measured S (SE = S×F). Following the
practice of Beckingham et al. (2017), a F of 10−2 and 10−5

were uniformly employed for minerals, of which the volume
contents were greater and smaller than 5 vol.%, respectively.

Moreover, it has been observed that the mineral dissolution
rate significantly decreases with the reaction approaching equi-
librium (Black and Haese, 2014; Lasaga, 2014). To address
this issue, it has been suggested that the second-order rate
law can be sufficiently satisfied in overcoming the overes-
timated reaction rate under close-to-equilibrium conditions
(Bethke, 2008). To achieve this, p was manually set as 1 and
q was set as 2 following the practice by Bethke (2008).

2.5.2 Inhibition of secondary quartz

Previous studies mainly used the following equation to
achieve the inhibitory effect of clay coats on secondary quartz
(Lander and Walderhaug, 1999):

SE = (1−C)Su (7)
where SE denotes the effective surface area of clay-coated
detrital quartz and Su denotes the specific surface area of
uncoated quartz. Moreover, the model results indicate the
significant dissolution of grain-coating clays (Section 3.1),
which may lead to the partial or complete disappearance of
clay coats and decreased coat coverage. However, a case study
using natural sandstone samples rich in chlorite coats from a
natural CO2 gas pool has illustrated an in-situ replacement
process of chlorite coat by secondary calcite and kaolinite
(Higgs et al., 2015), while secondary minerals retain grain-
coating morphology. Therefore, in this study, a constant coat
coverage was employed in a single simulation.

2.6 Water compositions
Subsurface pore water compositions are typically equi-

librated with minerals at ambient conditions (Helgeson et
al., 1993). On the basis of this conclusion, multiple reaction
path models were conducted at different temperatures to
derive water compositions. The initial water is consistently
composed of 1.0 mol/kg NaCl solution. Moreover, the in-situ
pH of sandstone formation water and shale produced water
typically range from near neutral to mildly alkaline (Blondes et
al., 2018). Therefore, the initial water pH was manually set to
a value representing neutral pH at the respective temperatures.
The initial mineralogy was arbitrarily set to be composed of
40% quartz, 30% K-feldspar, 10% clay, and 20% porosity. The
resulting water compositions then served as the starting pore
waters. Subsequently, different pCO2 values were introduced
into the system, while pH was used to balance electric charge.

2.7 Mass transport kinetics
The mass transport process in all models is kinetically

constrained using Fick’s law (Fetter, 2014):

q =−φ(aLv+Dp)
∂C f

∂d f
(8)

where q denotes the specific discharge rate, aL denotes the
horizontal dispersivity of the model domain, v denotes the
averaged water flow speed, Dp denotes the coefficient of mass
diffusion in the fluid, C f denotes the species concentration in
the fluid, and d f denotes the flow distance. The term aL is
calculated by considering the empirical relationship with the
horizontal domain length (Xu and Eckstein, 1995):

aL = 0.83(logL)2.414 (9)
where L denotes the horizontal domain length. The term Dp
can be calculated by (Schulz and Zabel, 2006):

Dp =
D f

θ 2 (10)

where D f denotes the coefficient of mass diffusion in free
solutions and θ denotes the tortuosity of the sediments.

The θ can be calculated by Eq. (S1) considering the
empirical relationship with sediment porosity. The D f can be
calculated by the following empirical regression relationship
between the diffusion coefficient and temperature (Park, 2014):

D f = (Tc +Tf T )×10−6 (11)
where Tc and Tf are constants. The D f values of available
species were calculated (Table S2). As the GWB cannot
separately input this parameter for each species, the averaged
values of the calculated D f at 60 ◦C (3.56 × 10−5 cm2/s),
70 ◦C (3.98× 10−5 cm2/s), 80 ◦C (4.40× 10−5 cm2/s), 90
◦C (4.83 × 10−5 cm2/s), and 100 ◦C (5.25 × 10−5 cm2/s)
were considered (Table S2). The Dp was then calculated (Eq.
(10)) based on the calculation of θ considering variable coat
volumes.

3. Results
In the following sections, model results from cases at 60

◦C are mainly presented, as this temperature is typical for CO2
storage (Metz et al., 2005).

