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ABSTRACT 

The geological storage of carbon dioxide (CO2), also referred to as CO2 geosequestration, 
represents one of the most promising options for reducing greenhouse gases in the atmosphere. 
However, sometimes, CO2 is captured with small amounts of other industrial gases such as 
sulphur dioxide (SO2) and hydrogen sulphide (H2S), incurring extra costs to separate these other 
acid gases before CO2 storage in depleted petroleum reservoirs or aquifers. So, it might be 
necessary to inject CO2 with a small amount of these gas impurities to save cost. Moreover, during 
CO2 geosequestration in reservoirs, pressure variations during injection and storage could force 
some amount of CO2 into the caprock; thereby, altering the petrophysical and geochemical 
properties of the caprock. Also, CO2-brine-rock interactions during CO2 geosequestration can 
impact the brittleness of the formations due to changes in their mineralogical compositions during 
the geochemical reactions. Therefore, studies on the co-injection of CO2 with other acid gases 
from industrial emissions and their impact on caprock integrity are paramount. In this study, 
numerical simulations were performed using TOUGHREACT codes, to investigate the injection 
of pure CO2 and CO2 co-injection with SO2 or H2S into carbonate and sandstone formations, and 
their migration to shale caprock. Mineralogical brittleness models were derived from existing 
models, and one of the models that accounts for the relative level of brittleness of brittleness 
minerals was applied to evaluate the mineralogical brittleness index of the rocks. In addition, a 
machine learning approach to predicting the brittleness index of rocks was adopted and an 
artificial neural network (ANN) model was developed to evaluate the brittleness index of rocks 
using data from the numerical simulations of CO2 geosequestration in sandstone and carbonate 
reservoirs, overlain by shale caprock. The ANN model was developed using Python programming 
language. The findings of the study revealed that SO2 gas dissolves faster in brine compared to 
H2S gas when co-injected with CO2 gas in reservoir rocks. Thus, the region in the reservoir 
contacted by SO2 gas is smaller compared to H2S gas. SO2 gas dissolves more in sandstone 
reservoirs compared to carbonate reservoirs, due to the availability of more Fe-bearing minerals 
in the sandstone formation. The findings of the study also indicate that porosity and permeability 
increase for the CO2 alone and CO2-H2S injection cases, in both the carbonate and shale rocks; 
while for the CO2-SO2 injection case, porosity and permeability increase in the shale rock and 
carbonate rock (initially composed of calcite and dolomite) and decrease in the carbonate (pure 
and impure limestone) and sandstone rocks, due to anhydrite precipitation from the injection zone 
to the reservoir-caprock interface. During cyclic injection and withdrawal of CO2, for all the 
injection cases, the porosity and permeability of the sandstone reservoir decreased in a few layers 
directly below the perforation interval of the production zone. In all the sequestration cases and 
techniques, the brittleness of the shale and sandstone rocks decreases, while the change in the 
brittleness of the carbonate rocks varies depending on calcite precipitation or dissolution. The 
brittleness of the carbonate rock (initially made up of calcite and dolomite minerals) decreased 
only in a small region in the lower part of the reservoir. Therefore, carbonate reservoirs with similar 
mineralogy may be suitable for SO2 gas co-injection with CO2. Based on the mineralogical 
composition of the formations in this study, the injection of pure CO2 or CO2 co-injection with H2S 
or SO2 decreased the brittleness index of the clay-rich shale caprock slightly. The brittleness index 
of carbonate-rich shale caprock might increase during pure CO2 geosequestration. Therefore, a 
proper understanding of the mineralogical composition of formations before CO2 
geosequestration is vital. The ANN model developed in this study predicted the brittleness index 
of rocks with R2 value greater than 99% and mean absolute percentage error (MAPE) of less than 
0.7%. Hence, the ANN model predicts the brittleness index of the formations accurately.  

Keywords: Carbon dioxide, Geosequestration, Depleted petroleum reservoirs, Caprock, 
Integrity, Porosity, Permeability, Brittleness index, Numerical simulations, Machine learning 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background to the Study 

Carbon dioxide (CO2) geosequestration represents one of the most promising options for reducing 

atmospheric emissions of CO2 (Bachu, 2002). It has been proposed as one solution to global 

climate change caused by heat-trapping of anthropogenic gases in the atmosphere (Wei et al., 

2015; Klokov et al., 2017; Liu et al., 2020). What is fascinating about geosequestration is that CO2 

can be stored underground in caverns (salt caverns or engineered caverns) or porous media 

(aquifer and depleted oil or gas reservoirs). For long-term storage of gases, underground storage 

in aquifers or depleted oil (or gas) reservoirs is preferable due to the large storage capacity of 

gases in aquifers and depleted oil or gas reservoirs (Panfilov, 2016). Nonetheless, caprock 

integrity ascertained based on its petrophysical, geochemical, and geomechanical properties is 

vital to ensure safe and sustainable storage of CO2 (Pearce et al., 2016; Liu et al., 2020). 

Caprock is any impermeable or low permeability formation that may trap gas, oil, or water, 

preventing it from migrating to the surface (Klokov et al., 2017). Originally, most cap rocks have 

high mechanical strength, high stiffness, high capillary entry pressure, low compressibility, and 

very low permeability (Smith et al., 2009; Edlmann et al., 2013). However, during petroleum 

depletion as well as CO2 injection and storage, caprock undergoes stresses and strains that 

impact its integrity. Hence, for long-term CO2 storage, it is paramount to understand whether 

stress and strain changes caused by the gas injection or storage would lead to irreversible 

mechanical damage of the reservoir and impact the caprock integrity which could lead to CO2 

leakage, through previously sealing structures (Li, 2016). Thus, to properly evaluate caprock 

integrity, certain criteria based on rock theories of failure and rock mineral alterations must be set 

to reflect changes in the brittleness of reservoir and cap rocks. 

During CO2 injection and storage, the CO2-brine-rock interaction results in dissolution and/or 

precipitation of minerals which impacts the petrophysical and geomechanical properties of the 

rock. Due to the mineral alterations, the resulting change in mechanical properties of the minerals 

impact the brittleness of the rock. Thus, different concepts including fraction of reversible strain 

to total strain at rock failure (Hucka and Das, 1974; Hou et al., 2018; Li, 2022), brittleness based 

on rock strength parameters (Hucka and Das, 1974; Meng et al., 2015; Li, 2022), brittleness based 
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on rock elastic parameters (Luan et al., 2014; Rickman et al., 2008), and brittleness based on 

mineralogical composition of the rock (Guo et al., 2016; Kang et al., 2020; Li, 2022) have been 

adopted to determine the brittleness of rocks. So, different studies have been conducted to 

investigate the impact of CO2 geosequestration on the petrophysical, geochemical, and 

geomechanical properties of rocks.  

Dissolution of primary minerals in reservoir and cap rocks during pure CO2 geosequestration 

increases their porosity and permeability (Wang et al., 2022, Fatima et al., 2021). The maximum 

impurity level of H2S and SO2 in captured CO2 can be as high as 3.2 mol% and 2.5 mol%, 

respectively (Murugan et al., 2019). An increase in permeability of reservoir and caprock has been 

observed in the case of co-injection of CO2 and 100 ppm of H2S in an experimental study 

conducted by Bolourinejad and Herber (2014) on Permian Rotliegend sandstone reservoir (no 

initial calcite content) and Zechstein caprock (anhydrite and carbonate component) core samples 

at in situ conditions of 300 bar and 100 0C for 30 days. In the case of co-injection of CO2 and 100 

ppm of SO2, the permeability of the sandstone reservoir rock samples increased by a factor of 

1.18 to 2.2, while the permeability of the caprock samples changed by a factor of 0.8 to 23 

(permeability increased in caprock samples with a higher ratio of initial carbonate mineral 

concentration to anhydrite content, due to the carbonate dissolution). The increase in the 

permeability of the sandstone reservoir for the CO2-SO2 co-injection case could be attributed to 

the lack of calcite content in the initial composition of the rock. Thus, the release of Ca2+ from 

dolomite dissolution was not enough to precipitate a significant amount of anhydrite (which could 

have decreased the permeability of the reservoir rock in the CO2-SO2 case) as the duration of the 

experiment is short (Hedayati et al., 2018).  

A similar experimental study was conducted by Aminu et al. (2018) to evaluate the effect of 

impurities on the permeability of sandstone reservoirs at 700C and 140 bar for 9 months. They 

found that the effect of H2S on the permeability of the reservoir is relatively small. CO2 increased 

the reservoir rock permeability by 5.83%, while CO2-H2S increased it by 6.25%. CO2 co-injection 

with SO2 slightly decreased permeability by 6.25%; while CO2 co-injection with NO2 significantly 

decreased permeability by 41.67%. The changes in the rock permeability are significantly 

influenced by the existing rock minerals dissolution and precipitation, as well as the precipitation 

of secondary minerals. These changes in permeability and porosity result from the dissolution of 

these gases in formation water, thus reducing pH which enhances chemical reactions in the rock 

and results in the dissolution and precipitation of minerals (Li et al., 2016; Pearce et al., 2016; 

Pearce et al., 2019).  
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Changes in the porosity of reservoir and cap rocks during CO2 geosequestration are also 

impacted by the formation temperature and pressure. Davila et al. (2017) found that porosity of 

the caprock increases more under any partial pressure of CO2 at lower temperature, while porosity 

reduced as temperature increased. Moreover, as partial pressure of CO2 rises (increase in 

proportion of dissolved CO2 in the formation water up to supercritical condition), porosity of the 

caprock enlarges over greater distances. Thus, the temperature of the system could have 

selective impact on dissolution and precipitation of minerals, and temperature is inversely related 

to porosity of the rock at the conditions considered. Therefore, dissolution or precipitation of 

minerals, and changes in porosity and permeability of a rock depend on the amount of impurities 

in the injected CO2 stream, brine composition, lithology of the rock, formation temperature and 

pressure, and duration of CO2 geosequestration. 

AL-Ameri et al. (2014) and Tariq et al. (2018) studied the time-dependent effect of CO2 

geosequestration on the mechanical properties of rocks. Mechanical weakening of the rock 

increases with the duration of CO2 geosequestration. Alam et al. (2014) found that the impact of 

supercritical CO2 injection on the geomechanical properties of chalk depends on the carbonate 

mineral content as rocks with high carbonate content experience significant mechanical 

weakening due to CO2 injection, while rocks with low carbonate content experience a negligible 

amount of mechanical weakening. In sandstone and shale rocks, Young’s modulus, uniaxial 

compressive strength, and Brazilian tensile strength decrease with co-injection of supercritical 

CO2 (scCO2) and brine (Huang et al., 2018; Lyu et al., 2018). But, the tensile fracturing behaviour 

of sandstone is not significantly affected by gaseous CO2 in the presence or absence of water 

(Liu et al., 2014). Masoudi et al. (2011) found that at low injection pressure (below 4200 psi), 

carbonate reservoir and shale caprock remained elastic even though the strength and elastic 

properties of the materials degraded as CO2 saturation increased, and the local permeability of 

the carbonate reservoir increased up to 70% due to injection. Compactions induced in the 

reservoir rock during CO2 production were completely recovered during the injection phase to 

their pre-production values when the reservoir pressures were restored. However, at high 

injection pressure, the rocks experience plastic deformation. Thus the rocks could fail over a 

certain amount of plastic deformation depending on the level of brittleness of the rocks.  

Lyu et al. (2018) conducted an experimental study and developed a damage constitutive model 

to investigate the effects of CO2-brine-rock interactions on the brittleness index of a low-clay shale 

(with a carbonate or calcite content of only 4.4 wt.%, cristobalite content of 2.88 wt.%, quartz 

content of 55.50 wt.%, feldspar content of 14.57 wt.%, clay content of 5.85 wt.%, and other 
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minerals). They found that the CO2-brine-shale interactions in the soaked shale sample 

decreased the brittleness values. A similar experimental study was conducted by Elwegaa et al. 

