2 ™ processes

Article

Experimental Study on CO; Geochemical Reaction
Characteristics in Marine Weakly Consolidated Sandstone

Saline Aquifers

Mingying Xie 1, Zhiyong Tu !, Xiaona Sun !, Zhenghe Yan !, Shasha Feng !, Deng Zhang 2, Fuyang Li 2

and Liang Zhang 23*

check for
updates

Citation: Xie, M.; Tu, Z.; Sun, X.; Yan,
Z.;Feng, S.; Zhang, D.; Li, F.; Zhang,
L. Experimental Study on CO,
Geochemical Reaction Characteristics
in Marine Weakly Consolidated
Sandstone Saline Aquifers. Processes
2023, 11, 3345. https://doi.org/
10.3390/pr11123345

Academic Editor: Carlos Sierra

Ferndndez

Received: 19 October 2023
Revised: 28 November 2023
Accepted: 29 November 2023
Published: 30 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Shenzhen Branch of CNOOC China Limited, Shenzhen 518000, China

School of Petroleum Engineering, China University of Petroleum (East China), Qingdao 266580, China
Key Laboratory of Unconventional Oil & Gas Development, China University of Petroleum (East China),
Ministry of Education, Qingdao 266580, China

Correspondence: zhlupc@upc.edu.cn

Abstract: Geological storage is one of the most important measures to reduce carbon emissions. The
newly developed oilfield A in the Pearl River Mouth Basin of the South China Sea is associated
with a large amount of CO, with a purity of up to 95%. Two weakly consolidated sandstone saline
aquifers located above the oil reservoir can be used for CO, storage, but the CO, geochemical reaction
characteristics in the aquifers should be investigated clearly, which may cause significant damage
to the physical properties of the reservoirs and caprocks of the aquifers. In this paper, static CO,
geochemical reaction experiments and rock thin section identifications were carried out using drill
cuttings and sidewall cores, respectively. A numerical simulation was conducted according to the
reactor conditions to explore the equilibrium state of the CO, geochemical reaction. Through these
studies, the characteristics of the geochemical reaction, its impact on the physical properties of the
formation, and the CO; storage potential by mineral trapping in the target aquifers were revealed.
The results show that the two saline aquifers have similar physical properties. The reservoirs are
mostly made up of fine-to-medium-grained sandstones as quartz arenite with a considerable amount
of feldspar, which can provide favorable pore space for CO, storage, while the caprocks are fine-
grained felsic sedimentary rocks that can have a good sealing effect. However, both the reservoirs and
caprocks contain a certain amount of carbonate and clay minerals. Mineral dissolution dominates in
the CO, geochemical reaction process, and more Ca’* and Mg?* is released into the formation water.
The theoretical maximum CO; mineral trapping capacity in the aquifers is 0.023-0.0538 mol/100 g
rock, but due to the dynamic equilibrium of the geochemical reaction, the amount of mineralized
CO; in most of the rock samples is negative, and the average utilization factor is only —55.43%. As
a result, the contribution of mineral trapping to the CO, storage capacity takes —0.32%, which can
be ignored. In the future, it is necessary to conduct detailed research to reveal the effect of a CO;
geochemical reaction on storage safety, especially in offshore weakly consolidated sandstone saline
aquifers, which could be important sites for large-scale CO; storage in China.

Keywords: saline aquifer; mineral trapping; dissolution effect; geochemical reaction; CO; storage
capacity

1. Introduction

CO; capture, utilization, and storage (CCUS) are important technical measures to
reduce carbon emissions [1,2]. CO, discharged from large-scale gas sources during the
use of fossil fuels can be captured using chemical absorption, physical adsorption, or
membrane separation methods. Purified CO, can be used as an industrial product for
chemical conversion, desalination, and enhanced oil/gas recovery (EOR/EGR) [3]. The
amount of CO; used in industrial activities is relatively small. CO; injection underground
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can achieve large-scale geological storage for permanent disposal. Oil and gas reservoirs,
saline aquifers, and deep coal beds can be used as geological structures for CO, storage.
The injected CO, can be sequestered in geological structures mainly by structural trapping,
dissolution trapping, residual gas trapping, and mineral trapping. In coalbed and shale
formations, the adsorption trapping mechanism will also take effect [4-6]. Among these
CO, trapping mechanisms, structural trapping is the most important, which dominates
in the injection and the long-term storage process, but it heavily depends on the sealing
properties of caprock. Relatively, mineral trapping is the safest mechanism that can convert
CO;, into stable solid carbonate minerals [7,8]. We are mostly concerned with the safety
of CO; geological storage. The failure of trapping mechanisms will induce a CO, leakage
risk. CO; injection can cause formation deformation, caprock fracturing, fault opening,
formation erosion, and wellbore corrosion. When the failure condition is reached, CO,
leakage channels will be generated in the geological structure, and then the risk of CO,
leakage occurs. Actually, CO; storage in geological structures is a thermal-hydrological—-
mechanical-chemical (THMC) coupling process. The CO; leakage risk evaluation should
consider more coupled factors, such as the effect of CO, geochemical reactions on structural
trapping [9-11].

Mineral trapping of CO, is mainly achieved through a CO, geochemical reaction.
Many studies have been carried out to reveal the CO, geochemical reaction characteristics
and mineral storage capacities under different reservoir conditions [12-15]. The numerical
simulation results of Zhang (2011) indicated that a CO, geochemical reaction in the clean
sandstone aquifer (the main rock mineral is quartz with a small amount of calcite and
feldspar) can only contribute less than 2% to CO, storage potential. When the saline
aquifer lithology is sandstone or carbonate rock containing a large amount of soluble
minerals such as calcite, clay, and feldspar, the dissolution/precipitation reaction of rock
minerals has an important impact on CO; storage, and the contribution of a geochemical
reaction to CO; storage is determined by the specific interaction process and time between
CO,, formation water, and rock minerals, which can reach up to 4-23% [12]. In recent
years, the advantages of CO; storage in basalt reservoirs have attracted more and more
attention [13-15]. This kind of reservoir contains a large amount of carbon fixation minerals
that can release bivalent cations Ca, Mg, and Fe to react with CO,. All CO; can be converted
into carbonate minerals in a short period, which can reduce the dependence of CO; trapping
on traditional caprock sealing properties. Injecting CO, into basalt reservoirs for storage is
an important development direction for mineral trapping. Basalts are widely distributed in
the United States, India, Iceland, and other countries [16,17]. Terrestrial basalts in China
are mainly distributed in the basin margin, which can provide a huge potential for CO,
mineralization and storage and have broad application prospects [14]. Based on the current
published studies, it can be concluded that different geological structures have different
CO, geochemical reaction characteristics and mineral storage capacities depending on the
specific geological conditions. Geochemical reaction analysis and potential evaluation is an
important research direction for a new structure for CO; storage.