3.1 Geochemical reactions
The produced minerals using chlorite coats (Fig. 2(a)) are

generally consistent with the results of the only experimental
study involving clay coat dissolution (chamosite in this case)
under CO2-rich conditions (Luquot et al., 2012), as well
as the diagenetic minerals observed in chamosite-coat-rich
sandstones in a natural CO2 gas pool (Higgs et al., 2015).
This validates the appropriate selection of secondary minerals
in the models.

On the basis of the geochemical behaviours of clay coats,
the four clay minerals could be classified into two categories:
The chlorite coat, smectite coat, and illite coat exhibited dif-
ferent extents of dissolution behaviour (Figs. 2(a)-2(c)); while
the kaolinite coat did not dissolve (Fig. 2(d)). Furthermore, the
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Fig. 2. Four examples illustrating mineral dissolution and precipitation using different grain-coating clay minerals at 60 ◦C. (a)
Chlorite coat, (b) smectite coat, (c) illite coat and (d) kaolinite coat. pCO2 = 10 MPa; coat thickness = 20 µm; coat coverage
= 80%; grain size = 0.2 mm (fine sandstone).

dissolution amounts of chlorite and smectite were significantly
greater than that of K-feldspar (Figs. 2(a)-2(b)), showing
a dissolution priority of clay coats over detrital feldspar;
however, the dissolution amount of illite was significantly
lower than that of K-feldspar (Fig. 2(c)). Moreover, based on
the products, the four clay minerals could also be classified
into two categories: In illite-coated and kaolinite-coated sand-
stones, only quartz and kaolinite were precipitated (Figs. 2(c)-
2(d)); while in chlorite-coated and smectite-coated sandstones,
carbonate minerals (magnesite, siderite, and dolomite) were
also precipitated (Figs. 2(a)-2(b)).

3.2 Water-CO2-rock interactions with variable
clay coats

In the following sections, the model results from smectite
coats are mainly presented. The results for different coat
thicknesses, detrital grain sizes, detrital lithologies and the
deceleration of K-feldspar dissolution rate are presented in the
Supplementary Materials.

3.2.1 Coat coverage

With the coat coverage increasing from 20% to 80%, pH
gradually increased at the left domain, while it decreased
at the right domain (Fig. 3(a)). However, a coat coverage
of 100% exhibited the maximum decrease extent in pH.
This unique characteristic mainly results from the complete
inhibition of secondary quartz at a 100% coverage of clay
coats (Fig. 3(h)). With the coat coverage increasing from 20%
to 80%, the maximum HCO3

– concentration increased, while
the bicarbonation zone narrowed (Fig. 3(b)). In comparison,

a 100% coat coverage resulted in the maximum bicarbona-
tion zone, whereas the maximum HCO3

– concentration was
smaller than those of 60% and 80% coat coverages (Fig. 3(b)).
The CO2(aq) zone and CO2(g) zone narrowed with the coat
coverage increasing from 20% to 80%, while a 100% coat
coverage resulted in the maximum zones for both components
(Figs. 3(c)-3(d)).

Regarding mineral dissolution, K-feldspar only extremely
slightly dissolved (Fig. 3(f)). The smectite coat dissolved
progressively more with the coat coverage increasing from
20% to 80%. A 100% coat coverage resulted in the max-
imum dissolution amount of smectite coat at the left end of
domain albeit the minimum dissolution zone width (Fig. 3(e)).
Regarding mineral precipitation, kaolinite, quartz, magnesite,
and dolomite were increasingly precipitated with the coat
coverage increasing from 20% to 80% (Figs. 3(g)-3(j)). As
a result, the mineral carbonation amount increased. A 100%
coat coverage led to the highest kaolinite precipitation at the
left end of domain and the minimum dissolution zone width
(Fig. 3(g)). In comparison, it resulted in no quartz precipitation
(Fig. 3(h)), the lowest precipitation of dolomite and magnesite
(Figs. 3(i)-3(j)), and the minimum mineral carbonation amount
(Fig. 3(k)). With the coverage of clay coats increasing from
20% to 80%, porosity significantly decreased, while a 100%
coat coverage resulted in porosity increase alone within the
entire domain (Fig. 3(l)).