(2019) to investigate the impact of cyclic cold carbon dioxide injection on the brittleness of shale 

rock samples. The shale rock samples used in the study were carbonate-rich with 81.6 wt.% 

calcite, 14.2 wt.% calcite, 3.0 wt.% kaolinite, and 1.3 wt.% basanite. The rock samples were 

subjected to the same cyclic injection temperature conditions (740F, 320F, 00F, and -150F), but 

different injection pressure conditions (1000 psi, 2000 psi, 3000 psi, or 4000 psi). They observed 

an increase in the brittleness index (or brittleness ratio) of the three shale core samples, while the 

brittleness index of the fourth shale core sample subjected to cyclic injection temperature 

conditions at 3000 psi decreased. Elwegaa et al. (2019) evaluated the brittleness index of the 

rock samples mainly by the ratio of the sum of the volume of quartz and dolomite to the sum of 

the volume of all the minerals in the rock sample; and the brittleness ratio was evaluated based 

on dynamic elastic modulus and Poisson’s ratio, which do not accurately reflect the brittleness of 

rocks.  

However, the decrease in the brittleness index of the low-clay shale samples in the study 

conducted by Lyu et al. (2018) might be related to the low initial carbonate content, while the 

increase in the brittleness index of the shale rock samples in the study conducted by Elwegaa et 

al. (2019) might be related to the high initial carbonate content of the shale rock samples. 

Therefore, it is important to evaluate the brittleness index of different formations (with different 

initial mineralogical compositions) subjected to CO2 sequestration conditions using a similar and 

more robust mathematical model for a better comparison. Other studies on the brittleness of rocks 

have not considered the impact of CO2 injection on the brittleness of rock but developed models 

to determine the brittleness of rocks based on the weight fraction of the minerals (Kang et al., 

2020), tensile brittleness index (Hou et al., 2018), and post-peak stress-strain curves under 

different confining pressure conditions (Meng et al., 2015). 

Meanwhile, CO2 geosequestration could involve a non-cyclic or cyclic process. On the one hand, 

a non-cyclic process entails the injection of CO2 over a period, then the injection is stopped, and 

the injected CO2 is trapped in the reservoir. On the other hand, the cyclic process of 

geosequestration involves the injection of CO2 for some period (in some cases, withdrawing some 

of the injected CO2 and leaving behind some amount of CO2 in the reservoir), and repeating the 

process over the geosequestration period. Cyclic injection and withdrawal of CO2 in reservoirs 

might be an effective technology to promote CO2 utilization, as this technology would enable 

seasonal injection and withdrawal of CO2. Following this approach, CO2 can be produced from 
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the reservoir when needed for electrochemical hydrogen production (Koomson et al., 2023), to 

produce renewable methanol (Sollai et al., 2023; Wang et al., 2023) or other forms of energy. 

Thus, the utilization of CO2 for energy creation will reduce the world’s reliance on fossil fuels 

(Wang et al., 2023).  

CO2 storage is possible by its different trapping mechanisms including residual trapping, solubility 

trapping, mineral trapping, and structural/stratigraphic trapping mechanisms (Sun et al., 2016). 

Residual trapping occurs as injected CO2, which initially displaced the existing water (or brine) in 

the reservoir, gets displaced as the formation water imbibes back to the trailing edge of the CO2 

plume and traps the gas in the form of isolated blobs. This trapping mechanism occurs relatively 

fast during CO2 injection. As the injected CO2 comes in contact with brine in the reservoir, some 

of it will dissolve into the formation water (solubility trapping). Thus, the fluid phase can no longer 

exist separately and the buoyant force that drives it upwards is eliminated. After some time, the 

dissolved CO2 in water lowers the initial brine pH (acidification of the groundwater) resulting in 

fluid-rock interactions (chemical reactions) and leading to mineral trapping as the rock is made up 

of different minerals. This mineralization reaction begins after some time during CO2 injection and 

continues during the storage life of the porous rock leading to dissolution and precipitation of 

minerals or aqueous complexes. During the period of CO2 geosequestration, it is important to 

have a physical (or structural) trapping which impedes the migration of CO2 plume to the earth's 

surface. It is a region or layer of porous media with a low-permeability seal and high capillary entry 

pressure, and caprock serves this purpose (Saraji et al., 2013; Edlmann et al., 2013; Sun et al., 

2016). 

Residual trapping of CO2 increases during cyclic CO2 injection (Herring et al., 2016; Edlmann et 

al., 2019). During cyclic CO2 injection, about 40-50% of CO2 can be stored mainly through residual 

and solubility trapping mechanisms in the porous medium (Abedini and Torabi, 2014). Water 

alternating gas (CO2) and CO2 cyclic injection strategies provide significantly higher effective CO2 

storage capacities compared to the continuous CO2 injection strategy (Li et al., 2021). However, 

residually trapped CO2 might reconnect with injected CO2 in subsequent injection cycles mainly 

close to the large pore clusters, like the cyclic hydrogen (H2) injections (Lysyy et al., 2023). 

Moreover, increased residual trapping of CO2 during cyclic injection, could result in reduction in 

effective permeability, thereby limiting flow and injectivity (Edlmann et al., 2019).  

The exposure of supercritical CO2 in certain geologic materials may induce surface chemical 

reactions which are time-dependent (Herring et al., 2016). Thus, the surface chemical reactions 
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can influence the pore structure of the rock (especially over longer periods of cyclic CO2 injection), 

as dissolution-dominant reactions of rock minerals would result in increased porosity and 

permeability, while precipitation-dominant reactions would result in decreased porosity and 

permeability of the rock (Xu et al., 2014; Ma et al., 2019). Elwegaa et al. (2019) conducted a study 

on cyclic cold carbon dioxide injection for improved oil recovery from shale oil reservoirs. They 

found that injection of cold CO2 increased both porosities and permeabilities of the core samples 

by up to 3.5% and 8.8%, respectively. The porosity and proportion of macropores of coal (a porous 

medium for CO2 storage) increase after treatment on cyclical injection of supercritical CO2, as 

new pores were formed and some small pores possibly converted into macropores (Su et al., 

2021). Moreover, the microporosity of sandstone increases during cyclic wetting-drying process, 

similar to cyclic CO2 injection, as the microstructure of the rock changes. The driving forces of the 

changes in the microstructure of the sandstone is water-rock interaction including physical, 

mechanical, and chemical interactions (Ke et al., 2023). The chemical interaction that causes the 

dissolution and precipitation of some minerals in the rock can increase or decrease the porosity 

of the rock. For instance, in a study conducted by Badrouchi et al. (2022), after four CO2 injection 

cycles, the effective porosity of the rock samples decreased, as the dissolved CO2 could react 

with rock minerals and form precipitates that block some pores. These changes in the 

microstructure impact the petrophysical (porosity and permeability) and mechanical (elastic and 

strength parameters) properties of the rock.  

Experiments conducted on coal samples (a porous medium that has similar minerals found in 

other rocks, although in different proportions) show that the uniaxial compressive strength (or 

peak strength) of coal samples decreases more in the case of cyclic CO2 saturation and as the 

cycles get larger (increased number of cycles), compared to continuous (sustained) saturation 

(Su et al., 2020; Xu et al., 2021). Rocks’ strength and deformation (or elastic) parameters are 

strongly dependent on the mineral compositions of the rock samples (Li et al., 2023). Li et al. 

(2023) conducted an experimental study to evaluate the mechanical properties of different shale-

layered samples with different mineral compositions under cyclic loading. They found that Young’s 

(elastic) modulus of the clay-rich shale was highest, followed by calcareous and siliceous shale; 

while the Poisson’s ratio of calcareous shale was observed to be highest, followed by clay-rich 

and siliceous shale samples. In addition, the compressive strengths under cyclic loading and 

unloading were lower compared to the compressive strengths under uniaxial quasi-static loading. 

Due to the variations in the mineral compositions of the shale samples, the average decline in the 

compressive strength of calcareous shale was the largest, followed by the siliceous and clay-rich 
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shale. The relatively higher average decline in the compressive strength of the calcareous shale 

might be related to the increase in the brittleness index of the carbonate-rich shale rock samples 

in the study conducted by Elwegaa et al. (2019). Furthermore, Xu et al. (2022) found that the 

compressive strength and elastic modulus of coal samples correlate negatively with the increasing 

cyclical parameters, while the Poisson’s ratio and damage variable positively correlate with the 

increasing affecting parameters. This non-uniform variation in Young’s modulus and Poisson’s 

ratio might be related to the brittleness of rocks, as these parameters are used in brittleness index 

evaluations. Thus, it is possible that the brittleness of rocks varies during cyclic CO2 injection.  

The studies reviewed have considered the impact of CO2 and impurities (H2S, SO2, or NO2) on 

porosity, permeability, and mineralogical changes in different rock lithologies, as well as the 

impact of pure CO2-brine interaction on geomechanical properties and brittleness of rocks. 

Furthermore, several researchers have studied cyclic CO2 injection as a drainage-imbibition 

process in which case CO2 is injected followed by water, from the same end of the rock sample 

and similar to water alternating gas approach of enhanced oil recovery: or periodic injection of 

CO2 and producing from the other end of the reservoir (in cartesian coordinate system) or 

observing the impact of the injected CO2 in the reservoir. To the best knowledge of the researcher, 

no study has been conducted to investigate the impact of CO2 impurities (H2S or SO2) on the 

brittleness of reservoir or cap rocks during cyclic or non-cyclic CO2 injection technique of CO2 

geosequestration. In addition to the non-cyclic approach of CO2 geosequestration, the present 

study adopts a novel approach of cyclic CO2 geosequestration (with or without H2S/SO2 impurity) 

to promote CO2 utilization and storage by injecting CO2 at the bottom of the reservoir and 

producing CO2 at the top part of the reservoir using the same well for both operations, to save 

cost and produce a purer form of CO2 (with little or no formation water production). Thus, the 

utilization of CO2 for energy creation will reduce the world’s reliance on fossil fuels (Wang et al., 

2023). However, the cyclic injection-withdrawal of CO2 (with or without impurities), will induce 

cyclic stress in the reservoir and cap rocks (as bottomhole pressure is higher during injection, and 

lower during fluid withdrawal from the reservoir), thereby altering the petrophysical, geochemical, 

and geomechanical properties of the rocks. During CO2 geosequestration (cyclic or non-cyclic), 

as the mineralogical compositions and petrophysical properties of the rocks are altered, the 

brittleness of the rocks might be impacted. It is important for the caprock to be less brittle relative 

to the reservoir rock during CO2 geosequestration to minimize the chance of fracturing the caprock 

and creating pathways for CO2 leakage to the earth’s surface. A highly brittle rock can be easily 

fractured by an increase in pressure in the formation. Therefore, a decrease in the brittleness 
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index of caprock and an increase in the brittleness index of reservoir rocks are favourable during 

CO2 geosequestration. Hence, this study evaluates the impact of impurities in CO2 on the 

petrophysical properties and brittleness index of reservoir and cap rocks during CO2 

geosequestration.  

1.2 Statement of the Problem 

There has been significant climate change over the past few decades compared to a century ago, 

as CO2 emissions from industrial activities have increased. Reduction and possibly elimination of 

industry-based greenhouse gas emissions have become almost a daily discussion among 

scientists and environmental protection advocates in every part of the world. In fact, in Paris 

Agreement of 2015, all the parties to the United Nations Framework Convention on Climate 

Change agreed on putting more effort and investments into combating climate change and 

creating a net-zero carbon future for the world. A key strategy to achieving this goal is the 

geosequestration of CO2 in depleted hydrocarbon reservoirs, to remove anthropogenic CO2 

emissions from the atmosphere. It is true that such reservoirs originally contained pressurized 

gases over long geological times as their natural caprock integrity was sufficient. However, there 

is no guarantee that after depletion of the hydrocarbon that the caprock is still capable of 

containing injected CO2. In fact, some impurities can be found in association with CO2 and it is 

necessary to investigate if some of the impurities could possibly enhance the self-sealing of 

caprock. Nonetheless, cap rocks have different mineralogical compositions (clay-rich, calcareous, 

or siliceous shale), and their properties are influenced by their environment of deposition and the 

tectonic activities such rocks have undergone. Therefore, their grain size distribution and pore 

networks are different and could impact their potential to maintain caprock integrity during CO2 

geosequestration.  