Compared with other structures, saline aquifers are the most promising site for
large-scale CO, storage projects because of their wide distribution and large storage
capacity [18-21]. Offshore saline aquifers are often selected to dispose of the associated
CO, in the offshore oil and gas fields, such as Sleipner, Snohvit, and Gorgon projects, which
have the unique advantages of being close to the CO, gas source and far from densely
populated places [22-25]. In China, CO; geological storage is preferentially carried out in
oil reservoirs, which can obtain additional income from EOR. Only two small-scale pilot
experiments of CO; storage in saline aquifers have been carried out, in the Ordos basin and
Junggar area, respectively [26,27]. In recent years, China National Offshore Oil Corporation
(CNOOC) has been planning China’s first CO, storage project in an offshore saline aquifer.
The CO;, comes from the associated gas in the newly developed oil field A in the Pearl
River Mouth Basin in the eastern South China Sea. CO, will be purified on a platform and
injected into the nearby saline aquifers for storage. Two aquifers are available. Due to the
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high content of carbonate and clay minerals, and the weak cementation of sandstone, the
CO;, geochemical reaction may have a significant effect on the aquifer’s physical properties
and further affect the CO, storage safety, which needs to be investigated as soon as possible.

In this study, typical drill cuttings and sidewall cores were sampled at different depths
from the reservoirs and caprocks of the two aquifers. Drill cuttings were used for static
CO; geochemical reaction experiments to obtain the geochemical reaction pathway based
on the change in rock mineral and formation water compositions. Complete sidewall
cores were used for rock thin section identification to observe the CO, corrosion to rock
pore throat. Numerical simulation was applied to explore the equilibrium state of the CO,
geochemical reaction. Through these studies, the characteristics of the geochemical reaction,
its impact on the physical properties of the formation, and the CO; storage potential by
mineral trapping in the target aquifers were revealed. Finally, the impact of the geochemical
reaction on CO, storage safety was discussed.

2. Geological Setting

China’s eastern coastline is 32,600 km long, inhabiting 40% of the Chinese population
and responsible for 60% of gross domestic product (GDP). A large number of CO, emis-
sion sources such as thermal power plants, steel plants, and chemical plants have been
constructed. There are eight big basins distributed from north to south along the eastern
coast [28]. A lot of offshore oil and gas fields are located there. Some oil and gas fields in
the basins of the South China Sea are associated with a great amount of CO,. The CO,
content in natural gas can be up to 10-65% in DF1-1 and YC13-1 gas fields [29,30]. The
captured CO; does not have the technical conditions or time window for EOR or being
reinjected back to the original reservoirs. To dispose of the associated CO;, the offshore
saline aquifers near the oil and gas fields are undoubtedly one of the best storage sites.

In the designed offshore CO; storage project, the CO; is from the gas cap of oilfield
A located in the Pearl River Mouth Basin of the South China Sea. The CO; content is up
to 95%, and it is further purified and injected into the nearby saline aquifers for storage.
The peak injection rate of CO; is about 300,000 tons/a, and the cumulative CO, injection
will exceed 1.5 million tons within a 20-year project period. There are two saline aquifers
above the oil reservoir. Aquifer Y is buried at a depth of 800-900 m, and the reservoir
temperature and pressure are 52.4 °C and 8.39 MPa, respectively, while aquifer H is buried
at a deeper depth of 1100-1200 m, and the reservoir temperature and pressure are 66.9 °C
and 11.64 MPa, respectively. The reservoirs have excellent porosity and permeability for
CO; injection, seepage, and storage. These two aquifers are all anticline structures, and the
structural trapping mechanism will play an important role. Stably distributed mudstone
and mud-sand interlayers with a large thickness can be good caprocks to prevent the CO,
in the reservoirs from escaping. In addition, saline aquifers Y and H are of moderate size
and have a large potential to store all the CO,. However, it should be noted that the aquifers
are marine weakly consolidated sandstone reservoirs. Due to the shallow burial depth
and poor compaction degree, the rock mechanical strength of the aquifers is relatively
low. The CO, geochemical reaction may have a great impact on the aquifer’s physical
properties [31-33]. It can not only convert part of CO, into carbonate minerals to achieve
permanent trapping but also change the porosity, permeability, and mechanical properties
of the reservoir and caprock, which may greatly impact the safety of structural storage and
other mechanisms [34-37].

3. Methodology
3.1. Preparation of Samples

The flowchart of the methodology of this study is shown in Figure 1. Three parts are
involved, including sample preparation, laboratory experiment, and numerical simulation.
To carry out the laboratory experiment, the drill cuttings, sidewall cores, formation water,
and CO, gas were prepared first.



Processes 2023, 11, 3345

4 0f 23

’ Sample preparation ‘

I
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Reference the experimental conditions Explore the reaction equilibrium state
and verify the experimental results and mineral trapping capacity

Figure 1. Flowchart of based on aims of study and methods utilized in the present study.

@

Drill cuttings: The drill cuttings in the typical exploration well located at the top of
the anticline drilled through aquifers Y and H were used for static CO, geochemical
reaction experiments. Ten typical samples at different depths were selected. Five
samples are from aquifer Y, while the other five samples are from aquifer H. There
are 2 caprock samples and 3 reservoir samples for each aquifer. The sample number
represents the sampling depth of cuttings from shallow to deep, as shown in Table 1.

Table 1. Rock samples used for the CO;, geochemical reaction experiments.

. Drill Cuttings Sidewall Cores
Aquifers  Formations
No. Description No. Description
1 Upper caprock 1 Upper caprock
Caprock / / 2 Middle caprock
2 Lower caprock 3 Lower caprock
. Upper, poor physical Upper, poor physical
Aquifer Y 3 roperties 4 roperties
Reservoir _ProP . . prop .
4 Middle, medium 5 Middle, good physical
physical properties properties
5 Lower, good physical 6 Lower, medium
properties physical properties
6 Upper caprock 7 Upper caprock
Caprock / / 8 Middle caprock
7 Lower caprock 9 Lower caprock
Upper, good physical Upper, good physical
Aquifer H R . 8 properties 10 properties
eservorr 9 Middle, mudstone 1 Middle, poor physical
interlayer properties
Lower, medium Lower, medium
10 . . 12 . .
physical properties physical properties

@)

Sidewall cores: The complete sidewall cores sampled from an exploration well in
a nearby block were used for thin section identification before and after the CO,
geochemical reaction. The nearby block has the same sedimentary environment and
reservoir physical properties as aquifers Y and H. Twelve typical samples at different
depths were selected, of which six samples stand for aquifer Y and the other six
samples stand for aquifer H. There are 3 caprock samples and 3 reservoir samples for
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each aquifer. The sample number also represents the sampling depth of the sidewall
cores from shallow to deep and corresponds to the depth of drill cuttings one by one,
as shown in Table 1.

Formation water: The real formation waters taken from the aquifers Y and H were
used for the CO, geochemical reaction experiment, with a salinity of 37,806 mg/L
and 36,991 mg/L, respectively, and their main ion compositions are similar, as shown
in Table 2.