For a coat coverage ranging from 20% to 80%, the
differences in the examined parameters between the grain-
coating and pore-filling scenarios were relatively minor. In
comparison, for a 100% coat coverage, the grain-coating
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of CO2 and (l) porosity changes using different coat coverages over 100 years. pCO2 = 10 MPa; velocity = 0.1 m/yr; coat
thickness = 20 µm; grain size = 0.2 mm (fine sandstone).

scenario resulted in significantly lower pH (Fig. 3(a)), sig-
nificantly lower HCO3

– concentrations at the left domain and
higher HCO3

– concentrations at the right domain (Fig. 3(b)),
significantly higher CO2(aq) and CO2(g) (Figs. 3(b)-3(d)),
significantly lower dissolution volume of smectite coat (Fig.
3(e)), significantly lower precipitation volumes of kaolinite,
quartz, magnesite, and dolomite (Figs. 3(g)-3(j)), significantly
lower mineral carbonation amount (Fig. 3(k)), and porosity
decrease (Figs. 3(l)).

3.2.2 Clay mineralogy

Different grain-coating clay minerals result in significant
differences in the examined parameters, as illustrated in Fig.
4. The utilized four grain-coating clays could be classified
into two groups: Both chlorite and smectite resulted in the
precipitation of carbonates (Fig. 4(i)), while both kaolinite
and illite did not. In general, chlorite coat resulted in the

highest pH, followed by smectite, illite and kaolinite (Fig.
4(a)). Both chlorite and smectite resulted in higher HCO3

– ,
CO2(aq), and CO2(g) at the left model domain compared to
the middle and right model domains (Figs. 4(b)-4(d)). In
comparison, both illite and kaolinite resulted in lower HCO3

–

and higher CO2(aq) and CO2(g) at the left domain compared to
the right domain (Figs. 4(b)-4(d)). Both chlorite and smectite
exhibited significant dissolution behaviours (Fig. 4(e)). In
comparison, illite exhibited only minor dissolution behaviour,
while kaolinite exhibited only precipitation behaviour (Fig.
4(e)). Both chlorite and smectite resulted in no identifiable dis-
solution of K-feldspar, while both illite and kaolinite resulted
in significant K-feldspar dissolution (Fig. 4(f)). Both chlorite
and smectite coats resulted in significantly higher kaolinite
precipitation compared to illite and kaolinite coats (Fig. 4(g)).
Since the coat coverages for four clay coats were consistently
100%, there is consistently no quartz precipitation for the
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Fig. 4. Changes in (a) water pH, (b)-(d) CO2 speciation, (e)-(h) mineral dissolution and precipitation, (i) mineral trapping of
CO2 and (j) porosity changes using different grain-coating clay mineralogy over 100 years. pCO2 = 10 MPa; velocity = 0.1
m/yr; coat thickness = 20 µm; grain size = 0.2 mm (fine sandstone).

four clay coats (Fig. 4(h)). Smectite, illite and kaolinite coats
consistently resulted in no porosity decrease, while only the
chlorite coat resulted in a porosity decrease (Fig. 4(j)).

The pore-filling scenarios of four clay coats consistently
resulted in significantly higher quartz precipitation compared
to the grain-coating scenario (Fig. 4(h)). For the chlorite coat,
the pore-filling scenario led to significantly higher pH (Fig.
4(a)) and porosity change (Fig. 4(j)) compared to the grain-
coating scenario, while there were no identifiable differences
in CO2 speciation (Figs. 4(b)-4(d)), the dissolution volumes of
chlorite and K-feldspar (Figs. 4(e)-4(f)), kaolinite precipitation
(Fig. 4(g)), and mineral carbonation (Fig. 4(i)) between these
two scenarios. For smectite, illite, and kaolinite coats, the pore-
filling scenarios resulted in significantly higher pH compared
to the grain-coating scenario (Fig. 4(a)). The pore-filling sce-
narios of both illite and kaolinite coats resulted in significantly
higher HCO3

– concentration compared to the grain-coating
scenario (Fig. 4(b)), while the pore-filling scenario of smectite
coat generally resulted in a significantly higher HCO3

– con-

centration at the left domain compared to the grain-coating
scenario and a significantly lower HCO3