Furthermore, complex pressure variation exists in reservoirs during CO2 injection. During CO2 

injection, a slight increase in reservoir pressure or CO2 injection pressure could result in reservoir 

fluid invasion into the caprock as soon as its capillary entry pressure is exceeded. CO2 could also 

migrate into the caprock through diffusion, over a long period. Moreover, CO2 streams contain 

some fraction of gas impurities such as H2S or SO2. Thus, as CO2 penetrates the caprock, these 

gas impurities might continue to invade some of the caprock layers with the CO2 by convective 

reactive transport. Hence these invaded reservoir fluids become trapped in the caprock layers 

penetrated. The CO2 mixture could alter the mineral composition of the rock, and consequently 

change the brittleness of the caprock. If the brittleness of the caprock layers contacted by the CO2 
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mixtures increases, with a slight increase in the reservoir pressure during the period of CO2 

injection or storage, it will become easier for the reservoir fluid to induce tensile fracture in the 

caprock layers. Otherwise, the caprock layers are able to handle a higher amount of developed 

pressure during the period of CO2 geosequestration. Therefore, investigating the impact of CO2 

mixtures on the brittleness of caprock is paramount.  

To properly evaluate the brittleness of cap rocks, the rock mineralogical and mechanical changes 

are required, as the changes in brittleness are controlled by alteration of the rock minerals and 

geomechanical properties. During CO2 geosequestration in depleted petroleum reservoirs or 

aquifers, the rock experiences induced stresses as the fluid flows through interconnected pore 

spaces and contacts the surrounding rock grains, especially during the cyclic injection process. 

The induced stresses developed lead to deformation and reduction in the strength (weakening) 

of the cement in rocks during CO2 sequestration (Liu and Dai, 2021). Moreover, most times, CO2 

is captured with some other acid gases (such as H2S and SO2) and injected in petroleum 

reservoirs or aquifers. These acid gases might impact the reservoir and caprock integrity. Hence, 

the problem of this study is to find out whether the co-injection of CO2 with some gas impurities 

impacts the petrophysical properties and brittleness of reservoir and cap rocks. 

1.3 Aim and Objectives of the Study 

The aim of this study is to evaluate caprock integrity for geosequestration of CO2 in depleted 

petroleum reservoirs.  

In specific terms, the objective of this study is to: 

1. investigate the impact of impurities in CO2 on the porosity, permeability, and geochemical 

composition of reservoir and cap rocks during injection, withdrawal, and storage of CO2 

gas stream; 

2. derive mathematical models to calculate the brittleness index of reservoir and cap rocks 

based on their mineral volume fraction; 

3. evaluate the impact of impurities in CO2 on the brittleness index of reservoir and cap rocks 

during the non-cyclic and cyclic process of CO2 geosequestration; 

4. determine best depleted reservoirs and suitable caprock lithology for CO2 

geosequestration, based on changes in their porosity, permeability, and brittleness index; 
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5. develop a machine learning model to predict the brittleness index of rocks before and 

during CO2 geosequestration. 

1.4 Significance of the Study  

The outcome of this study will impact the Carbon Capture, Utilization, and Storage (CCUS) 

industry. The findings on the selection of best-depleted oil and gas reservoirs or aquifers for CO2 

storage will help the CCUS industry in taking proactive measures in identifying such reservoirs 

(and cap rocks) even during oil and gas production (or depletion) as this study adopts the same 

approach of evaluating caprock integrity before and during CO2 geosequestration. Furthermore, 

based on the properties of the caprock, better operational conditions for CO2 injection and storage 

will be developed to maintain caprock integrity and save the industrial cost of pollution as CO2 

leakage to the surface will be prevented. Also, cost of decommissioning will be saved, by adopting 

proactive measures which this study provides, as suitable reservoirs for CO2 injection or storage 

will be identified even during oil or gas production life of the reservoir. Thus, only wells around 

reservoirs that are not useful for CO2 injection, withdrawal, or storage are decommissioned. In 

addition, this study will provide more insight into the feasibility of seasonal energy storage and 

CO2 utilization, by adopting the technology of cyclic injection-withdrawal of CO2 during the 

geosequestration period. Overall, this study provides the carbon capture, utilization, and storage 

(CCUS) industry with valuable tools to evaluate the integrity of reservoir and cap rocks for 

injection, withdrawal, and storage of CO2. 

1.5 Contribution to Existing Body of Knowledge 

This study evaluates caprock integrity during the non-cyclic and cyclic process of CO2 

geosequestration. To achieve the cyclic process of CO2 geosequestration, a dual-tubing string 

system of well completion was designed in this study for cyclic injection and withdrawal of CO2 

gas streams. Hence, cyclic stress was created in the formations as CO2 (with or without impurities) 

is injected at a higher bottom hole pressure to enable the displacement of existing fluids in the 

reservoir, and withdrawn at a lower bottom hole pressure to enable flow from the reservoir to the 

wellbore. This study further evaluates the impact of co-injecting SO2 or H2S impurities with CO2 

on the petrophysical properties and brittleness index of reservoir and cap rocks.  

The impact of injecting pure CO2 or co-injecting SO2 or H2S impurity with CO2 on the porosity and 

permeability of reservoir rock (sandstone or carbonate) and shale caprock were evaluated in the 

non-cyclic and cyclic approach of CO2 geosequestration. Thus, providing a detailed comparison 
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of porosity and permeability changes during CO2 geosequestration. The changes in the porosity 

and permeability of the rocks can be used to evaluate the self-sealing potential of rocks, as well 

as their injectivity and productivity, during CO2 geosequestration. 

Furthermore, mathematical models were derived in the present study to evaluate the 

mineralogical brittleness index of reservoirs and caprocks based on the volume fraction, 

molecular weight, and molar volume of the rock minerals. Thus, making it possible to evaluate 

the mineralogical brittleness index of rocks from numerical simulation results, as volume fractions 

(not weight fractions) of minerals are outputted from reactive transport modelling of CO2-brine-

rock interactions (after mineral dissolution or precipitation). In addition, previous studies have only 

evaluated the impact of pure CO2 (without other gas impurities) on the brittleness index of shale 

rocks. But the present study evaluates the impact of CO2, with or without gas (SO2 or H2S) 

impurities, on the brittleness index of shale rocks (clay-rich and carbonate-rich shale) as well as 

carbonate and sandstone rocks using the derived mathematical model.  

Finally, machine learning models were developed in this study, to establish that the brittleness 

index of a formation can be predicted from the ionic composition of the formation fluid and the 

formation temperature. Thus, this study contributes to the existing body of knowledge by providing 

a combination of methods and parameters to determine the best depleted petroleum reservoirs 

for CO2 geosequestration and to evaluate the integrity of the caprock. 

1.6 Scope of the Study 

This study is based on numerical simulations to evaluate the impact of sulphur dioxide (SO2) or 

H2S impurities during CO2 geosequestration in depleted petroleum reservoirs. However, the 

depleted petroleum reservoir considered in this study was assumed to be under a strong aquifer, 

such that a very large fraction of the hydrocarbon in the reservoir has been produced and the 

reservoir pore spaces were replaced by water. Therefore, the reservoir simulation is similar to 

CO2 geosequestration in aquifers. Thus, the effect of hydrocarbon reactions with the injected 

gases and formation water were not considered in this study.  

Coupled thermal, hydrological, and chemical (THC) numerical simulations were performed to 

investigate petrophysical and geochemical changes of the rocks (carbonate, sandstone, and 

shale rocks) during CO2 injection and storage, and determine mineralogical brittleness index of 

the rocks at constant reservoir and caprock temperature. Thus, the selection of best depleted 

petroleum reservoirs for CO2 storage was based on changes in petrophysical properties of the 
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reservoir and cap rocks as well as changes in their brittleness index. Changes in the properties 

of sandstone and carbonate reservoirs, and shale caprock were evaluated during the non-cyclic 

approach of CO2 geosequestration; while only changes in the properties of sandstone reservoir 

and shale caprock were evaluated during the cyclic approach of CO2 geosequestration. 

1.7 Structural Outline of the Study 

This study is organised into five chapters (Chapter One to Chapter Five), namely, Introduction, 

Literature Review, Research Methodology, Results and Discussions, and Conclusions and 

Recommendations. 

In Chapter One, the background to the study and the problem this study intends to address have 

been explored. The research aim and objectives have been identified. The significance of the 

study to the CCUS industry and the contribution of the research to the existing body of knowledge 

have been discussed. The scope of the study has also been discussed.  

In Chapter Two, existing literature relevant to this study will be reviewed, and theories upon which 

the brittleness index of rocks is evaluated will be laid out. The rock types that will be discussed in 

the literature review as reservoirs are sandstone, carbonate, carbonate-rich shale, coal, and 

unconventional shale reservoir rock; while the rock types that will be discussed as a caprock are 

mainly anhydrite (with a small fraction of carbonate minerals), carbonate, marl, calcareous shale 

(calcite-rich), siliceous shale (rich in silica mineral or silicon dioxide), clay-rich shale, and siltstone. 

So, some formations considered as reservoir rocks may also be suitable as cap rocks, depending 

on their permeability. Reservoir rocks have a higher permeability, while cap rocks have relatively 

low permeability. 

In Chapter Three, the research methodology will be explored. This chapter will include the 

derivation of mathematical models for the calculation brittleness index of rocks, the design of the 

well and reservoir-caprock system for the non-cyclic and cyclic approach of CO2 (with or without 

impurities) geosequestration, reactive transport numerical modelling approach using 

TOUGHREACT codes, the equations for calculating the porosity and permeability of rocks from 

reactive transport modelling, the analytical approach of applying the brittleness index models, the 

development of machine learning models for the prediction of brittleness index of rocks, and the 

limitations of the study. 

In Chapter Four, the results from the data analysis will be presented and discussed based on the 

objectives of the study.  
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In Chapter Five,  Conclusions will be made based on the research findings, and recommendations 

for future studies will be made. Also, the contributions of the research to practice will be discussed.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Conceptual Review  

CO2 geosequestration represents one of the most promising options for reducing atmospheric 

emissions of CO2 (Bachu, 2002).  It involves the injection and storage of captured CO2 in 

geological structures. These geological structures are mainly aquifers or depleted oil or gas 

reservoirs. CO2 geosequestration has been proposed by different scholars as one solution to 

world climate change resulting from heat-trapping (Wei et al., 2015; Klokov et al., 2017; Liu et al., 

2020). CO2 storage is possible by its different trapping mechanisms including residual trapping, 

solubility trapping, mineral trapping, and structural/stratigraphic trapping mechanisms (Sun et al., 

2016). During the period of CO2 geosequestration, it is important to have a good seal or caprock 

overlying the reservoir rock which impedes the migration of CO2 plume to the earth’s surface. 

2.1.1 Caprock 

Caprock, is a low permeability or impermeable formation (Figure 2.1), that is capable of trapping 

gas, oil, or water; ensuring those fluids do not migrate to the surface (Klokov et al., 2017). 

Originally, most cap rocks have high mechanical strength, high stiffness, low compressibility, and 

very low permeability (Smith et al., 2009). However, during petroleum depletion as well as CO2 

injection and storage, caprock undergoes stress and strain which impact its integrity. For long-

term CO2 storage, it is paramount to understand whether stress and strain changes caused by 

CO2 injection would lead to irreversible mechanical damage of the reservoir and impact the 

caprock integrity, in which case CO2 leakage could be experienced through previously sealing 

structures (Li, 2016).  

Deformation of caprock results from several factors including the impact of fluid properties in the 

reservoir-caprock system and impurities in association with CO2, variation in temperature and 

pressure of the reservoir-caprock system, and the rock properties in general (Pearce et al., 2016; 

Li et al., 2018; Liu et al., 2020). These factors can result in change in the petrophysical, 

geochemical, and geomechanical properties of the rock. The caprock should be such that can 

withstand the short-term excess injection pressure as well as the long-term buoyancy pressure 

(Espinoza and Santamarina, 2017). Thus, caprock integrity ascertained based on the 
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petrophysical, geochemical, and geomechanical properties of caprock is paramount to ensure 

sustainable storage of CO2 (Liu et al., 2020). 

 

Figure 2.1: Carbon dioxide geosequestration beneath a caprock (a) injection and storage of 
captured CO2 (b) CO2-water menisci at the interface between the reservoir and the caprock (c) 

Capillary-tube analogy for water-wet minerals (Espinoza and Santamarina, 2017). 

During CO2 injection, rock pore pressure increases and could lead to changes in stress and strain 

in the reservoir and cap rocks. However, changes in the rock porosity caused by the variation of 

pressure and total mean stress could be small and limited. In fact, with a certain CO2 injection rate 

as high as 200,000 t/yr, the geomechanical effect can be very small (Li, 2016). In such a case, 

both the reservoir and cap rocks might behave elastically with no noticeable plastic deformations 

under the conditions considered. A stress path analysis could indicate that the caprock still retains 

the primary stress state and the caprock integrity is not significantly affected (Gou et al., 2016). 