Table 2. Composition of formation water used for CO, geochemical reaction experiments.

Ion Contents, mg/L Aquifer Y Aquifer H
K* 1455 1078
Nat 12,807 12,799
Ca%* 494 512
Mg?* 214 192
Fe?+ 0.31 0.14
Fe3* 0.65 0.57
AP+ 1.07 3.88
Ba%* 1.39 3.57
Cl- 22,163 21,670
S04 289 198
HCO;5" 338 457
COz% 0.0 0.0
SiO, 35.7 69.1
Salinity 37,806 36,991
Free CO, 30.30 28.4
pH 6.99 7.15
Water type CaCl, CaCl,

@)

Gas sample: The CO; content of associated gas in oil reservoir A is up to 95%. After
purification, the purity of CO, will be further improved to larger than 99%; hence,
pure CO; (99.99%) was purchased from Yantai Deyi Gas Co., Ltd. for the experiment.

Using the above samples, two kinds of experiments were designed to investigate the

CO, geochemical reaction characteristics and their effect on the rock physical properties in
the target aquifers, as shown in Table 3. There are 10 sets of static CO, geochemical reaction
experiments and 12 sets of thin section identification which use drill cuttings and sidewall
cores, respectively. The rock samples were chosen carefully at different depths, and the
reservoir samples cover good, medium, and poor physical properties, which can help us to
compare the CO, geochemical reaction characteristics in the vertical direction.

Table 3. Experimental scheme of CO, geochemical reaction.

Static Geochemical Reaction

Reaction Thin Section Identification

Aquifer Formation T,°C P, MP Time, Day Experiment
Number, Set Rock Sample  Number, Set  Rock Sample
Aquifer Y Caprock 52.4 8.39 7 2 Drill cuttings 3 Sidewall cores
Reservoir 524 8.39 7 3 Drill cuttings 3 Sidewall cores
Aquifer H Caprock 66.9 11.64 7 2 Drill cuttings 3 Sidewall cores
Reservoir 66.9 11.64 7 3 Drill cuttings 3 Sidewall cores

Total 10 12
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3.2. Analytical Methods
3.2.1. Static CO, Geochemical Reaction Experiment

The static CO, geochemical reaction experiment aims to reveal the mineral compo-
sition change in rock induced by the CO, geochemical reaction. The main experimental
equipment is shown in Figure 2. It is mainly composed of a reactor, incubator, CO; gas
cylinder, and booster pump. The effective volume of the reactor is 200 mL. The maximum
working pressure and working temperature are 30 MPa and 150 °C, respectively. The
maximum working temperature of the thermotank is 300 °C with a control accuracy of
£0.1 °C. There are two sensors installed at the top of the reactor for P-T monitoring. The
temperature sensor has a measuring range of 0-300 °C with an accuracy of £0.1 °C, while
the pressure sensor has a measuring range of 0-60 MPa with an accuracy of £0.1 MPa.
The inlet of the sampling pipeline is immersed below the gas—water interface with a filter
screen to prevent cutting powder from blocking the pipeline during the sampling process.

Temperature sensor

Pressure sensor
Exhaust pipeline

T i —— 04 — Sampling pipeline
Inlet pipeline

co,

Booster pump

Formation
water

- Debris powder or
CO, cylinder core thin section \

Reactor Thermotank

Figure 2. High-temperature and high-pressure CO, geochemical reaction equipment.

Limited by the contact surface area, the geochemical reaction process of CO; in the
pores of rocks is usually slow. To accelerate the reaction rate and shorten the experimental
time, the drill cutting samples were ground into a powder with a certain particle size before
the experiment. The specific steps are as follows [38,39]:

(1) Experimental preparation: (a) The cuttings were cleaned using deionized water
to remove the residual drilling mud, dried at 90 °C, and ground into a powder
with an average particle size of 200 mesh (45-125 um) for use. (b) In total, 20 g of
cutting powder was taken to analyze the mineral compositions of whole rock and clay
minerals using the X-ray diffractometer (XRD) produced by PANalytical B.V. (Model
X'Pert PRO MPD, Cu target, and manual mineral identification). (c) In total, 30 g of
cutting powder with 150 mL of formation water was put into the reactor, the reactor
was sealed with the upper air vacuumed, high-pressure CO, was injected into the
reactor, and the reactor was put into the thermotank for heating; finally, the P and T of
the reactor were stabilized at the design values to let the CO, react with the formation
water and cutting powder.

(2) Experimental process: (a) Each set of the CO, geochemical reaction experiments lasted
for 7 days; in the meantime, the reactor was shaken several times to make sure that
the bottom cutting powder was fully in contact with the formation water and CO,.
(b) The formation water in the reactor was sampled on the 1st, 3rd, 5th, and 7th day,
respectively, 5-10 mL at a time, and the contents of K, Na, Ca, Mg, Fe, Al Si, and pH
in the water samples were determined using the inductively coupled plasma mass
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spectrometer (ICP-MS) produced by Agilent (Model 7500a, the precision is 2.7-4.6%,
and the range of error is —3% to 2%).

(3) Experimental analysis: (a) A total of 7 days later, the reactor was opened, the cutting
powder after the CO, geochemical reaction was filtered, dried, and weighed, and 20 g
of powder was taken for mineral composition analysis using the XRD method. (b) The
CO; geochemical reaction pathway was analyzed by comparing the compositions of
the cutting powder and formation water before and after the CO, geochemical reaction.

3.2.2. Rock Thin Section Identification before and after CO, Geochemical Reaction

Rock thin section identification can be used to observe the particle size, pore structure,
and mineral composition of rocks. The original particle size and pore structure of the drill
cuttings have been damaged by the drilling process, which is no longer suitable for thin
section identification. Therefore, sidewall cores with similar physical properties sampled
from the nearby block were used for the experiment. Because of the weak consolidation, the
sidewall cores were molded into epoxy resin castings and polished into thin sections with a
thickness of 0.03 mm. The German Zeiss polarized microscope (Model Axio Scope Al, ICCS
optical system, 5 kinds of lens bodies with FEM design and ACR coding, maximum sample
height up to 380 mm) was used to analyze the thin sections before the CO, geochemical
reaction [40,41], and then the sections were placed in the reactor and immersed in the
COgy-saturated formation water at the designed temperature and pressure. After 7 days of
reaction, these thin sections were taken out and examined again.

3.2.3. Numerical Simulation of CO, Geochemical Reaction

The geochemical reaction between CO;, formation water, and rock minerals is a
complex process. It is not only related to the compositions of formation water and rock
minerals and the P-T conditions but also related to the contact condition and the reaction
time [42]. In the CO, geochemical reaction experiment, the rock samples were ground
into powder to increase the reaction surface area and accelerate the reaction rate to reach
equilibrium quickly. It reflected the strong geochemical interaction between CO, and rocks,
which is mainly characterized by the dissolution and formation of carbonate and clay
minerals. However, each set of static CO, geochemical reaction experiments only lasted
for 7 days, so it is unknown if the reaction reached the final state. Hence, referring to
the experimental conditions, the GEM model of reservoir numerical simulation software
CMG (v2021.10) was used to simulate the long-term CO, geochemical reaction process
to verify the reasonability of the experimental results and analyze the finial CO, mineral
trapping potential [43]. The GEM model is multicomponent. It has a GHG function that
can simulate the various CO; trapping mechanisms during its geo-storage process. For the
CO; geochemical reaction simulation, the GEM model refers to the studies of Nghiem et al.
who gave the main governing equations and checked the reliability [44].