– concentration at
the right domain (Fig. 4(b)). The pore-filling scenarios of
illite and kaolinite coats resulted in slightly lower CO2(aq)
and CO2(g) compared to the grain-coating scenario, while the
pore-filling scenario of smectite coat resulted in significantly
lower CO2(aq) and CO2(g) (Figs. 4(c)-4(d)). Moreover, the
pore-filling scenarios of illite and kaolinite coats resulted in
minor differences in clay coat dissolution or precipitation
(Fig. 4(e)), kaolinite precipitation (Fig. 4(g)), and porosity
change (Fig. 4(j)), while they resulted in significantly higher
K-feldspar dissolution (Fig. 4(f)). In comparison, the pore-
filling scenario of smectite coat resulted in significantly higher
smectite dissolution (Fig. 4(e))), no identifiable differences
in K-feldspar dissolution (Fig. 4(f)), and significantly higher
precipitation of kaolinite (Fig. 4(g)), mineral carbonation (Fig.
4(i)), and porosity decrease (Fig. 4(j)).
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Fig. 5. Changes in (a) water pH, (b)-(d) CO2 speciation, (e)-(j) mineral dissolution and precipitation, (k) mineral trapping of
CO2 and (l) porosity changes using different pCO2 over 100 years. Velocity = 0.1 m/yr; coat thickness = 20 µm; coat volume
= 12.38%; grain size = 0.2 mm (fine sandstone).

3.3 Water-CO2-rock interactions with variable
pCO2

Increasing the pCO2 from 2 to 10 MPa resulted in sig-
nificantly decreased pH (Fig. 5(a)), significantly increased
HCO3

– , CO2(aq), and CO2(g) (Figs. 5(b)-5(d)), slightly in-
creased smectite dissolution (Fig. 5(e)), no identifiable differ-
ence in K-feldspar dissolution and quartz precipitation (Figs.
5(f) and 5(h)), slightly increased precipitation of kaolinite,
magnesite and dolomite (Figs. 5(g), 5(i), and 5(j)), and slightly
increased mineral carbonation and porosity increase (Figs.
5(k)-5(l)). The pore-filling scenarios resulted in significant
differences in the examined parameters compared to the grain-
coating scenarios (Fig. 5), which is analogous to the results
of 100% coat coverage as described in Section 3.2.1.

3.4 Water-CO2-rock interactions at variable
temperatures

Increasing the temperature from 60 to 100 ◦C led to only
very minor changes in pH (Fig. 6(a)), CO2(g) (Fig. 6(d)), the
dissolution of primary minerals, the precipitation of secondary
minerals (Figs. 6(e)-6(j)), mineral carbonation (Fig. 6(k)),
and porosity change (Fig. 6(l)). For example, the maximum
mineral carbonation ranged from 10.87 (100 ◦C) to 15.1 mmol
(60 ◦C); the porosity increase ranged from 14.45% (60 ◦C) to
15.11% (100 ◦C). In comparison, increasing temperature led
to significantly reduced HCO3

– and CO2(aq) (Figs. 6(b)-6(c)).
The pore-filling scenarios resulted in significant differences
in the examined parameters compared to the grain-coating
scenarios (Fig. 6), which is analogous to the results of 100%
coat coverage as described in Section 3.2.1.
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Fig. 6. Changes in (a) water pH, (b)-(d) CO2 speciation, (e)-(j) mineral dissolution and precipitation, (k) mineral trapping of
CO2 and (l) porosity changes using different temperatures over 100 years. pCO2 = 10 MPa; velocity = 0.1 m/yr; coat thickness
= 20 µm; coat volume = 12.38%; grain size = 0.2 mm (fine sandstone).

3.5 Water-CO2-rock interactions with variable
fluid velocities

Increasing the fluid velocity resulted in significantly de-
creased pH and HCO3

– at the left domain, and slightly in-
creased pH and significantly increased HCO3

– at the right do-
main (Figs. 7(a)-7(b)). With increasing fluid velocity, CO2(aq),
CO2(g), and the dissolution of smectite and K-feldspar were
significantly increased (Figs. 7(c)-7(f)). Kaolinite was also
generally significantly increased (Fig. 7(g)). Meanwhile, mag-
nesite, dolomite, and mineral carbonation exhibited single-
peak distributions and the X-positions of the peaks shifted
from left to right of the domain (Figs. 7(i)-7(k)), indicating the
re-dissolution of secondary carbonates. The maximum mineral
carbonation decreased from 34.01 (0.1 m/yr) to 15.10 mmol
(10 m/yr). Additionally, the porosity increase was significant
(Fig. 7(l)), with the maximum porosity increase rising from