Although supercritical CO2 is known to extract organic matter from rocks (Okamoto et al., 2005), 

specimens reacting with only supercritical CO2 can induce a self-sealing effect as secondary 

sediments precipitate, creating a more intact rock with increased elastic modulus and strength. 

But, when brine is found in association with supercritical CO2, which is common in aquifers and 

depleted oil and gas reservoirs, dissolution dominates precipitation which consequently leads to 

the weakening of the rock mechanical properties (Choi et al., 2021). So, impurities in CO2 storage 

systems, especially in aquifers and depleted oil and gas fields, impact reservoir and caprock 

integrity.  
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Carbon dioxide streams stored geologically from industrial sources, for example, coal oxy-fuel 

firing sources (or coal combustion sources), steel or cement processing contain gas impurities 

that might have higher or lower reactivity to rock than pure CO2 (Pearce et al., 2016; Pearce et 

al., 2019). Reactive impurities co-injected with CO2 might have detrimental effects on seal 

performance (Lu et al., 2014) or enhance caprock integrity through a self-sealing mechanism 

(Pearce et al., 2016). However, the sealing capacity of caprock is highly controlled by the 

anisotropy and heterogeneity of macropores (Wu et al., 2019). Shale and carbonate rocks are 

typical cap rocks for CO2 geosequestration, but their failure mechanisms have not been properly 

understood due to their severe anisotropy and heterogeneity (Wu et al., 2019; Liu et al., 2020). 

Anisotropy refers to the variation in properties of materials with direction (the value of the property 

of the material at the same location changes depending on the direction in which the 

measurement is made), while a material is heterogeneous if its properties (for example, porosity) 

when measured in the same direction change with location in 3D space (Liu and Martinez, 2014). 

The pore throat structures of different carbonate cap rocks (e.g. dolomite, limestone, etc.) are 

affected by lithology. In other words, even different carbonate cap rocks in the same field have 

different pore throat structures (Wu et al., 2019). It is believed that the more poorly sorted the 

grains in a rock are, the more efficient packing, lower porosity, and higher velocity it produces due 

to framework stiffening (Nooraiepour et al., 2017).  

However, in a study conducted by Du and Radonjic (2019) on the mechanism of fracture initiation 

in shale rocks (Pottsville shale caprock and Marcellus unconventional reservoir-shale), Pottsville 

shale (with a smaller range of grain size compared to Marcellus shale) exhibited higher rigid grain 

content and higher bulk mechanical properties (including Young’s modulus, which is a measure 

of the stiffness of a material). It is worth noting that Pottsville shale has about 46% clay minerals 

(no carbonate content), while Marcellus shale is carbonate-rich (about 27%) and has about 22% 

clay minerals. Both shale rocks have homogeneous grain distribution. However, Pottsville shale 

has more uniform grain size (smaller range of grain size) compared to the Marcellus shale (wider 

range of grain size). Du and Radonjic (2019) concluded that Pottsville shale has better sealing 

properties than Marcellus shale, even though one would have expected Marcellus shale to exhibit 

higher mechanical properties due to its wider range of grain size. So, there is a limit to the extent 

of heterogeneity in rock grain distribution to maintain its sealing capacity. It is possible that the 

range of grain size and the high clay content of the Pottsville shale were enough to create an 

effective framework stiffening that resulted in the rock having higher bulk mechanical properties 

than the Marcellus shale.  
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Caprock sealing capacity can be evaluated from capillary pressure. Capillary entry and 

breakthrough pressures can give an insight into the early stage of deformation and the extent of 

deformation. The capillary entry pressure represents the highest amount of pressure difference 

that might be experienced across the interface between two immiscible fluids before the 

penetration of the non-wetting fluid into the pore space (Minardi et al., 2021). Capillary entry 

pressure (PcE) is simply the pressure difference between non-wetting fluid phase and wetting fluid 

phase. For CO2 injection, it signifies when CO2 phase pressure (PCO2) is high enough to displace 

water (or brine) in the caprock formation (Zhou et al., 2017). This threshold capillary pressure 

(PcE) for the CO2 phase, based on the Laplace law, is given as  

𝑃𝑐𝐸 = 𝑃𝐶𝑂2
− 𝑃𝑤   

2𝜎𝑐𝑜𝑠𝜃

𝑟
         2.1 

Where Pw is the water (or brine) pressure, r is the radius of the largest connected pore throats in 

the caprock,  is the water (or brine)/CO2 interfacial tension, and  is the contact angle of the 

rock/water/CO2 system measured through the water phase (Edlmann et al., 2013, Zhou et al., 

2017). Small pores in clay-rich rocks result in high capillary entry pressures and high viscous drag 

that limit the migration of buoyant carbon dioxide (Espinoza and Santamarina, 2017). In fact, gas 

phase CO2 has a larger capillary pressure than the supercritical CO2 phase (Edlmann et al., 2013). 

The breakthrough pressure, which represents the pressure difference when water (or brine) is 

produced downstream due to CO2 invasion in the caprock, increases as the sediment specific 

surface increases and the porosity (or pore throat size) decreases (Espinoza and Santamarina, 

2017). Capillary breakthrough pressure is higher than the capillary entry pressure. In other words, 

once the CO2 starts to penetrate the rock sample (on a laboratory scale), the pore fluid has to be 

displaced under the influence of the capillary forces, and the time of migration across the sample 

before reaching the downstream side should be noted (Minardi et al., 2021).  

Generally, leakage of CO2 during geosequestration could occur through diffusion of CO2 through 

the water-saturated caprock; when the capillary entry pressure is exceeded, leading to the 

leakage of CO2 through the interconnected flow paths in the pore system of the caprock; or natural 

or induced fracture flows in the caprock (Edlmann et al., 2013; Minardi et al., 2021). Diffusive and 

advective CO2 leaks through a caprock that has not been fractured will be minor and might not 

compromise the storage capacity of CO2 in the underlying reservoir (Espinoza and Santamarina, 

2017). However, rapid leakage in the caprock may result from capillary failure, which is controlled 

by the CO2/brine interfacial tension and CO2/brine/caprock mineral contact angle (Saraji et al., 
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2013). Therefore, CO2 streams composed of different impurities would result in different interfacial 

tensions and contact angle, leading to variation in capillary entry pressure for the different fluid 

mixtures. For instance, if the wettability (contact angle) of the caprock changes during CO2 

geosequestration from strongly to weakly water-wet, the capillary entry or threshold pressure is 

reduced (Saraji et al., 2013). 

Furthermore, mineral dissolution or precipitation during CO2 geosequestration leads to 

microstructural changes in rocks, resulting in increase or decrease in the porosity and 

permeability of the reservoir and cap rocks. For dissolution-dominant pore fluid-rock interaction, 

porosity and permeability increase, while for precipitation-dominant interaction, porosity and 

permeability decrease. Moreover, caprock formations that exhibit low reactivity to carbonic acid 

and capable of maintaining their integrity at low pH conditions are preferred for geosequestration 

of CO2 (Minardi et al., 2021). Ideally, the ductility of caprock would allow it to deform without 

developing high permeability pathways that can enable CO2 leakage (Espinoza and Santamarina, 

2017). Therefore, it is paramount to select less brittle cap rocks for CO2 geosequestration.  

2.1.2 Brittleness 

Brittleness is defined as a deficiency of plasticity during material failure (Hou et al., 2018). It is an 

important characteristic to evaluate the ‘drillability’ and ‘fracability’ of rocks (Lyu et al., 2018). 

Rocks that are very brittle are easier to drill and fracture, as they do not exhibit significant ductile 

or plastic behaviour before failure. In other words, the rock terminates by fracture only slightly 

beyond or at the yield stress (that is, little or no plastic deformation occurs at failure) (Hucka and 

Das, 1974; Meng et al., 2015). In terms of a reservoir-caprock system for CO2 storage, it is 

important for the caprock to be less brittle relative to the reservoir rock during CO2 

geosequestration to minimize the chance of fracturing the caprock and creating pathways for CO2 

leakage to the earth's surface. Different methods have been proposed for the evaluation of the 

brittleness of geomaterials, generally referred to as the brittleness index. Different approaches for 

the evaluation of the brittleness index of rock include geochemical and geomechanical 

approaches.  

The geochemical approach is mainly the ratio of the sum of the weight of brittle minerals (with or 

without their respective weighting coefficients) to the total weight of the rock minerals (Kang et 

al., 2020). Because the brittleness index is calculated using the composition (weight fractions) of 

minerals in the rock, it can be referred to as the mineralogical brittleness index. The 
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geomechanical approach evaluates the brittleness index by elastic parameters (elastic modulus 

and Poisson’s ratio), strength parameters (compressive and tensile strength) of the material, and 

stress-strain curve analysis (Li, 2022). Because the brittleness index is calculated using the 

mechanical properties of the rock, it can be referred to as the mechanical brittleness index (Kang 

et al., 2020). The brittleness index evaluated based on the elastic parameters of the material can 

be determined using static or dynamic elastic modulus and Poisson’s ratio. The dynamic elastic 

parameters are calculated from the acoustic or ultrasonic wave velocities (compressional or P-

wave and shear or S-wave) and bulk density of the material, while the static elastic parameters 

are measured directly in a deformational experiment (AL-Ameri et al., 2014; Tariq et al., 2018). 

The static tests are destructive tests, while the dynamic tests are non-destructive tests. The ratio 

of P to S wave velocities at different axial and lateral stresses ranges between 1.25 and 1.40 

(Heidari et al., 2020).  

It is important to understand the changes that occur in the elastic and strength parameters of 

reservoir and cap rocks during injection and storage of CO2 in aquifers or depleted oil or gas 

reservoirs for long-term stability of CO2 geosequestration (Huang et al., 2020). Uniaxial 

compressive strength (UCS), Brazilian tensile strength (BTS), and fracture toughness of brine-

saturated sandstone increase with increasing NaCl concentration (in the absence of supercritical 

CO2), but decreased after supercritical CO2 injection; while the elastic moduli of brine-supercritical 

CO2 co-saturated sandstone were higher relative to brine-saturation condition, unlike the case of 

the peak strength (Heidari et al., 2020). In a similar study conducted by Lyu et al. (2018), CO2-

NaCl-shale interactions decrease the brittleness values of the shale rock. They found that CO2-

NaCl-shale interaction has more effect on the rock’s strength and Young’s modulus than on the 

brittleness. Therefore, changes in the rock’s elastic and strength parameters, as well as the 

mineralogical composition during CO2 geosequestration might impact the brittleness index of the 

rock. It is worth noting that the values obtained from the mechanical brittleness index and 

mineralogical brittleness index calculations are different, as different parameters (mechanical 

properties and mineralogical composition, respectively) are used in the calculations (Elwegaa et 

al., 2019). However, the focus is on the change in the brittleness index (mechanical or 

mineralogical) to account for an increase or a decrease in the brittleness index of the rock during 

CO2 geosequestration.  
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2.1.3 Cyclic approach of CO2 geosequestration  

CO2 geosequestration could involve a non-cyclic or cyclic process. The non-cyclic process entails 

the injection of CO2 over a period, and allows the injected CO2 to be trapped in the reservoir; while 

the cyclic process of geosequestration involves the injection of CO2 for some period (in some 

cases, withdrawing some of the injected CO2 and leaving behind some amount of CO2 in the 

reservoir to be stored), and repeating the process over the geosequestration period. The cyclic 

injection and withdrawal of CO2 in reservoirs might be an effective approach to promote CO2 

utilization and storage, as it would enable seasonal injection and withdrawal of CO2. Following 

this approach, CO2 can be produced from the reservoir when needed for electrochemical 

hydrogen production (Kim et al., 2018; Koomson et al., 2023), to produce renewable methanol 

(Sánchez-Díaz, 2017; Sollai et al., 2023; Wang et al., 2023), in CO2 plume geothermal (CPG) 

systems for heat and power production (Schifflechner et al. 2022), or other forms of energy. Thus, 

the utilization of CO2 for energy creation will reduce the world’s reliance on fossil fuels (Wang et 

al., 2023). However, cyclic injection and withdrawal of CO2 would induce cyclic stress in the 

reservoir and possibly create more stress at the reservoir-caprock interface. Hence, the 

brittleness of the reservoir and caprock might be impacted by the cyclic stress effect during cyclic 

injection and withdrawal of CO2. Therefore, it is vital to evaluate the brittleness index of the rocks, 

to ascertain the feasibility of adopting the CO2 cyclic injection and withdrawal technology. 