According to the volume of the reactor, an equivalent geological model with a size of
7.37 cm x 7.37 cm X 7.37 cm was established. It was divided vertically into four uniform
grids that can simulate the CO, dissolution and diffusion from the top to the bottom
water. The porosity of the model is 50%, and the total pore volume is 200 mL. The lower
150 mL volume (three grids) is saturated with formation water, and the initial content
of rock minerals for the CO, geochemical reaction is 30 g. The upper 50 mL volume
(one grid) is full of CO, (Figure 3). According to the mineral composition analysis of
the rock samples, three aqueous reactions and thirteen mineral reactions were mainly
involved, whose commonly used reaction kinetic parameters in rock pores are shown in
Tables 4 and 5, respectively [12,38,39,45]. The Henry model was used to calculate CO,
solubility in formation water, and the effect of salinity was considered [46]. The CO,
diffusion coefficients were set to be 3.15 x 10~ m?/s and 4.03 x 10~? m?/s for aquifers
Y and H, respectively, estimated by the Wilke-Chang equation [47]. Based on the static
contact conditions, CO, dissolution and diffusion in formation water can quickly reach
stability without flow in such a small-size geological model during numerical simulation;
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hence, the grid mesh will have little affect on the simulation results. Ten sets of static CO,
geochemical reaction experiments were simulated, and the amount of mineralized CO,
after 7 days, 10 years, 200 years, and finally 1000 years was predicted.

Supercritical
CO, at the top
of the reactor

Injector

—

Formation

Rock debris
water

distributed on the
skeleton

Figure 3. Equivalent geological model of static CO, geochemical reactor.

Table 4. Reaction equations and kinetic parameters of aqueous components.

No. Reaction Equation 1gKeq?(50 °C)
1 H,O=H* + OH" —13.2631
2 CO,(aq) + H,O = H* + HCO5~ —6.3221
3 COs(aq) + HyO = 2H* + CO3> —16.5563
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Table 5. Reaction equations and kinetic parameters of various minerals.
K . - 2
Equlhbn;l m Cons;ant 18Keq = a0 + 21 x t+2, j tras x Equilibrium Equilibrium Activation Reaction Reaction
No. Mineral Reaction Equation t* + a4 x t°, WHere, t Is Temperature, °C Constant Constant Energy, Frequency Factor,  Surface Area,
1gKeq@52.4°C  IgKeq@66.9 °C J/mo mol/m?/s! @25 °C m?/m?
ap a1 az as ag
t . 2.1973 —1.0732  3.2461 —3.9670
1 Qs‘;grzz Quartz = SiO(aq) —4.4970 10-2 X 10°4 1027 x 10210 —3.5965 —3.4180 87,500 —13.9 7182
) K—feldspar K—feldspar + 4H" =2H,O + 46130 x = —15114  —3.8920 42895 x  —9.2187 —3.8279 x —6.1408 x 67.830 . 176
KAISi3Og K* + APP* +3Si05(aq) 1071 x 1072 x 107° 1077 x 10710 107! 10! ’
Albite Albite + 4H* = 2H,0 + Na* —3.4500 25244 x  3.0994 x  —8.3137
3 NaAlSi; O + AP* + 35105 (aq) 3.9232 1022 10-5 10-7 < 10-10 2.2230 1.8042 67,830 -12 250
Anorthite Anorthite + 8H* =4H,0+ 31746 x =~ —2.0125 59589 x  —9.0412  9.1539 x
4 Ca [AlSiOs] Ca?* + 2A1* + 2510 (aq) 10 10 104 10~ ! 2.2707 x 10 2.0680 x 10 67,830 12 88
Calcite Calcite + H* = Ca2* + —14267  —6.0610 14592 x  —4.1893
5 CaCOs HCOs 2.0689 % 102 % 10-° 10-7 % 10—10 1.3225 1.1226 41,870 88 83
Dolomite Dolomite + 2H* = Ca2* + —35598 13261 x 24106 x  —8.1493
6 CaMg(CO%), Mg2* + 2HCOs - 3.3944 BT 1025 10-7 < 10-10 1.5940 1.1281 41,870 —9.2218 83
Ankerite + 2H* = CaZ* +
Ankerite 34 2 44773 x  —25961 33916 x 89790 x  —3.4126 —9.0135 x
7 CaMgoaFeos(COs),  OSM8 . ;FiIiCOS * 10! x 102 107 108 x 1010 101 —1.2675 46,276 —88 88
8 Siderite Siderite + H* =HCO3; ™ + 25397 x ~ —1.9361 94810 x 11710 x = —4.1245 —7.2077 x —9.7204 x 41870 99 88
FeCO3 Fe2* 1071 x 1072 10-¢ 1077 x 10710 1071 1071 ¢ -
Pyrite Pyrite +HyO = Fe?* + 0.25H*  _26441  7.6600 x ~ —2.8402  4.6293 x  —3.9254
9 Fes, +0.2550,2 + 1.75HS- T 10-2 o4 107 < 10-10 —2.3143 x 10 —2.2457 x 10 56.9 —455C 50.1
Hlite Hlite + 8H* = 5H,0 + 0.6K* +
10 Ko.sMgo25Al, 5 025Mg2 +23AP +35 1245 LI 2771 BO06L - 83578 7.2802 6.0994 58,620 —14 8573
(Alg55i35010)(OH), Si0s(aq)
Chlorite Chlorite + 16H* = 2.5Fe2*
11 FeysMgrsALSisOyp +25Mg?* + 12H,0+ 24+ 66571 0170 20000 —2.0000  —5.0000 1.8446 6.7859 x 10~ 62,760 —14 14,178
) x 10 10 x 10 x 10
OH)g 35i0,(aq)
Kaolinite Kaolinite + 6H* = 5H,0 + —9.8898 29156 x  —32703  —3.3110
12 ALSiOs(OH), AP +25105(aq) 9.7295 1022 1024 107 <1010 5.2983 43136 62,760 -13 17,600
Smectite 0 ?decctizae +g 'leﬁ+zf
. 26 + 23304 x  —12959 46020 x = —1.0434 84942 x
Cag.145Mgg 26 Al i 8 - A r 4 . . -
13 as()l 31‘;70 1g0% 'ZoﬁH);'W L77AP* + 397500 (aq) + 10 T 104 106 10-10 1.7633 x 10 1.6399 x 10 58,620 14 26,400