14.44% (0.1 m/yr) to 18.45% (10 m/yr).
For different fluid velocities, the pore-filling scenario

resulted in diverse differences in the examined parameters
compared to the grain-coating scenario. Regarding pH, the
fluid flow rates of 0.1 and 1 m/yr of pore-filling scenarios
resulted in pH decrease at the left domain but pH increase at
the right domain (Fig. 7(a)); in comparison, a velocity of 10
m/yr of pore-filling scenario resulted in pH decrease at the
entire domain (Fig. 7(a)). Regarding HCO3

– , a velocity of
0.1 m/yr of pore-filling scenario resulted in HCO3

– increase
at the left domain and decrease at the right domain (Fig. 7(b));
a velocity of 1 m/yr of pore-filling scenario resulted in HCO3

–

decrease at the left domain and increase at the right domain
(Fig. 7(b)); meanwhile, a velocity of 10 m/yr of pore-filling
scenario resulted in HCO3

– decrease at the entire domain
(Fig. 7(b)). Regarding CO2(aq) and CO2(g), a velocity of 0.1
m/yr of pore-filling scenario resulted in a decrease in both
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Fig. 7. Changes in (a) water pH, (b)-(d) CO2 speciation, (e)-(j) mineral dissolution and precipitation, (k) mineral trapping of
CO2 and (l) porosity changes using different fluid flow rates over 100 years. pCO2 = 10 MPa; coat thickness = 20 µm; coat
volume = 12.38%; grain size = 0.2 mm (fine sandstone).

parameters at the entire domain (Figs. 7(c)-7(d)); a velocity
of 1 m/yr of pore-filling scenario resulted in an increase in
both parameters at the right domain but a decrease in both
parameters at the right domain (Figs. 7(c)-7(d)); a velocity of
10 m/yr of pore-filling scenario resulted in an increase in both
parameters throughout the entire domain (Figs. 7(c)-7(d))).

Moreover, the pore-filling scenarios consistently resulted
in an increased dissolution of smectite and K-feldspar (Figs.
7(e)-7(f)). Kaolinite precipitation was significantly increased
for the pore-filling scenarios using velocities of 0.1 and 1
m/yr (Fig. 7(g)). In comparison, a velocity of 10 m/yr led to
significantly decreased kaolinite precipitation (Fig. 7(g)). The
pore-filling scenarios consistently resulted in significantly in-
creased quartz precipitation (Fig. 7(h)). Regarding carbonates,
the pore-filling scenarios consistently resulted in significantly
increased precipitation of carbonates and mineral carbonation
amount (Figs. 7(i)-7(k)). Furthermore, compared to the grain-

coating scenarios, the X-positions of the peaks for the pore-
filling scenarios slightly shifted from left to right of the domain
(Figs. 7(i)-7(k)). Regarding porosity change, the pore-filling
scenarios consistently resulted in a porosity decrease, while
only porosity increases were observed for the grain-coating
scenarios (Fig. 7(l)).

4. Discussion

4.1 Impacts of clay coats on geochemical
reactions
4.1.1 Comparison between grain-coating and pore-filling
clays

The two differences in model settings between the pore-
filling scenario and the grain-coating scenario are that both
the detrital quartz surface area and the dissolution rate of K-
feldspar were decreased in the grain-coating scenario. Based
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on the relative importance of these two factors, the four
involved clay coats could be classified into two categories.
For the first category, K-feldspar was only extremely slightly
dissolved in both chlorite-coated and smectite-coated sand-
stones (Figs. 2 and 4(f)), which indicates a selective dissolution
of chlorite and smectite coats over detrital K-feldspar. The
deceleration of K-feldspar dissolution rate only plays a minor
role in causing the difference between the grain-coating and
pore-filling scenarios (Fig. S4). In this way, the inhibition of
secondary quartz is the main mechanism causing the difference
between the grain-coating and pore-filling scenarios for the
chlorite and smectite coats. For the second category, K-
feldspar was significantly dissolved for both illite-coated and
kaolinite-coated sandstones (Figs. 2 and 4(f)). The deceleration
of K-feldspar dissolution rate can lead to remarkable changes
in the examined geochemical parameters (Figs. S20 and S28).
In this way, the difference between the grain-coating and pore-
filling scenarios for the illite coat and the kaolinite coat should
be ascribed to both the inhibition of secondary quartz and the
deceleration of K-feldspar dissolution rate due to clay coats.