Furthermore, in sandstone formations, sand management challenges might be experienced as 

CO2 is injected and withdrawn under high pressure conditions. Sand management involves the 

control and monitoring process of well pressures and fluid flow rates to avoid or minimize sand 

influx into the well (Mahmud et al., 2020). When the stress on the formation is beyond the 

formation strength, rock failure occurs, increasing the chance of sand production (Vincent et al., 

2012; Mahmud et al., 2020). During CO2 withdrawal from a sandstone formation, rock failure could 

occur due to overburden pressure, pore pressure, and drag force from the producing fluid (Vincent 

et al., 2012).   Based on Stoke’s law, the frictional (drag) force acting on the sand particles is 

proportional to the formation fluid flow velocity (or flow rate) and viscosity (Mahmud et al., 2020). 

Therefore, as production is initiated in the well at the production interval (or perforations) after 

CO2 injection and during storage, the fluid flow rate increases and consequently results in the 

increase in drag force on the formation particles. This effect of drag force, coupled with chemical 

reactions between the sandstone rock minerals and the formation fluid, might result in severe 

erosion (or corrosion) of rock minerals and migration of fines from the reservoir to production 

facilities. 
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The dissolution and precipitation of minerals in the rock change the petrophysical properties of 

the rock (during the non-cyclic or cyclic process of CO2 geosequestration) as well as the 

geochemical composition of the formation, thereby altering the ionic composition of the formation 

fluid. Thus, the integrity of the formation can be linked to the changes in the petrophysical 

properties of the formation and the geochemical composition of the fluid in the formation. The 

alteration in the reservoir and caprock integrity can be evaluated using machine learning-based 

models to save the cost of running multiple experimental or field tests. Yu et al. (2020) conducted 

a study on the geochemistry of formation water for carbonate reservoirs in the Ordos basin in 

China. They proposed statistical relationships between the geochemical properties and 

hydrocarbon storage using the machine learning (Decision tree) method. The findings of the study 

revealed that the salinity, Na+/Cl- ratio, (Cl--Na+)/Mg2+ ratio, (HCO3
- - CO3

2-)/Ca2+ ratio, and 

Mg2+/Ca2+ ratio correlate highly with the gas preservation. The model accurately predicts where 

to find gas reservoirs in the Ordos basin, leading to improved exploitation of the hydrocarbon. 

Thus, this finding can be extended to reservoir-caprock systems exhibiting different levels of 

brittleness during CO2 geosequestration.  

2.2 Theoretical Framework 

During CO2 injection, stresses are induced in the rock, and the cement that binds the rock grains 

is impacted. Thus, creating pathways for CO2-brine-rock interaction in the rock cement and 

enhancing the dissolution of some of its minerals. Hence, resulting in deformation and a decrease 

in strength of the rock. The decrease in strength of the rock results in a change in the brittleness 

of the rock, as the rate of decrease in the tensile and compressive strengths of the rock, as well 

as changes in the rock minerals are different. Brittleness is the lack of ductility or plasticity of a 

material, while ductility is the property of a material that allows it to be drawn out by tension to a 

smaller section (Hucka and Das, 1974; Hou et al., 2018). In other words, brittle materials can 

hardly be drawn into shapes. Instead, they fracture or break when such amount of stress is applied 

on them (Figure 2.2). Most rocks exhibit brittle behaviour. However, their degrees of brittleness 

vary by lithology and conditions subjected to during fluid-rock interactions. 

Brittleness is a relative term as there are no accepted values of strength and elastic parameters 

ratios or brittle minerals ratio below which a material is considered brittle or ductile (Hucka and 

Das, 1974). The brittleness of a material is compared by its brittleness index at one time or 

condition to another to ascertain whether the material has become more or less brittle. The factors 

that influence the brittleness of rocks include the type and composition of brittle minerals, the 
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content and maturity of organic matter, and the formation temperature and confining pressure 

(Elwegaa et al., 2019; Li, 2022).  

 

Figure 2.2: Stress-strain representation of brittle and ductile rocks (Jin et al., 2015). 

During CO2 injection, if the injection pressure or pore pressure slightly exceeds the capillary entry 

pressure of the caprock, CO2 migrates into the caprock layers closer to the reservoir-caprock 

interface over a short time until the injection pressure is reduced. Therefore, it is important to 

investigate whether the CO2 stream that penetrates the caprock impacts the rock's brittleness. If 

the caprock layer penetrated becomes more brittle, during CO2 storage a slight increase in the 

reservoir pore pressure will enhance convective CO2 transport into the caprock or induce fracture. 

Otherwise, the caprock is able to contain the CO2 and brine in the reservoir such that CO2 can 

only penetrate the caprock layer by diffusion, which could take hundreds to thousands of years. 

To evaluate the brittleness of caprock penetrated by some amount of CO2 during injection, in this 

section different methods for the evaluation of brittleness of a material are reviewed. Examples of 

such methods or concepts are based on material deformation, strength and elastic parameters, 

and mineralogical composition of the rock. 

2.2.1 Determination of brittleness from material deformation 

The deformation-based brittleness index is evaluated from the point of failure of the material. In 

this case, the brittleness index is the ratio of reversible strain to total strain at the point of failure 

(Hucka and Das, 1974; Meng et al., 2015). The irreversible axial strain can be determined by 

conducting loading-unloading tests, as shown in Figure 2.3. 
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Figure 2.3: Stress-strain relationship to evaluate brittleness index (Meng et al., 2015). 

Based on this concept, ductile materials have a lower brittleness index compared to brittle 

materials. Thus, the brittleness index (BI) is expressed as follows: 

𝐵𝐼1 =  
𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 𝑠𝑡𝑟𝑎𝑖𝑛

𝑡𝑜𝑡𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛
                     2.2 

However, due to the variability or inconsistency (discreteness) in the peak strength of rocks during 

mechanical tests, the unloading point on the stress-strain curve might be difficult to determine 

(Meng et al., 2015). Thus, the discreteness in the peak strength will affect the measured 

irreversible strain.  

2.2.2 Determination of brittleness from strength parameters  

It has been proposed that the brittleness index of a material depends on its compressive and 

tensile strengths. The unconfined compressive strength reflects the compressibility of the rock 

mass, while the Brazilian tensile strength reflects the cohesion of the bonds between the material 

grains (Hucka and Das, 1974). It has been found that the ratio of compressive strength to tensile 

strength of a material increases with its brittleness (Meng et al., 2015; Li, 2022). Similarly, some 

scholars have proposed that the difference in the tensile and compressive strength of a material 

increases with increase in brittleness index (Hucka and Das, 1974; Meng et al., 2015; Li, 2022). 

In other words, a rock mass with low [Brazilian] tensile strength is easily subjected to tensile 
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fracture initiation and a high unconfined compressive strength assists in resisting the closure of 

natural and induced fractures (Gong and Zhao, 2007). Thus, the brittleness index can be 

expressed as follows: 

𝐵𝐼2 =
𝜎𝑐

𝜎𝑡
                 2.3 

𝐵𝐼3 =
(𝜎𝑐−𝜎𝑡)

(𝜎𝑐+𝜎𝑡)
                 2.4 

where c  represents the uniaxial compressive strength and t  represents the uniaxial tensile 

strength of the material.  

The calculation of brittleness index from strength parameters may not be accurate in a complex 

stress condition, as rock brittleness is impacted by the stress state. Thus, a rock subjected to a 

high confining pressure may become less brittle and more ductile (Meng et al., 2015).  

2.2.3 Determination of brittleness from elastic parameters  

Elastic parameters commonly used for brittleness index evaluation are Young’s (or Elastic) 

modulus (E) and Poisson’s ratio (). They can be obtained from destructive (static) or non-

destructive (dynamic) testing of materials. The brittleness of a material increases with increase in 

the ratio of elastic modulus to Poisson’s ratio (Luan et al., 2014). Although this estimation of 

brittleness has been criticized by some scholars, claiming that the brittleness of a material 

depends on several parameters such as bulk modulus and pore pressure (Zhang et al., 2016), it 

takes the lateral strain of the material into consideration such that under the same amount of axial 

strain, axial stress is proportion to lateral strain. Thus, when different materials are evaluated 

under the same amount of axial stress, the material that is able to strain more laterally without 

failure may be less brittle. Also, the brittleness of a material increases with an increase in the 

average of normalized dynamic elastic modulus (En) and normalized dynamic Poisson’s ratio (vn) 

for the formation investigated (Rickman et al., 2008; Kang et al., 2020). Therefore, the brittleness 

index can be expressed as follows: 

𝐵𝐼4 =
𝐸

𝑣
               2.5 

𝐵𝐼5 =  
(𝐸𝑛+𝑣𝑛)

2
=  

1

2
[

(𝐸−𝐸𝑚𝑖𝑛)

(𝐸𝑚𝑎𝑥−𝐸𝑚𝑖𝑛)
+

(𝑣𝑚𝑎𝑥−𝑣)

(𝑣𝑚𝑎𝑥−𝑣𝑚𝑖𝑛)
]                     2.6 
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where Emin and Emax  represent minimum and maximum dynamic Young’s modulus of the 

formation; while vmin and vmax represent minimum and maximum dynamic Poisson’s ratio of the 

formation, respectively. 

2.2.4 Determination of brittleness from rock mineralogical composition  

During the injection and storage of fluid in a porous rock, the pore fluid-rock interactions result in 

the dissolution and precipitation of minerals (Edlmann et al., 2013; Sun et al., 2016). The 

brittleness of the rock depends on its lithology. For instance, clay-rich shale is made up of mainly 

clay minerals and quartz with little amount of feldspar, calcite, pyrite, and other minerals (Guo et 

al., 2016); while carbonate rocks are made up of mainly calcite and little amount of other minerals 

(Wang et al., 2022). Brittle minerals are calcite, dolomite, feldspar (feldspar group of minerals), 

pyrite, mica (mica group of minerals, for example, muscovite), and quartz (Jin et al., 2015; Guo 

et al., 2016; Li, 2022). So, the brittleness of a geomaterial or rock is the sum of the mass fraction 

of its brittle minerals (Jin et al., 2015; Guo et al., 2016; Li, 2022). Therefore, the brittleness index 

can be expressed as follows: 

𝐵𝐼6 =
𝑊𝑞𝑢𝑎𝑟𝑡𝑧+𝑊𝑓𝑒𝑙𝑑𝑠𝑝𝑎𝑟+𝑊𝑐𝑎𝑙𝑐𝑖𝑡𝑒+𝑊𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒+𝑊𝑝𝑦𝑟𝑖𝑡𝑒+𝑊𝑚𝑖𝑐𝑎

𝑊𝑇
           2.7 

𝐵𝐼7 =
𝑊𝑞𝑢𝑎𝑟𝑡𝑧+0.49𝑊𝑓𝑒𝑙𝑑𝑠𝑝𝑎𝑟+0.51𝑊𝑐𝑎𝑙𝑐𝑖𝑡𝑒+0.44𝑊𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

𝑊𝑇
           2.8 

where Wquartz, Wfeldspar, Wcalcite, Wdolomite, Wpyrite, and Wmica represent the weights of quartz, feldspar, 

calcite, dolomite, pyrite, and mica, respectively. WT is the total weight of minerals in the solid part 

of the rock, and BI7 is the mineralogical brittleness index model developed by Kang et al. (2020).  