4.06H,O
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Initial whole rock composition, %

r [ | Aquifer Y

m Clay minerals
= Ankerite
Plagioclase

Reservoir

u Pyrite

® Dolomite Calcite

u K-feldspar ® Quartz
]
4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Rock sample number Rock sample number
(a) (b)

4. Results and Analysis
4.1. Mineral Composition Change Induced by CO, Geochemical Reaction
4.1.1. Mineral Compositions before CO, Geochemical Reaction

The original mineral compositions of rock samples at different depths in the reservoirs
and caprocks of aquifers Y and H are shown in Table 6. The whole rock mainly consists
of nine kinds of minerals ranging from quartz to clay minerals, with a total composition
of 100%. The clay minerals can be further divided into kaolinite, chlorite, illite, and an
illite—smectite interlayer. The total content of these minerals in clay minerals is also 100%.
The mineral composition of the whole rock and the composition of clay minerals are
summarized in two cumulative histograms and ordered by the sample number (depth), as
shown in Figure 4. The relative sizes of the different mineral contents of each rock sample
at different sampling depths can be observed and compared visually.
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Figure 4. Mineral composition of each rock sample before the CO, geochemical reaction. (a) Whole
rock composition. (b) Clay mineral composition.

In terms of reservoir minerals, with the increase in depth, the content of quartz, which
accounts for the largest proportion in the reservoir of aquifer Y, gradually decreases from
76.97% to 66.43%, while the contents of calcite and clay minerals gradually increase, of
which the content of calcite increases from 1.95% to 6.74%, and that of clay minerals from
5.46% to 11.51%. The reservoir also contains 0.9-1.52% ankerite, 1.17-1.28% dolomite, and
0.76-1.47% pyrite, while the contents of K-feldspar and plagioclase remain relatively stable,
at 5.16-5.99% and 5.67-6.25%, respectively. Compared with aquifer Y, the clay mineral
content in the reservoir of aquifer H is larger, which decreases from 12.78% to 9% with
the increase in depth, while the calcite content remains relatively stable at 5.55-6.63%,
the ankerite content is 0.79-1.55%, the pyrite content is 0.72-1.06%, and some of its rock
samples also contain 0.9% siderite. In addition, the contents of the four minerals in clay
minerals are stable. In the reservoir of aquifer Y, the contents of kaolinite, chlorite, illite,
and the illite-smectite interlayer are 19-22%, 22-24%, 34-36%, and 20-23%, respectively.
The corresponding clay mineral contents in the reservoir of aquifer H are 20-24%, 19-20%,
32-34%, and 23-29%, respectively, which are similar to those in aquifer Y.

In terms of caprock minerals, as the depth increases, the quartz content in the caprock
of aquifer Y increases from 60.86% to 82.37%, the clay mineral content decreases from
10.52% to 4.2%, and the calcite and ankerite contents decrease from 3.84% and 8.42% to
1.58% and 1.26%, respectively. In the caprock of aquifer H, the quartz content is relatively
stable, at 67.7-68.14%, and the content of clay minerals increases from 7.75% to 14.14%.
The upper caprock contains 7% calcite and 1.84% ankerite, while the lower caprock only
contains 1.47% calcite. The compositions of the clay minerals in the caprocks of aquifers Y
and H are also relatively stable.

In general, the main mineral of the reservoirs and caprocks of aquifers Y and H is
quartz. The contents of plagioclase and K-feldspar are relatively stable, while those of
easily reactive minerals such as carbonate and clay are relatively high. The mineral compo-
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sitions in the reservoirs have an obvious relationship with depth and the heterogeneity is
small, while the mineral contents in the caprocks vary significantly with depth, and the
heterogeneity is strong. In addition, it should be noted that the rock samples evaluated
are generally high in clay minerals and that there was no significant difference in the clay
contents of the reservoir and caprock, which may be related to the fact that the drilling
debris is a mixture collected along a well section and might have been contaminated with
drilling mud.

4.1.2. Mineral Compositions after CO, Geochemical Reaction

Following the experimental scheme, ten rock samples reacted with formation water
and CO; for 7 days under the target aquifer conditions. The mineral compositions after the
CO, geochemical reaction were measured, as shown in Table 7. In order to compare the
content change in each mineral of each rock sample induced by the geochemical reaction
conveniently, the mineral content after the geochemical reaction was subtracted from the
mineral content before, and the minerals that increased and decreased in content were
added up separately, and finally, two cumulative histograms of the mineral composition
change in each rock sample at different depths were plotted in Figure 5. In addition, due to
the great difference in the concentration between different ions in formation water, which
vary from tens of thousands mg/L to several mg/L, it is hard to show the details of ions
with a low concentration when all the ions are drawn in one figure. Therefore, the ratio of
the measured value to the initial value was used to present the concentration change in
each ion over time during the CO, geochemical reaction, as shown in Figure 6.
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Figure 5. Mineral composition changes in each rock sample after the CO, geochemical reaction.
(a) Change in whole rock composition. (b) Change in clay mineral composition.
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Figure 6. Concentration changes in ions in formation water with the CO, geochemical reaction time.
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Table 6. Mineral compositions of rock samples before the CO, geochemical reaction.