For the first category, taking smectite coat as an ex-
ample, with a smectite coat coverage of 100%, the pore-
filling scenarios consistently resulted in significant changes
in the examined parameters (Figs. 5-7). Moreover, Fig. 2(b)
illustrates that the main SiO2(aq) source for secondary quartz
is smectite dissolution, while K-feldspar is only extremely
slightly dissolved. Smectite takes the following reaction path
to produce SiO2(aq) (Bethke, 2008):

Ca0.165Mg3Al0.33Si3.67O10(OH)2 +7.32H+ =

3.67SiO2(aq)+4.66H2O+0.165Ca2++3Mg2++0.33Al3+

(12)
The inhibition of secondary quartz could significantly

increase the concentration of dissolved SiO2(aq) and increase
the saturation index of smectite with respect to pore water
(Fig. 8(a)). Smectite dissolution was significantly reduced
for the grain-coating scenario compared to the pore-filling
scenario (Fig. 8(b)). As a result, the dissolution amount of
smectite coat was significantly reduced in the grain-coating
scenario compared to the pore-filling scenario (e.g., Fig. 5(e)).
Since smectite was the only dissolved mineral, the products
of smectite dissolution, including kaolinite, magnesite, and
dolomite, were consistently reduced compared to the pore-
filling scenarios (e.g., Figs. 5(g), 5(i), and 5(j)).

Regarding the chlorite coat, although secondary quartz was
also significantly inhibited in the grain-coating scenario, there
were no identifiable differences in the geochemical reactions of
other minerals (Figs. 4(e)-4(g) and 4(i); Figs. 8(e)-8(f)). This
is contradictory to the conclusions from smectite coat. Chlorite
takes the following reaction for dissolution (Bethke, 2008):

Mg2.5Fe2.5Al2Si3O10(OH)8 +16H+ =

2.5Mg2++2.5Fe2++2Al3++3SiO2(aq)+8H2O
(13)

It is important to note that although chlorite is also the
main SiO2(aq) source for secondary quartz in chlorite-coated
sandstones, SiO2(aq) sinks include quartz and kaolinite. In
the dissolution reaction of smectite (Eq. (12)), the produced
SiO2(aq) amount was ∼ 11.1 times higher than Al3+. In
comparison, in the dissolution reaction of chlorite (Eq. (13)),
the produced SiO2(aq) amount was only 1.5 times higher than
Al3+. The molar ratio of Al:Si in kaolinite was 1. Regarding
smectite dissolution, a single precipitation dissolved of kaoli-
nite only consumes one unit of SiO2(aq), leaving 10.1 units
of SiO2(aq) in the aqueous phase. In comparison, regarding
chlorite dissolution, a single precipitation unit of kaolinite
leaves only 0.5 unit of SiO2(aq) in the aqueous phase. In this
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way, the inhibition of secondary quartz (a sink for SiO2) could
significantly impact the smectite dissolution rate (Fig. 8(b))
and the kaolinite precipitation rate (Fig. 8(c)), while it only
had minor influences on the chlorite dissolution rate (Fig. 8(e))
and the kaolinite precipitation rate (Fig. 8(f)).

For the second category, taking kaolinite coat as an ex-
ample, the increased K-feldspar dissolution rate deceleration
resulted in significantly reduced K-feldspar dissolution for
both the grain-coating and pore-filling scenarios (Fig. S20(e)).
Furthermore, the difference in the examined parameters be-
tween the grain-coating and pore-filling scenarios became
smaller with a higher K-feldspar dissolution rate deceleration.
For example, at an X position = 5 m, the K-feldspar dissolution
amount for pore-filling scenario without K-feldspar dissolution
rate reduction was ∼ 30 times higher than that in the grain-
coating scenario (Fig. S20(e)). With 10−3 K-feldspar disso-
lution rate deceleration, the K-feldspar dissolution amount in
the pore-filling scenario was ∼ 0.9 times that in the grain-
coating scenario. In other words, if K-feldspar dissolution rate
deceleration is taken into consideration, it may weaken the
inhibitory effect of clay coats on quartz cements.