During CO2 geosequestration, CO2-brine-rock interaction results in the dissolution and 

precipitation of minerals; thus, the brittleness of the rock would vary over the geosequestration 

period as the volume fraction of the brittle minerals per rock solid volume changes. The 

mineralogical brittleness index correlates with the mechanical brittleness index to some extent 

(Kang et al., 2020). Therefore, it is possible that precipitation of more brittle minerals relative to 

their initial state before CO2 geosequestration inhibits lateral strain on the rock when the same 

amount of axial stress is applied to the material, thus leading to a higher brittleness index of the 

rock. Dissolution of brittle minerals during CO2 geosequestration in some cases can result in the 

formation of non-brittle minerals. For instance, dissolution or corrosion of feldspar (potassium 

feldspar [KAlSi3O8], albite [NaAlSi3O8], etc.) as CO2 dissolves in water (brine) might result in the 

precipitation of kaolinite [Al2Si2O5(OH)4] and quartz (based on increased SiO2 concentration in the 
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aqueous phase), and the release of metallic ions (such as Na+ and K+) into the aqueous phase, 

as shown below (Li et al., 2016): 

2KAlSi3O8 + 3H2O + 2CO2  Al2Si2O5(OH)4 + 2K+ + 4SiO2 + 2HCO3
-      2.9 

2NaAlSi3O8 + 3H2O + 2CO2  Al2Si2O5(OH)4 + 2Na+ + 4SiO2 + 2HCO3
-     2.10 

Kaolinite is a clay mineral, while quartz is a brittle mineral. According to Li et al. (2016), with the 

co-injection of H2S and CO2 in a sandstone formation, the concentrations of K+ and Na+ increase, 

greater than those in the pure CO2 case. Thus, CO2-H2S co-injection enhances the corrosion or 

dissolution of feldspar, leading to the precipitation of a larger amount of kaolinite compared to the 

case of pure CO2. Also, pyrite (FeS2) precipitates on the surface of the sandstone (Li et al., 2016). 

Studies have shown that residual or small amount of O2 in the porous medium or the presence of 

small minerals containing redox-sensitive species (for example, Fe2O3) that has the tendency to 

dissolve and release oxidants to the formation water or brine, could enhance SO2 oxidation rate 

(Turšič et al., 2003; Hedayati et al., 2018). So, in the presence of residual O2 in the porous 

medium, SO2 (g) dissolves almost completely into the water (brine) quickly as SO2 (aq), and 

oxidizes to sulphate under conditions controlled kinetically (Hedayati et al., 2017) giving rise to 

the following reaction: 

SO2 (aq) + 0.5 O2 (aq) + H2O → SO4
2- + 2 H+       2.11 

Thus, in a porous medium where SO2 is co-injected with CO2, as the CO2 plume rises vertically 

from the point of injection or perforation, SO2 (g) might begin to dissolve quickly as SO2 (aq) and 

oxidize to sulphate locally, limiting its ability to rise through different layers of the porous medium 

as SO2 (g). The upward transport of the SO2 (g) from the point of injection in the reservoir might 

be through very few metres in the porous medium. In the CO2-SO2 mixture, it is possible that 

supercritical CO2 plume will rise relatively higher [or migrate laterally over a larger radial distance] 

in the porous medium as SO2 oxidizes rapidly to sulphate. Also, the difference in their relative 

vertical rise in the porous medium might be attributed to their density or molecular mass difference 

(as SO2 is heavier than CO2) due to gravity segregation (Khan and Mandal, 2020). Zhang et al. 

(2011) found the mass fraction of CO2 at the advancing gas front to be higher (vertically) than that 

of the gas impurity. Thus, the front of the gas impurity behind that of CO2 gas was attributed to 

the preferential solubility of the gas impurity in formation water compared to that of CO2. This 

leads to a delayed breakthrough of the gas impurity as the impurity separates from the CO2 gas 

and [the impurity] becomes suppressed in formation water at the advancing gas front. 
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Furthermore, as dolomite dissolution in brine elevates Ca concentration, the increased Ca2+ 

reacts with the increased H2SO4 (due to enhanced sulphate concentration in the layers contacted 

by SO2) to form anhydrite (Hedayati et al., 2018): 

Ca2+ + H2SO4  → CaSO4 + 2H+        2.12 

It is possible that as the molecular mass (and density) of CO2 and H2S is close, H2S would 

correspondingly rise with the CO2 plume in the porous medium. Thus, the injection of H2S in the 

presence of oxygen and increased iron (Fe) concentration (due to the dissolution of siderite and/or 

ankerite) results in the precipitation of pyrite (Hedayati et al., 2018): 

Fe2+ + 2H2S + 0.5O2  → FeS2 + H2O + 2H+       2.13 

Similarly, dissolved SO2 (that oxidizes to sulphate) could result in the precipitation of pyrite as 

follows: 

2Fe2+ + 4H+ + 4SO4
2- → 2FeS2 + 7O2 + 2H2O      2.14 

Thus, it is possible that co-injection of gases (H2S, SO2, etc.) during CO2 geosequestration 

impacts the brittleness of porous rocks as brittle and non-brittle minerals are precipitated during 

the co-injection of CO2 with different impurities. Therefore, it is vital to evaluate the impact of 

impurities co-injected with CO2 on the brittleness of rock during geosequestration. 

2.2.5 Determination of brittleness from machine learning model  

Fluid-rock chemical interaction during CO2 geosequestration result in variation in the 

geomechanical, geochemical, and petrophysical properties of the rock. The changes in the 

properties of the rock could result in variation in the integrity (mainly brittleness, in this study) of 

the rock. During CO2 geosequestration, the fluid-rock chemical interaction results in changes in 

the ionic composition (including H+ concentration) of the formation fluid, fluid density, fluid 

saturations, and porosity and permeability of the formation. Moreover, initially, the rock minerals 

are in quasi-stable (or nearly steady-state) condition (Zhang et al., 2011). Thus, the ionic 

composition of the fluid reflects the initial mineral composition of the formation. For instance, a 

carbonate rock with siderite (FeCO3) mineral may contain higher Fe2+ concentration compared to 

carbonate rock without siderite mineral, due to siderite dissolution as the formation water 

approaches quasi-stable condition. Also, dolomite dissolution could result in calcite precipitation 

(due to abundant Ca2+ in the formation fluid), while Mg2+ in the formation fluid would increase, 
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resulting in precipitation of magnesium-based minerals during CO2 geosequestration (Zhang et 

al., 2011). Therefore, the ionic composition of the formation fluid reflects the mineralogical 

composition of the formation and consequently influences the mineralogical brittleness index of 

the formation.  

Hence, the brittleness of the formation at different times during CO2 geosequestration can be 

predicted using the fluid and rock properties, and other operational conditions; without necessarily 

using the composition (volume or weight fractions) of the minerals. This can be achieved using 

machine learning-based models for real-time prediction of the brittleness of formations before or 

during CO2 geosequestration. Different machine learning regression algorithms can be used to 

develop predictive machine learning models, some of them are artificial neural network (ANN), 

random forest, support vector regression, and decision tree algorithms (Cao et al., 2020; Yu et 

al., 2020; Ibrahim, 2022; Nyakilla et al., 2022; Thanh et al., 2022; Kolawole et al., 2023). The ANN 

is very effective for problems with highly non-linear and complex datasets with a large number of 

variables or features (Kannaiah and Maurya, 2023), and could be useful for the evaluation of the 

brittleness index of rocks before and during CO2 geosequestration.  

2.3 Artificial Neural Network (ANN) 

A simple ANN can be referred to as a linear model based on brain architecture made up of 

neurons like that of the human brain, which receive and transmit information to all adjacent 

neurons after processing (He et al., 2022). The connections between these neurons are defined 

by weights. ANN model is structured in layers (input, hidden, and output layers) having nodes in 

one layer connected to nodes in the following layer. The input layer contains the input parameters, 

while the output layer contain the output parameters. A hidden layer has multiple neurons. There 

can be multiple hidden layers in an ANN model. The nodes (or neurons) utilize the weights of the 

connections to learn the dataset and adopt an activation function to pass their signal to the output 

layer (Kannaiah and Maurya, 2023). In other words, the learning process of the ANN model is to 

adjust the weights (iteratively) between neurons and the bias of each neuron in the way of 

repeated input and output (a process referred to as model training); thus, making it possess 

excellent non-linear fitting abilities (He et al., 2022; Yao et al., 2023).  So, the weights of a network 

are initialized and then updated while training the network. The weights can be updated as follows: 

𝑤𝑖 = 𝑤𝑖−1 − 𝛼 (
𝑑𝐿𝑜𝑠𝑠

𝑑𝑤𝑖−1
)           2.15 
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where wi-1 and wi represent the old weight and updated weights, respectively;  is the learning 

rate, while dLoss/dwi-1 represents the derivative of error (or loss function) with respect to weight.  

Some parameters that control the performance of the neural network are optimizers, batch size, 

and epochs. Optimizers are algorithms used to minimize loss function or error during model 

training. This is achieved by modifying or changing the weights and learning rate during training. 

Some common optimizers are root mean square propagation (RMSprop), stochastic gradient 

descent (SGD), and adaptive moment estimation (Adam). Furthermore, the fitness of the model 

to the data can be improved by choosing an optimum number of batch size and epochs. Batch 

size controls how many observations in the training data that pass through the algorithm at a time, 

until the entire training data pass through the algorithm in an epoch. Epochs control how many 

times the entire training data pass through the algorithm during the training process. The model 

parameters of the network are updated with each epoch (Kannaiah and Maurya, 2023). 

 

Figure 2.4: Fully connected artificial neural network (McNaughton, 2019). 

Fully connected neural network can be referred to as multi-layer perceptron (MLP). The input 

layer takes the input data (xi). Each node acts like an artificial neuron. Each node in every layer 

(except the output layer) is connected to each node in the subsequent layer. The procedure of 

the mathematical solution is illustrated in Figure 2.5. The input data layer is ‘Layer 1’, w(1) is the 

matrix of weights from layer 1 to layer 2, and ai
(2) is the activation on unit i in layer 2. These weights 

and activations on nodes (or units) also apply when there are multiple hidden layers. In addition, 

each layer (except the output layer) has a bias unit which is equal to 1. Mathematically, the 

activations can be expressed as 
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𝑎1
(2)

= ℎ (𝑤10
(1)

𝑥0 + 𝑤11
(1)

𝑥1 + 𝑤12
(1)

𝑥2 + 𝑤13
(1)

𝑥3)       2.16 

Similarly, a2
(2) and a3

(2) can be generated. The activation function is represented by h, which in 

this study is a rectified linear unit (ReLU), expressed as 

ℎ(𝑥) = max(0, 𝑥)          2.17 

The output layer (in this case, layer 3) is mathematically expressed as  

𝑦 ̂(𝑤, 𝑥) =  𝑎1
3 = ℎ∗(𝑤10

(2)
𝑎0

(2)
+ 𝑤11

(2)
𝑎1

(2)
+ 𝑤12

(2)
𝑎2

(2)
+ 𝑤13

(2)
𝑎3

(2)
)    2.18 

where h*(x) is the activation function on the output unit. 

 

Figure 2.5: Demonstration of solution procedure of a fully connected neural network 
(McNaughton, 2019). 

2.4 Review of Literature Based on Objectives of the Study 

CO2 geosequestration in reservoirs is one major solution to reduce anthropogenic gases from the 

earth’s surface, as aquifers or depleted oil and gas reservoirs are available in many parts of the 

world for this purpose. During CO2 injection in reservoirs, as the pore fluid pressure or injection 

pressure increases slightly and exceeds the caprock capillary entry pressure, CO2 penetrates 

some layers of the caprock before the injection pressure is reduced. Thus, CO2 becomes trapped 

in the caprock and possibly impacts the properties of the caprock layers invaded. Several studies 

have been conducted on the impact of CO2 and formation conditions on porosity, permeability, 
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mineralogical composition, and geomechanical properties of rocks. Hence, findings from those 

studies are reviewed in this section. 

2.4.1 Impact of CO2 geosequestration on porosity, permeability, and mineralogical 

composition of reservoir and cap rocks 

Pressure and temperature variations in a CO2 storage reservoir impact the overlying caprock 

properties. In fact, some CO2 injection wells are exposed to low temperatures and strong 

temperature variations, which threaten well integrity (Torsaeter et al., 2017). A similar condition 

is possible in a reservoir-caprock system. Davila et al. (2017) conducted an experimental and 

modelling study on the interaction between a crushed marl caprock (carbonate - weight fraction 

of calcite in the caprock is greater than 67%) and CO2 -rich solutions under different temperature 

and pressure conditions. They found that the porosity of the caprock increased more under any 

partial pressure of CO2 at lower temperatures, while porosity reduced as temperature increased. 

Moreover, as the partial pressure of CO2 rises (increase in the proportion of dissolved CO2 in the 

formation water), the porosity of the caprock enlarges over greater distances. The findings 

revealed that the temperature of the system could have a selective impact on the dissolution and 

precipitation of minerals, and temperature is inversely related to the porosity of the rock at the 

conditions considered.  