S o # Mineral Composition of Whole Rock, % Composition of Clay Minerals, %
ample
P Quartz K-FELDSPAR Plagioclase Calcite Dolomite = Ankerite Siderite Pyrite  Clay Minerals  Kaolinite Chlorite  Illite  Illite/Smectite
1 60.86 6.03 8.5 3.84 - 8.42 - 1.83 10.52 17 23 33 27
2 82.37 6.06 3.76 1.58 - 1.26 - 0.77 42 20 25 34 21
3 76.97 5.16 5.67 1.95 - 1.52 - 1.03 77 19 24 34 23
4 74.39 5.99 6.25 4.93 1.17 1.05 - 0.76 5.46 22 22 34 22
5 66.43 5.46 6.21 6.74 1.28 0.9 - 1.47 11.51 20 24 36 20
6 67.7 6.98 6.08 7 - 1.84 1.2 1.45 7.75 22 20 33 25
7 68.14 7.24 6.32 - 1.47 - 0.98 1.71 14.14 25 17 33 25
8 63.54 6.63 6.31 6.63 - 1.5 - 1.06 12.78 24 19 34 23
9 63.59 7.85 6.36 5.55 0.79 0.79 0.9 091 12.16 20 19 32 29
10 68.28 7.67 6.12 7.06 - 1.15 - 0.72 9 23 20 33 24
Note: 1-2 are caprock samples of aquifer Y, 3-5 are reservoir samples from aquifer Y, 6-7 are caprock samples from aquifer H, and 8-10 are reservoir samples from aquifer H.
Table 7. Mineral compositions of rock samples after the CO, geochemical reaction.
S o # Mineral Composition of Whole Rock, % Composition of Clay Minerals, %
ample
P Quartz K-Feldspar  Plagioclase Calcite Ankerite Siderite Pyrite Clay Minerals Kaolinite Chlorite Illite Illite/Smectite
1 61.73 6.01 7.18 4.37 7.41 - 2.42 10.88 21 21 30 28
2 85 5 429 1.28 1.04 - 0.5 2.89 22 22 31 25
3 78.79 5.38 6.41 1.57 1.52 - 0.9 5.43 18 18 33 31
4 75.87 6.18 6.16 3.73 1.24 - 0.9 5.92 20 19 29 32
5 67.64 6.12 8.55 45 1.95 - 1.08 10.16 20 18 29 33
6 68.7 8.52 6.59 6.23 1.57 0.9 1.41 6.08 20 16 23 41
7 69.78 7.48 6.94 - 1.12 - 1.42 13.26 21 14 22 43
8 61.6 7.54 7.65 6.75 1.52 1.11 1.19 12.64 18 15 29 38
9 68.04 7.1 5.46 4.28 3.48 0.6 15 9.54 20 18 27 35
10 69.93 6.59 4.69 6.46 0.88 0.71 0.78 9.96 20 17 30 33
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For the rock samples in the reservoir of aquifer Y, after 7 days of the CO, geochemical
reaction, most of the carbonate minerals such as calcite and dolomite, and some of the clay
minerals, were dissolved. Accordingly, the contents of quartz, K-feldspar, and plagioclase
increased. Some of the rock samples also generated a small amount of ankerite and clay
minerals. The contents of kaolinite, chlorite, and illite in the clay minerals decreased, while
the content of the illite-smectite interlayer increased. In addition, the concentrations of
Na* and K* in formation water were stable during the CO, geochemical reaction, but
those of ions with a small content changed greatly, which are sensitive to the geochemical
reaction. The dissolution of carbonate minerals can make the Ca?* and Mg?* concentrations
gradually increase and tend to be stable. The formation of feldspar and quartz can cause
the decrease in the Al3* and Si concentrations, and the Fe (Fe?* + Fe3*) concentration varied
significantly. Among them, the Fe in the water of No. 4 and No. 5 rock samples increased,
corresponding to the formation of a small amount of ankerite.

For the rock samples in the reservoir of aquifer H, after 7 days of the CO, geochemical
reaction, most of the carbonate minerals, K-feldspar, and plagioclase in the rock samples
were dissolved, and additional quartz, siderite, and ankerite were generated accordingly.
Among them, the clay content of rock sample No. 9 (mudstone interlayer) decreased
significantly, while the quartz content increased markedly. The changes in the clay mineral
composition are similar to those of the aquifer Y. Due to the dissolution of feldspar and
clay minerals, the concentrations of Na* and K* in formation water increased slowly
and reached stability, especially the K* concentration, which in the case of the mudstone
interlayer increased significantly. The dissolution of carbonate minerals caused a gradual
increase in the Ca%* and Mg2+ concentrations in water, while the formation of siderite and
dolomite led to the overall decrease in the Fe concentration, and the formation of quartz
and clay minerals led to decline in the AI>* and Si concentrations in water.

For the rock samples in the caprock of aquifer Y, after 7 days of the CO, geochemical
reaction, the ankerite and plagioclase in the upper caprock were dissolved, forming quartz,
calcite, and clay minerals, while the dissolution of clay minerals, calcite, ankerite, and
K-feldspar dominated in the lower caprock, forming more quartz and plagioclase. For
the clay mineral composition in the upper and lower caprocks, the contents of illite and
chlorite decreased, while those of kaolinite and the illite-smectite interlayer increased.
Accordingly, with the geochemical reaction, the concentrations of Na* and K* in formation
water increased first and then quickly stabilized, while the concentrations of Ca>* and Mg?*
gradually increased, and there was still an upward trend after 7 days. In addition, the
concentration of AI>* increased first and then decreased rapidly, while the concentration of
Si gradually increased.

For the rock samples in the caprock of aquifer H, after 7 days of the CO, geochemical
reaction, the dissolution of clay minerals, siderite, ankerite, and calcite in the upper caprock
mainly occurred to form quartz, K-feldspar, and plagioclase, while in the lower caprock,
the clay minerals, dolomite, and siderite were dissolved, and the quartz, ankerite, and a
small amount of feldspar formed. The content of the illite-smectite interlayer in the clay
minerals both in the upper and lower caprocks increased significantly. In formation water,
except for the small change in the A13* concentration in the lower caprock, the changes in
each ion in the water of upper and lower caprocks are similar to those of the caprocks of
aquifer Y.

To sum up, it can be seen that with the CO, geochemical reaction, the contents of
quartz and feldspar in aquifers Y and H will increase, while those of calcite, dolomite, and
clay minerals will decrease. The contents of carbonate and clay minerals in the reservoir of
aquifers are relatively high, which are prone to causing dissolution reactions. The contents
of typical ions, including Ca?* and Mg?* in formation water, can increase obviously, and
the change in the mineral composition after the geochemical reaction will also be great.
Comparatively, the original mineral compositions of aquifer caprocks are quite different.
They will change slightly after the geochemical reaction, but the geochemical reaction
process is more complicated. The specific process of the geochemical reaction should be
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determined by the compositions of minerals and formation water, as well as the kinetic
parameters of the reaction [48].

4.2. Rock Micromorphology Change Induced by CO, Geochemical Reaction
4.2.1. Thin Section Analysis before CO, Geochemical Reaction

In order to obtain the original rock micromorphology, a thin section identification
of sidewall cores sampled at different depths in aquifers Y and H was conducted be-
fore the CO, geochemical reaction. The micrographs of the thin sections are shown in
Figures 7 and 8.

No. 4: Upper reservoir, poor physical prop- No. 5: Middle reservoir, good physical =~ No. 6: Lower reservoir, medium physical
erties, aquifer Y. properties, aquifer Y. properties, aquifer Y.

No. 10: Upper reservoir, good physical No. 11: Middle reservoir, poor physical ~No. 12: Lower reservoir, medium physical
properties, aquifer H. properties, aquifer H. properties, aquifer H.

Figure 7. Microphotographs of reservoir cores before the CO, geochemical reaction.

Co s TR oo
No. 8 Middle caproc, auifer H.

No. 7: Upper caprock, aquifr H.

Figure 8. Microphotographs of caprock cores before the CO, geochemical reaction.
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The thin section identification of reservoir cores shows that the reservoirs of aquifers Y
and H are mainly made up of medium-to-fine-grained sandstones with feldspathic quartz,
and a small number of rock samples are pebbly siltstone with lithic quartz. The reservoir
rocks have a detrital structure. The content of detrital grains is up to 66-88%, which are
mainly quartz and feldspar, associated with a small amount of biological debris in some
rock samples. The intergranular fillings are mainly clay, dolomite, and calcite with a total
content of only 3-10%, but in some rock samples, the content of dolomite in the fillings is
up to 25%. Comparatively, the reservoir of aquifer H contains more clay matrix than that
of aquifer Y. The rocks are mostly porous and poorly sorted. The intergranular pores are
mainly original pores with a small number of dissolved pores. The pore size is 50-200 pm,
and the total porosity is usually 9-29%, while in some cases it is 0.5-3.5%.