4.1.2 Factors impacting the role of clay coats

The role of grain-coating clays is controlled by multiple
elements simultaneously. The attributes of grain-coating clays,
fluid flow velocity and detrital grain size exhibited strong
influences on all the examined geochemical parameters (Figs.
3, 4, 7, and S2). The attributes of clay coats and detrital grain
size mainly control the volume of clay coat (Eq. (1)). A higher
coverage and thickness of clay coats as well as a smaller grain
size leads to a higher clay coat volume and a higher bulk clay
surface area, ultimately generating a higher clay dissolution
rate (Eq. (2)). In this way, a higher coverage and thickness
of clay coats as well as a smaller grain size could lead to the
increased dissolution of clay coats (Figs. 3(e), 5(e), and S2(e)).
At the same time, coat coverage also controls the inhibition
of quartz cements. A higher coat coverage resulted in an
increased inhibition of quartz cements (Fig. 3(h)). A higher
velocity brings more acidic CO2-rich fluid passing through
the model domain, which leads to a pH decrease (Fig. 7(a))
and increased mineral dissolution (Figs. 7(e)-7(f)).

Neither sandstone lithology nor K-feldspar dissolution rate
deceleration had an identifiable influence on all the examined
geochemical parameters (Figs. S3 and S4). The same con-
clusions can be drawn for chlorite coats (Figs. S8 and S12).
This can be explained by the prioritized dissolution of smectite
and chlorite over K-feldspar (Figs. 2(a)-2(b), S3(e)-S3(f),
and S4(e)-S4(f)). In comparison, for the illite and kaolinite
coats, variations in detrital sandstone lithology and K-feldspar
dissolution rate deceleration can lead to noticeable changes in
the examined geochemical parameters (Figs. S16, S20, S24,
and S28). This can be explained by the prioritized dissolution
of K-feldspar over illite and kaolinite (Figs. 2(c)-2(d)).

Although pCO2 could significantly impact pH and CO2
speciation for smectite-coated sandstones (Fig. 5), it had only
very minor influences on the other examined geochemical pa-
rameters (Figs. 5(e)-5(l)). The same conclusions can be drawn
for kaolinite-coated sandstones (Fig. S17). In comparison, for

the illite coat, pCO2 could also significantly impact illite
dissolution and kaolinite precipitation in addition to pH and
CO2 speciation (Fig. S25). For the chlorite coat, pCO2 could
significantly impact all the examined parameters (Fig. S9).

Temperature could only significantly impact HCO3
– and

CO2(aq) concentrations, while it only had minor influences
on the other parameters (Fig. 6). The same conclusions
can be drawn for kaolinite-coated sandstones (Fig. S18).
In comparison, for chlorite coats, temperature could impact
all the examined parameters (Fig. S10). For the illite coat,
temperature could also significantly impact illite dissolution
in addition to pH and CO2(aq) (Fig. S26).

4.2 Implications for CO2 storage
This work evaluated the residual trapping, solubility trap-

ping, and mineral trapping mechanisms, while structural trap-
ping was not evaluated because the sandstone formation struc-
tures were not considered.

Secondary carbonates were only precipitated in smectite-
coated and chlorite-coated sandstones, while there was no
carbonate precipitation in kaolinite-coated and illite-coated
sandstones (Figs. 2 and 4(i)). Therefore, only residual trapping
and solubility trapping are important for the kaolinite and
illite coats. Notably, CO2 trapped by secondary carbonates
in the smectite coat was significantly lower than that in
the chlorite coat (Fig. 4(i)). Grain-coating smectite resulted
in significantly lower mineral carbonation than pore-filling
smectite (Fig. 4(i)). In comparison, there were no identifiable
differences in mineral carbonation between grain-coating and
pore-filling chlorite (Fig. 4(i)). It is important to note that the
predominant forms of injecting CO2 were gaseous and aqueous
CO2, followed by HCO3

– , for all clays (Figs. 4(b)-4(d)).
The reaction fronts for smectite coat and chlorite coat with

an initial fluid velocity of 0.1 m/yr over 100 years were located
at the X position of 10-15 m (e.g., Fig. 4(b)). However, the
reaction fronts for kaolinite coat and illite coat traversed the
entire model domain (e.g., Fig. 4(b)). This may indicate that
the transport rates of injecting CO2 in smectite-coated and
chlorite-coated sandstones would be significantly lower than
those in kaolinite-coated and illite-coated sandstones under the
same injecting pressure.