Similarly, Torsæter et al. (2017) conducted a study on avoiding damage of CO2 injection wells 

caused by temperature variations. They found that low temperature in CO2 injection wells could 

impact well integrity. Moreover, freezing of pore water in the well is strongly detrimental to well 

integrity, as it has the potential to crack both cement and surrounding rock formations; which 

implies that to mitigate cracks in well barriers (including cement) surrounding the reservoir and 

caprock, all sections in the system should always have temperatures above the freezing point of 

the brine at that particular depth. However, heating can result in radial fracturing, while cooling 

may result in cement debonding; but the extent of damage is small (about tens of microns). Thus, 

Torsæter et al. (2017) believe that such defects are likely to be sealed by chemical interactions 

between carbonated brine and cement. Formation pressure can change during CO2 

geosequestration. According to a study on stress path evolution during fluid injection into 

geological formations, conducted by Gheibi et al. (2016), CO2 injection causes pressure changes 

inside the reservoir and changes the effective and total stresses inside and outside of the reservoir 

(which is also possible in a caprock). In fact, due to CO2 injection, faults can deform elastically 

and the difference in pore pressure between the reservoir and caprock and/or underlying layer 
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result in different stress changes compared (or relative) to the reservoir centre (Gheibi et al., 

2016). In other words, the stress experienced at different sections of the reservoir and caprock is 

different due to variation in pore pressure in the system. The in situ temperature and pressure 

conditions in a reservoir or caprock impact CO2-brine-rock interactions.  

Furthermore, brine-rock interactions are influenced by the purity of the injected fluid into a 

reservoir during CO2 geosequestration. To save the cost of carbon capture and storage, small 

amount of some acid gases (such as SO2 and H2S) may be co-injected with CO2. When the gas 

mixture comes into contact with water, each gas in the mixture exhibits different level of solubility 

in water due to differences in their polarity and net dipole moment (López-Rendón and Alejandre, 

2008; Miri et al., 2014; Wang et al., 2020). Theoretically, water (H2O), SO2, and H2S are polar 

molecules (electrons are not shared equally between the atoms and there is an electronegativity 

difference between the bonded atoms), while CO2 is a linear non-polar molecule and the electrons 

are shared equally between the atoms (López-Rendón and Alejandre, 2008; Wang et al., 2020). 

Thus, CO2 has no net dipole moment (as the two C-O bond dipoles are equal in magnitude and 

cancel out each other); while the dipole moments of H2S, SO2, and H2O are 0.97 Debye, 1.63 

Debye, and 1.83 Debye, respectively (López-Rendón and Alejandre, 2008; Shen et al., 2015; 

Wang et al., 2020). Also, substances whose polarities (or net dipole moment) are similar tend to 

be more soluble in each other, and a polar substance is more soluble in a polar solvent than in a 

non-polar solvent (López-Rendón and Alejandre, 2008, Wang et al., 2020). Thus, at the same 

temperature and pressure conditions, the solubility of H2S or SO2 in water is higher than that of 

CO2 (López-Rendón and Alejandre, 2008; Miri et al., 2014; Wang et al., 2020).  

Moreover, it is expected that the solubility of SO2 in water should be higher than that of H2S at the 

same temperature and pressure conditions, as the dipole moment of SO2 is closer to that of water 

(Wang et al., 2020). Also, the solubility of gases in water is dependent on temperature; as 

temperature increases, the solubility of CO2, H2S, or SO2 in water may increase (López-Rendón 

and Alejandre, 2008; Miri et al., 2014). It is worth noting that a gas can separate from a mixture 

with non-polar gases, due to their difference in property. This concept drives the industrial 

separation of SO2/CO2 in ionic liquid or aqueous phase (Wang et al., 2020). However, the level 

of solubility of CO2 or impurities in a brine-rock system or the separation of impurities from CO2 

might be different when gas mixtures are injected in a rock composed of different minerals, 

thereby resulting in the trapping of the dissolved gases in the aqueous phase for mineral 

precipitation. More or less fraction of each gas in the mixture might dissolve in the aqueous phase 
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at different temperature and pressure conditions. So, the CO2-brine-rock interactions would 

depend on the initial mineralogical composition of the formation.  

Wang et al. (2022) conducted an experimental and geochemical modelling study to investigate 

CO2-brine-rock interactions in a carbonate rock containing calcite (91 wt.%), dolomite (8 wt.%), 

and clay (<1 wt.%) minerals. The geochemical modelling of reactions in the porous media was 

performed using PHREEQC geochemical package. Results of the study revealed that brine-rock 

interaction increases the dissolution of CO2 gas in the aqueous phase. Carbonate ion (CO3
2-) 

reduced in the solid phase and was released into the aqueous phase. They concluded that the 

precipitation-dissolution mechanism does not contribute to the carbon dioxide storage in the case 

studied, as there were many more carbonate ions in the aqueous phase compared to the surface 

of the minerals. This is possible as calcite and dolomite dissolution in the aqueous phase (as the 

pH of the solution is reduced as a result of CO2 dissolution) might not have resulted in the 

precipitation of secondary minerals over the period of the experiment considered. So, during CO2 

geosequestration, the decrease in pH of the aqueous phase due to CO2 dissolution in the 

formation water results in mineral dissolution and/or precipitation. 

During CO2 geosequestration a small fraction of other gas impurities might be co-injected with 

CO2 into the reservoir. Thus, pH of the aqueous phase during geosequestration of pure CO2 will 

be different when CO2 is co-injected with impurities into the brine-rock system. The pH of the 

aqueous phase in sandstone and siltstone formations during CO2 sequestration experiments is 

shown in Table 2.1. The pH of the bulk solution or aqueous phase is different even for the same 

rock type, depending on the ionic composition of the formation water before CO2 injection. The 

dissolution of CO2 in the surrounding formation water (brine) yields carbonic acid (H2CO3) or 

hydrogen ion (H+) and bicarbonate (HCO3
-), thereby resulting in a decrease in pH (increased 

acidity). The dissolution of nitrogen dioxide (NO2) in formation water results in the formation of 

HNO2 (nitrous acid, a weak acid) and HNO3 (nitric acid, a strong acid) or HNO3 and NO (nitrogen 

oxide), thereby decreasing the pH further for CO2-NO2 co-injection case. The reaction of SO2 with 

formation water produces H2SO3 (sulphurous acid, a weak acid) or H2SO4  (sulphuric acid, a 

strong acid) and H2S. So, the pH of the solution would decrease for CO2-SO2 co-injection case 

(the extent of decrease would depend on whether a strong or weak acid is formed) compared to 

the injection of pure CO2 in the formation water. The reaction of SO2 with O2 and H2O produces a 

strong acid (H2SO4), thereby decreasing the pH of the aqueous phase significantly for the CO2-

SO2-O2 co-injection in formation water. The dissolution of H2S in formation water produces HS- 

(bisulphide, a weak base) and hydronium ion (H3O+). The formation of a weak base results in a 
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slight increase in pH for the CO2-H2S co-injection case compared to the injection of pure CO2 in 

the formation water. The chemical equations are presented as follows (Aminu et al., 2018): 

CO2 + H2O  H2CO3          2.19 

CO2 + H2O  H+ + HCO3
-         2.20 

2NO2 + H2O  HNO2 + HNO3        2.21 

3NO2 + H2O  2HNO3 + NO         2.22 

SO2 + H2O  H2SO3          2.23 

4SO2 + 4H2O  3H2SO4 + H2S        2.24 

2SO2 + 2H2O + O2  2H2SO4        2.25 

H2S + H2O → HS- + H3O+         2.26 

HS- + H2O → S- + H3O+         2.27 

Based on these reactions, the pH of the bulk solution in a formation decreases significantly during 

CO2 co-injection with SO2 (with or without the addition of a small volume of O2) or NO2. The pH 

of the aqueous phase decreases slightly during the injection of pure CO2 or CO2 co-injection with 

H2S. Thus, the rate of reaction in a CO2-brine-rock system with SO2 or NO2 might be higher due 

to the relatively low pH of the bulk solution compared to the rate of reaction in a brine-rock system 

where pure CO2 or CO-H2S mixture is injected. The decrease in pH impacts the brine-rock 

interactions during CO2 geosequestration. Also, the chemical reaction between the rock minerals 

and the aqueous phase further impacts the pH of the bulk solution.  

Table 2.1: Impact of impurities in CO2 on pH of formation fluid. 

Rock 
description 

Fluid composition Sequestration 
time 

Operating 
conditions 

pH before 
sequestration 

pH after 
sequestration 

References 

Sandstone 100% CO2 + brine 62 days T=600C 
P=14.5 MPa 

6.3 
 

5.5 Hedayati et 
al. (2018) 98.5% CO2 + 1.5% SO2 + 

brine 
36 days 1-2 

Sandstone 100% CO2 + brine  
 
 
9 months 

 
T=700C 
P=140 bar 

 
7.65 

5.97  
 
 
Aminu et al. 
(2018) 

95% CO2 + 5% NO2 + 
brine 

5.23 

95% CO2 + 5% SO2 + 
brine 

5.86 

95% CO2 + 5% H2S + 
brine 

6.55 

Sandstone 
 

97.84% CO2 + 0.16% 
SO2 + 2% O2 + brine 

 
 
16 days 
 

 
T=600C 
P=12 MPa 

4.55 1.13  
Pearce et al. 
(2019) Siltstone 

(caprock) 
97.84% CO2 + 0.16% 
SO2 + 2% O2 + brine 

5.60 1.62 
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Pearce et al. (2019) performed a geochemical modelling of experimental O2-SO2-CO2 reactions 

of reservoir (Precipice Sandstone), caprock (Evergreen Formation - siltstone), and overlying 

aquifer (Hutton Sandstone). The geochemical modelling and experiments were performed using 

supercritical CO2 with O2 and SO2 impurities (0.16% and 2% respectively) at reservoir in-situ 

conditions of 60 0C and 12 MPa. As the O2-SO2-CO2-water-rock reactions in bulk solution 

proceed, the measured pH solution was low (about 1-2) due to the relatively high concentrations 

of the gas impurities used. Dissolution of plagioclase, siderite, ankerite, and Fe-chlorite from the 

core was observed. A 30-year numerical simulation of the reactivity of the reservoir rock revealed 

that the lowered pH was influenced by mineral dissolution. Compared to SO2-CO2-water 

reactions, as O2 is present, dissolved Fe subsequently reduced as Fe-oxide, sulphate, and led to 

the precipitation of clay minerals. Corrosion of minerals including Fe-chlorite and ankerite, as well 

as precipitation of oxide, silicate, and sulphate minerals was observed on the rock surfaces as 

the caprock reacted with wet supercritical O2-SO2-CO2 fluid. SO2 (g) dissolves rapidly in water 

(brine) as SO2 (aq) and oxidizes to sulphate as O2 is present (Hedayati et al., 2018). 

Li et al. (2016) conducted an experimental study to investigate the influences of H2S co-injection 

with CO2 on the capacity of solubility trapping and mineral trapping of CO2 in a sandstone 

formation at in situ conditions of 21 MPa and 700C. They found that the decrease in pH in the 

reservoir is due to the preferential dissolution of H2S gas into brine (compared with pure CO2), 

thereby inhibiting the solubility trapping of CO2 to some extent. Furthermore, the lower pH resulted 

in more severe corrosion of primary minerals, favouring the precipitation of secondary minerals 

(for example, pyrite). The secondary minerals precipitated in the pure CO2-brine-sandstone 

interaction are ankerite and dawsonite. Ankerite precipitation was not observed in the CO2-H2S-

brine-sandstone interaction during the period of experiments (short-term), which implied that the 

injection of H2S might have partially inhibited the precipitation of Fe-bearing carbonate minerals. 

Thus, it is important to understand the behaviour of carbonate minerals during CO2 injection. 

Zhang et al. (2011) conducted a geochemical modelling study to investigate the fate and transport 

of co-injection of H2S with CO2 in deep saline formations. The formations considered in the study 

are sandstone and carbonate. They found that, compared with CO2 gas, H2S gas preferentially 

dissolves into formation water and results in delayed breakthrough of H2S gas, and separation 

between CO2 and H2S gases at the moving front. Moreover, co-injection of H2S reduces CO2 

solubility compared to CO2 only case. However, the preferential dissolution of H2S enhances CO2 

dissolution at the gas moving front. They also found that co-injection of H2S with CO2 causes the 

precipitation of pyrite in the sandstone formation as dissolved Fe2+ from Fe-bearing minerals 
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interact with the dissolved H2S. However, the precipitation of pyrite inhibits ankerite precipitation 

as H2S is co-injected with CO2. The presence of Fe-bearing minerals in geological formations 

enhances H2S dissolution through precipitation of sulphide minerals, thereby increasing H2S 

mineral trapping. They concluded that sandstone formations are more suitable for 

geosequestration of CO2 as they promote mineral trapping, while the dominant trapping 

mechanisms in carbonate formations are solubility and hydrodynamic trapping. 