The thin section identification of caprock cores shows that the caprocks of aquifers Y
and H mainly consist of fine-grained felsic sedimentary rocks. The felsic detrital grains and
argillaceous, siliceous, and ferruginous fillings are deposited together with the felsic detrital
grains locally enriched in pellets. The rock samples have a fine-grained detrital structure.
The main minerals of the detrital grains are quartz, feldspar, and biotite (a few samples
contain biological debris), accounting for about 55-80%. The intergranular pores are filled
with argillaceous, siliceous, calcareous, and dolomite minerals, with a total content of
14-40%. They are of basal cementation with good grain sorting. The intergranular pores
are mainly original pores, the pore size is 50-100 pm, and the total porosity is 1-6%.

Based on the above analysis, it can be seen that the physical properties of the reservoirs
and caprocks of aquifers Y and H are very different. The reservoirs have detrital grains
with a large size, distinct outline, poor sorting, low filling content, and large intergranular
pores, which can provide favorable space for CO, storage. Comparatively, the caprocks
contain a low content of detrital grains with a small size and a high content of argillaceous,
siliceous, and ferruginous fillings with basal cementation and good sorting, which can have
a good sealing effect on CO, storage.

4.2.2. Thin Section Analysis after CO, Geochemical Reaction

After 7 days of the CO, geochemical reaction under formation conditions, the 12 thin
sections were investigated once again, and the micrographs of these core thin sections are
shown in Figures 9 and 10. The thin section identification of reservoir cores shows that
after the CO, geochemical reaction, the carbonate minerals such as calcite and dolomite
in the reservoir rocks were dissolved. The number of intergranular pores was increased,
and the siliceous content was enhanced by 2—4%. In addition, in the rock samples of No. 4
and No. 6, the content of clay minerals was increased, and the thin section color became
deeper. The porosity of the No. 5 rock sample was increased from 13% to 15%, while that
of the No. 11 and No. 12 rock samples was decreased from 10% and 15% to 5% and 10%,
respectively.

The thin section identification of caprock cores show that after the CO, geochemical
reaction, the calcite and dolomite in the caprocks of aquifer Y were also dissolved and both
the content of clay minerals and the porosity were increased slightly. In the caprocks of
aquifer H, the dolomite was dissolved, and the siliceous content of some rock samples
was also decreased. Accordingly, the porosity was increased, which may decrease the
breakthrough pressure of caprock and increase the risk of CO, leakage.

4.3. CO, Mineral Trapping Capacity by Geochemical Reaction

The CO, mineral trapping mechanism refers to the process where the divalent cations
such as Ca, Mg, and Fe are released from non-carbonate minerals and react with CO; to
generate carbonate minerals for storage. Hence, from this point of view, the theoretical
maximum CO; mineral trapping capacity is the amount of CO, required to convert all Ca,
Mg, and Fe in the non-carbonate minerals into carbonate minerals. This parameter is often
used for the preliminary assessment of CO; mineral trapping potential [12]. In aquifers Y
and H, the main non-carbonate minerals containing Ca, Mg, and Fe are anorthite, pyrite,
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illite, chlorite, and smectite. The theoretical maximum CO, mineral trapping capacities of
the rock samples were calculated to be 0.023-0.0538 mol/100 g rock. There is no significant
difference in the calculated results of the caprocks and reservoirs of the two aquifers.

(A“.\ ’ ~ v 600 um’ o B 600/3iMm . : :
No. 4: Upper reservoir, poor physical No. 5: Middle reservoir, good physical No. 6: Lower reservoir, medium physical
properties, aquifer Y. properties, aquifer Y. properties, aquifer Y.

No. 10: Upper reservoir, good physical No. 11: Middle reservoir, poor physical

No. 12: Lower reservoir, medium physical
properties, aquifer H. properties, aquifer H.

properties, aquifer H.

Figure 9. Microphotographs of reservoir cores after the CO, geochemical reaction.

No. 7: Upper caprock, aquifer H. No. 8: Middle caprock, aquifer H.

No. 9: Lower caprock, aquifer H.
Figure 10. Microphotographs of caprock cores after the CO;, geochemical reaction.
However, under the actual formation conditions, because of the dynamic equilibrium

process of the geochemical reaction, only part of Ca, Mg, and Fe in the non-carbonate
minerals can be released, and only part of them can convert into carbonate minerals.
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Meanwhile, part of the original carbonate minerals may be dissolved and release CO,.
As a result, the real utilization factor of the theoretical maximum CO, mineral trapping
capacity is not high. This factor can be determined by experimental or numerical methods.
Hence, the amount of mineralized CO; in the static geochemical reaction experiment was
calculated based on the composition change in the carbonate minerals before and after the
geochemical reaction (including calcite, dolomite, ankerite, and siderite). The amount of
mineralized CO, after different reaction times was predicted using the GEM model. All
these results are shown in Table 8 and Figure 11. Since the geochemical reaction of CO,
was simulated under the porous condition, the reaction surface area of each mineral is
relatively small, and the reaction rate is also slow. Therefore, after 7 days of reaction, the
change in the mineral composition and the CO, mineralized amount is small. But with the
reaction time extension, the geochemical reaction can reach stability after 200 years. Most
of the rock samples own the dissolution feature of carbonate minerals, and the amount of
mineralized COj is usually negative. By comparison, the experimental results (reaction for
7 days) are close to the predicted values after 10 years, which cannot represent the final
state. In the final state (1000 years later), only three rock samples can realize the effective
utilization of the theoretical maximum CO, mineral trapping capacity, and the largest
utilization factor is 75% (utilization factor = predicted final value/theoretical max. value),
while the other rock samples all provide negative values. The average utilization factor is
only —55.43%. Overall, under the reactor conditions, the mineralized CO, amount only
accounts for —0.32%, which can be ignored, while the dissolved CO, and supercritical CO,
account for 33.46% and 66.85%, respectively.

Table 8. Amounts of mineralized CO; and the utilization factors of rock samples.