The porosity decrease after the injection of CO2 was
only observed for chlorite-coated sandstones (Fig. 4(j)), while
the porosity was only increased for the other three clay
coats. Therefore, the CO2 storage capacity in chlorite-coated
sandstones may be decreased. This seems contradictory to
the flow-through dissolution results using chamosite-coat-rich
sandstones under CO2-rich conditions (Luquot et al. (2012)),
in which a porosity increase was observed. However, the
reactor size in Luquot et al. (2012)’s study was only 18 mm. It
should be noted that porosity was increased at the left end of
model domain (Fig. 4(j)). Therefore, the experimental results
of Luquot et al. (2012) are more analogous to our model results
close to the left model end.
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4.3 Uncertainties
It is important to note that the uncertainties associated with

the reactive transport model settings may cause discrepancies
in the results and conclusions derived from numerical models.
Typically, the accessible surface area and mineral dissolution-
precipitation kinetics represent two major gaps constraining
model precision. Under CO2-rich conditions (HCO3

– -buffered
system), the adsorption of HCO3

– may inhibit the min-
eral dissolution rate (Black and Haese, 2014). The HCO3

–

concentration in our models lied at ∼ 5− 95× 10−3 mol/L
(Figs. 3-7). However, chlorite powder dissolution experiments
under 50∼120 ◦C and pCO2 of 120 ∼ 200 bar (Black and
Haese, 2014) have indicated that increasing HCO3

– concen-
trations in this range at 50 ∼ 120 ◦C may reduce chlorite
dissolution rate by no more than half an order of magni-
tude. Moreover, alkali feldspar dissolution experiments under
22 ∼ 200 ◦C and pCO2 of 0.3 ∼ 20 MPa also suggested
that the dissolution rate is comparable to those in other
acidic conditions (Rosenqvist et al., 2019). Nevertheless, it is
still recommended to consistently employ mineral dissolution
kinetics measured in CO2-rich experiments.

Moreover, although this study revealed a decrease in de-
trital quartz surface area and K-feldspar dissolution rate by
clay coats, the quantitative mechanisms remain unclear. Ad-
ditionally, clay minerals typically have large specific surface
areas, potentially leading to the significant adsorption of gas
and aqueous species onto the clay surface, which mechanism
is not considered in the current models. Future studies may be
dedicated to tackling these gaps and challenges to potentially
improve model precision.

5. Conclusions and remarks
In this work, the impacts of clay coats on geochemical

reactions in sandstones involving CO2 have been illustrated.
In essence, grain-coating clays exert influences on water-CO2-
rock interactions mainly through three mechanisms, including
inhibiting secondary quartz precipitation, reducing the detrital
K-feldspar dissolution rate and the dissolution of clay coats.
Grain-coating clays, compared to pore-filling clays, can lead to
significant differences in water pH, CO2 speciation, the disso-
lution of primary minerals, the precipitation of secondary min-
erals, and porosity change. Moreover, several parameters may
impact the role of clay coats, including clay coat attributes,
detrital grain size, detrital lithology, pCO2, temperature, and
fluid flow velocity.

Mineral carbonation only occurs in the smectite coat
chlorite coats, while porosity decrease only occurs for the
chlorite coat. This may also lead to permeability decrease, as
permeability (K) is usually positively correlated with porosity:
In this case, logK = 15φ − 5 (Bethke, 2008). This is con-
sistent with the experimental study using chamosite-coat-rich
sandstones under CO2-rich conditions (Luquot et al., 2012).
According to Darcy’s law, q = K∆p/∆L, where p stands for
pressure difference. The permeability reduction of a porous
medium requires an increased pressure drop to maintain a
constant discharge. This may indicate that a higher injection
pressure is required in chlorite-coated sandstones to promote

CO2 injection efficiency. The abundance of chlorite coats in
natural sandstones has been suggested to be higher in deltaic
systems (Worden et al., 2020; Akinlotan et al., 2024). To avoid
potential porosity/permeability decrease, such environments
may not be considered with priority for CO2 storage.
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