Amount of Mineralized CO;, Mol/100 g Rock

Finial Utilization
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No. Theoretical Experimental Value Predicted Value Factor. %
Max. Value (after 7 Days) 7 Days 10 Years 200 Years Finally ’

1 0.0538 —0.0042 —0.0010 0.0063 0.0264 0.0264 49.15
2 0.0230 —0.0049 —0.0008 —0.0066 0.0007 0.0055 23.78
3 0.0365 —0.0034 —0.0011 0.0047 —0.0329 —0.0329 —90.19
4 0.0292 —0.0221 —0.0011 —0.0638 —0.0625 —0.0625 —213.79
5 0.0498 —0.0239 —0.0012 —0.0106 —0.0355 —0.0355 —-71.22
6 0.0385 —0.0132 —0.0015 —0.0047 —0.0436 —0.0491 —127.39
7 0.0500 —0.0136 —0.0006 0.0008 0.0217 0.0368 73.55
8 0.0446 0.0122 —0.0006 —0.0110 —0.0433 —0.0433 —97.04
9 0.0421 —0.0276 —0.0015 —0.0091 —0.0412 —0.0412 —97.86
10 0.0349 —0.0015 —0.0013 —0.0034 —0.0011 —0.0011 —3.28
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Figure 11. Amounts of mineralized CO, and the utilization factors of rock samples. (a) Amount of
mineralized CO,. (b) Utilization factor of theoretical maximum CO, mineral trapping capacity.
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5. Discussion

In this study, laboratory experiments and numerical simulations were carried out
to study the characteristics of CO, geochemical reactions in the target saline aquifers.
Some research experiences have been obtained. First, 200 mesh rock powder was used
in the static CO, geochemical reaction experiment, aiming to quickly obtain the final
equilibrium state of the CO, geochemical reaction. However, the experimental results
obtained after 7 days of the reaction are equivalent to the results after 10 years of numerical
simulation, which is not the final state. This indicates that a longer reaction time or finer
ground rock powder may be required in future experiments to reach reaction equilibrium.
Because the experimental conditions of the static CO, geochemical reaction are different
from the real formation, the numerical simulation was mainly conducted to observe the
performance of the geochemical reaction at different equilibrium degrees. The effects of
mineral composition, reaction time, and P-T conditions were all involved in the experiment.
This is similar to the sensitivity analysis of the influencing factors. However, due to the
complexity of the geochemical reaction, the law of the geochemical reaction obtained was
not obvious, but rather it indicates that the reaction was dominated by mineral dissolution.
Comparatively, it is more meaningful to conduct and fit the dynamic geochemical reaction
experiment which uses intact cores for flooding.

The CO; geochemical reaction can not only provide the CO, mineral trapping potential
but also change the aquifer’s physical properties, affecting the law of CO, seepage and
the safety of structural trapping. In this study, the aquifers Y and H are located offshore
with a shallow buried depth, and the content of carbonate and clay minerals is relatively
high. This study has shown that the dissolution of carbonate minerals will dominate in the
aquifers when CO;, is injected. Calcite, dolomite, and clay minerals mainly dissolve, while
quartz and feldspar are mainly produced, and the corroded pore number and porosity will
increase. The contribution of mineral trapping to the CO, storage potential is negative,
which can be ignored, but the impact of the geochemical reaction on the physical properties
of the reservoir and caprock needs to attract more attention. The results obtained in this
study are in good agreement with the published literature. A large number of studies have
been conducted on caprock sealing performance under the effect of a CO, geochemical
reaction. Alemu et al. [49] used a high-temperature and high-pressure reactor to carry out
an experiment of CO, breakthrough in caprock under static conditions and obtained a
change in the rule of the micro-structure properties and mineral dissolution of the caprock
before and after the reaction. Wollenweber et al. [50] conducted experimental studies on the
seepage, diffusion, and water-rock reaction of CO, in caprocks and found that the effective
diffusion coefficient of CO; increased due to the change in the caprock’s minerals and pore
structure. Through experiment and numerical simulation, Gherardi et al. [51] studied the
changes in the physical properties of the caprocks after CO; injection and concluded that
CO; would produce chemical dissolution on the caprocks, thus reducing the sealing effect
of the caprocks and increasing the CO, leakage risk. Luquot and Gouze [52] observed the
phenomenon of increased permeability caused by mineral dissolution in the experiment
of a CO, geochemical reaction. In the studies of Kim et al. and Yang et al. [53,54], it was
also observed that a CO, geochemical reaction can lead to different changes in porosity
and permeability at different locations; in their studies, the mineral dissolution of calcite
and dolomite mainly occurred upstream, while carbonate mineral precipitation mainly
occurred downstream, showing different geochemical reaction characteristics in the lower
and upper caprock. In general, CO, geochemical reactions can dissolve caprocks, the size of
the pore throat may increase, the existing cracks may further develop, and the fault may be
activated; all of these can reduce the caprock sealing performance and cause CO; leakage.

It should be noted that the physical properties of weakly consolidated saline aquifers
are more easily affected by CO, geochemical reactions, which can further damage CO,
storage safety significantly. According to the investigation, the geological sedimentary
age of offshore saline aquifers buried at a depth of 1000-3000 m in China is generally
young [55]. The compaction of the formation rock is weak. Most of them are medium-to-
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high permeability reservoirs with typical mud-sand interlayers and strong heterogeneity,
but the rocks are often weak and easily broken. These geological characteristics will
significantly affect the migration and trapping process of CO; in saline aquifers, and the
CO, geochemical reaction may also cause formation deformation and caprock failure.
Therefore, it is very necessary to carry out detailed studies on saline aquifers with such
geological conditions to reveal the effect of CO;, geochemical reactions on storage safety.

6. Conclusions

(1) Saline aquifers Y and H are marine weakly consolidated sandstone formations. The
reservoirs are mostly made up of fine-to-medium-grained sandstones as quartz arenite
with a considerable amount of feldspar. The detrital grains have a large size, distinct
outline, poor sorting, low content of fillings, and large intergranular pores, which can
provide favorable pore space for CO; storage. Comparatively, the caprocks contain
a low content of detrital grains with a small size and a high content of argillaceous,
siliceous, and ferruginous fillings with a basal cementation and good sorting, which
can has a good sealing effect on CO; storage.

(2) Both the reservoirs and caprocks of aquifers Y and H contain a certain amount of
carbonate and clay minerals. When CO; is injected into aquifers, mineral dissolution
will dominate. The contents of quartz and feldspar will increase, while the contents
of calcite, dolomite, and clay minerals will decrease. At the same time, more CaZ*
and Mg will be released into the formation water. Due to the different original
mineral compositions, the CO, geochemical reaction is more complicated in caprocks.
The specific CO, geochemical reaction process is determined jointly by the mineral
composition, the ion concentrations, the contact surface, the P-T conditions, and the
reaction time.

(3) Aquifers Y and H have a theoretical maximum CO, mineral trapping capacity of
0.023-0.0538 mol/100 g rock, but due to the dynamic equilibrium of the geochemical
reaction, only a small number of rock samples can realize the effective utilization of
this theoretical capacity, and the largest utilization factor is 75%, while the average
utilization factor is only —55.43%. Overall, the amount of mineralized CO; is negative,
and the contribution of mineral trapping to CO, storage capacity takes —0.32%, which
can be ignored.

(4) CO, geochemical reaction can not only provide the CO;, mineral trapping potential
but also change the aquifer’s physical properties and affect the law of CO, seepage
and the safety of CO; storage. It is very necessary to conduct systematic and detailed
research in the future to reveal the effect of geochemical reactions on CO; storage
safety, especially in offshore weakly consolidated sandstone saline aquifers which
could be important potential sites for large-scale CO, storage in China.
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