Li et al. (2022) conducted an experimental study to investigate the mineralogical changes in 

carbonate-rich shale oil reservoirs during CO2-brine-rock interactions. The carbonate-rich rock 

samples tested include limestone, dolomitic shale, and silty dolomite (Table 2.2). The soaking 

fluid is brine (fully saturated with CO2), and the CO2-brine soaking experiment was conducted at 

900C and 35 MPa for 168 hours.  The main mineral in the limestone rock sample is calcite (84.4 

wt.%). The calcite content of the limestone reduced to 80.2 wt.% after the soaking treatment, due 

to a severe chemical reaction between calcite and the low pH (acidic) brine. The content of the 

other primary minerals (quartz, K-feldspar, albite, siderite, and clay) in the limestone sample 

increased slightly after the soaking treatment. The main minerals in the dolomitic shale were 

quartz (35.5 wt.%) and dolomite (24.1 wt.%). The dissolution of calcite, dolomite, and K-feldspar 

was observed after the soaking treatment, while other minerals (quartz, albite, siderite, and clay) 

precipitated in the dolomitic shale. The major mineral in the silty dolomite is dolomite (65.3 wt.%). 

Dolomite and calcite dissolved during the soaking treatment, which resulted in a decrease in their 

content; while the content of the other minerals (quartz, K-feldspar, albite, siderite, and clay) in 

the silty dolomite increased. The findings of the study revealed that quartz, albite, siderite, and 

clay precipitate, while calcite and dolomite dissolve in carbonate-rich shale rocks during CO2 

sequestration at the condition and period of time considered in the experiment. Over a longer 

period of CO2 sequestration, some minerals that precipitate over a short time might begin to 

dissolve as the pH of the aqueous phase continues to change (Bolourinejad and Herber, 2014). 

Lu et al. (2014) conducted an experimental study to investigate the geochemical impact of O2 on 

sandstone carbon storage reservoirs. The sandstone rock samples tested were obtained from the 

Miocene sandstone (Texas offshore, USA), lower Tuscaloosa sandstone (Cranfield field, 

Mississippi, USA), and Cardium sandstone (Pembina field, Alberta, Canada). Samples from the 

sandstone rocks were treated with 1.88 M NaCl solution and CO2 (with or without the addition of 

a small volume of O2) at 200 bar and 700C or 1000C (to further evaluate the impact of temperature 

on the geochemical reactions) for approximately 2 weeks (Table 2.3). The findings of the study 

revealed that for rock samples that do not have reducing minerals (such as pyrite), the co-injection 
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of a supercritical CO2 with a small volume of O2 showed very limited geochemical impact on the 

sandstone rock samples compared to the reactions with pure CO2. The presence of O2 in the 

mixture did not alter the reaction pathways, and did not accelerate the dissolution of carbonate 

and feldspar minerals. The Cardium sandstone rock sample, with an initial amount of pyrite up to 

about 0.7 wt.%, was impacted remarkably by the co-injection of supercritical CO2 with O2. As 

pyrite was oxidized, the pH of the solution was further lowered (more acidic solution), enhancing 

the dissolution of carbonate and feldspar minerals in the Cardium sandstone. Furthermore, the 

injection of pure CO2 (without the addition of a small volume of O2) at 1000C and 200 bar into the 

Miocene sandstone resulted in the precipitation of quartz and the dissolution of the other minerals 

(albite, K-feldspar, calcite, kaolinite, and illite); while the dissolution of quartz and the precipitation 

of chlorite was observed in the lower Tuscaloosa sandstone under the same condition (except 

their initial mineral composition). In fact, more quartz dissolved and more chlorite precipitated in 

the lower Tuscaloosa sandstone at 1000C compared to what was observed at 700C for the pure 

CO2 injection. So, CO2-brine-rock interaction is impacted by impurities, temperature, and initial 

mineralogical composition of the rock. 

Table 2.2: Mineralogical composition (wt.%) of carbonate-rich shale reservoir rock samples 
based on XRD analyses (Li et al., 2022). 

Rock type Mineral Before soaking After soaking 
(168 hours) 

Limestone Quartz 5.0 6.9 

K-feldspar 0.2 0.4 

Albite 4.9 5.7 

Calcite 84.4 80.2 

Siderite 1.1 1.6 

Clay 4.4 5.2 

 

Dolomitic shale Quartz 35.5 38.6 

K-feldspar 3.7 3.3 

Albite 13.0 15.3 

Calcite 12.8 7.1 

Dolomite 24.1 21.7 

Siderite 5.4 7.2 

Clay 5.5 6.8 

 

Silty dolomite Quartz 14.5 17.6 

K-feldspar 1.8 2.1 

Albite 6.1 7.6 

Calcite 5.1 3.0 

Dolomite 65.3 60.2 

Siderite 1.7 2.6 

Clay 5.5 6.9 
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Table 2.3: Mineralogical composition (wt.%) of sandstone rock samples based on XRD analyses 
(Lu et al., 2014). 

Sample Depth 
(m) 

Experiment Quartz 
(%) 

Albite 
(%) 

K-feldspar 
(%) 

Calcite 
(%) 

Kaolinite 
(%) 

Illite 
(%) 

Chlorite 
(%) 

Pyrite 
(%) 

Miocene 
Sandstone 

2806.60 Unreacted 45.61 11.49 10.96 20.02 3.74 8.18  Trace 

2806.60 7% O2, 700C 53.12 11.52 9.4 16.35 1.31 8.29  Trace 

2805.68 Unreacted 45.36 12.16 9.25 15.27 3.45 14.5  Trace 

2805.68 0% O2, 1000C 50.77 12.04 7.32 13.08 2.41 14.37  Trace 

2805.07 Unreacted 43.04 12.32 10.02 14.53 4.91 15.17  Trace 

2805.07 3.5% O2, 1000C 48.04 11.48 10.99 12.62 1.16 15.72  Trace 

 

Lower 
Tuscaloosa 
Sandstone 

3193.28 Unreacted 75.52 Trace Trace Trace 1.95 2.37 20.16 Trace 

3193.28 0% O2, 700C  75.28 Trace Trace Trace 1.73 2.05 20.94 Trace 

3193.28 3.5% O2, 700C 75.75 Trace Trace Trace 2.18 2.1 19.98 Trace 

3193.28 0% O2, 1000C 74.83 Trace Trace Trace 1.73 2.27 21.17 Trace 

3193.28 3.5% O2, 1000C 74.94 Trace Trace Trace 1.5 2.04 21.51 Trace 

 

Cardium 
Sandstone 

1458.00 Unreacted 55.35 1.5 2.53 Trace 6.64 33.3  0.68 

1458.00 3.5% O2, 700C 57.05 1.34 2.54 Trace 4 34.26  0.81 

Furthermore, the concentration or fraction of injected fluid in a brine-rock system impacts the 

geochemical reactions (Parmentier et al., 2013; Bolourinejad and Herber, 2014). Parmentier et 

al. (2013) conducted experiments to investigate SO2 reactivity on calcite at 1500C and 100 bar for 

one month. Two experimental conditions were considered: the injection of low initial content of 

SO2 gas (30 mg) and the injection of high initial content of SO2 gas (535 mg) in a gold capsule 

containing a monocrystal of calcite and brine (25 g/L NaCl). In both cases, no CO2 gas was 

injected during the experiments. In the case of the low SO2 content, about a quarter of the initial 

calcite had dissolved after a month of treatment (or incubation); while in the case of the high SO2 

content, all calcite dissolved, and almost all calcium reprecipitated as anhydrite and the remaining 

sulphate accumulated in the aqueous phase. The analysis of the outlet gas indicates the presence 

of CO2 gas in both cases. Thus, the presence of CO2 gas must have resulted from the dissolution 

of calcite. Also, SO2 gas was not detected after the experiment in the first case, while a final molar 

mixture of 28.4% CO2 and 71.6% SO2 was detected in the case of the high SO2 content 

experiment. So, it is possible that all the SO2 gas in the case of the low initial content of SO2 

experiment dissolved rapidly and completely in the aqueous phase as sulphate due to the high 

temperature condition, as high temperature increases kinetic rate constant and rate of reaction 

(Miri et al., 2014; Ma et al., 2019). Therefore, it is important to evaluate the impact of SO2 gas 

impurity on CO2-brine-rock interactions.  

Hedayati et al. (2018) conducted experiments to evaluate the impacts of SO2 gas impurity within 

a CO2 stream on Heletz sandstone reservoir. The sandstone rock samples were exposed to pure 

CO2 gas and CO2 gas with 1.5 mol% SO2 gas at 600C and 14.5 MPa. The rapid dissolution of SO2 

gas decreased the pH of the brine (more acidic solution) more compared to pure CO2 gas. Hence, 

increase in mineral dissolution and the precipitation of sulphide minerals (pyrite) were observed 
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for the CO2-SO2 case (Table 2.4). Ankerite and dolomite, which are the most abundant carbonate 

minerals in the sandstone rock sample dissolved more quickly in the presence of the SO2 gas. 

More quartz (feldspar dissolution) and halite (possible increase in Na+ concentration in the 

aqueous phase) precipitated for the CO2-SO2 case, compared to the pure CO2 case.  In fact, 

clinochlore (chlorite mineral) precipitated, possibly resulting from the dissolution of dolomite and 

K-feldspar. For both cases, the dissolution of K-feldspar, ankerite, anatase/brookite, and 

plagioclase feldspar was observed. Pyrite dissolved for the pure CO2 case, due to a lack of 

adequate sulphate ion in the brine to enable its precipitation. The dissolution of pyrite and ankerite 

enhanced the precipitation of siderite and magnetite, and the dissolution of feldspar minerals 

enhanced the precipitation of muscovite and kaolinite. The dissolution of dolomite released 

enough calcium into the aqueous phase and enhanced the precipitation of calcite. More K-

feldspar and plagioclase dissolution was observed for the pure CO2 case and used in the 

precipitation of quartz and secondary minerals (Aminu et al., 2018), whereas the dissolution of K-

feldspar and plagioclase enhanced the precipitation of quartz for the CO2-SO2 case. Thus, a 

higher amount of quartz was precipitated for the CO2-SO2 case. The precipitation of halite might 

have resulted from the plagioclase mineral dissolution together with the initial sodium chloride 

(NaCl) concentration in the synthetic brine. The sandstone rock samples do not contain calcite as 

one of their initial minerals, therefore, anhydrite precipitation was not observed. The Ca2+ released 

from dolomite dissolution was not enough to precipitate anhydrite, as most of the sulphate content 

of the aqueous phase was used in the precipitation of pyrite. So, the initial mineralogical 

composition of the rock impacts the precipitation of secondary minerals.  

Table 2.4: Mineralogical composition (vol.%) of sandstone rock samples before and after 
treatment in CO2-brine and CO2-SO2-brine (Hedayati et al., 2018). 

Mineral Before treatment Pure CO2 

(62 days) 
CO2+1.5 mol% SO2 

(36 days) 

Quartz 75.05 77.78 81.86 

K-feldspar 12.94 7.66 8.90 

Ankerite 6.08 4.08 2.86 

Anatase/brookite 0.52 0.451 0.32 

Pyrite 0.26 0.21 0.63 

Plagioclase 3.34 1.21 2.43 

Dolomite 1.49 - - 

Halite - 0.74 2.08 

Clinochlore - - 1.40 

Calcite - 1.37 - 

Siderite - 0.40 - 

Muscovite - 2.54 - 

Magnetite - 0.10 - 

Phlogopite - 1.28 - 

Kaolinite - 1.84 - 
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Studies have been conducted on the impact of SO2 gas or other gas impurities co-injected with 

CO2 on the geochemical and petrophysical properties (porosity and permeability) of rocks. 

Bolourinejad and Herber (2014) conducted an experimental study on the storage of CO2 and 

impurities in a depleted gas field in the northeast Netherlands. Experiments were conducted on 

Permian Rotliegend sandstone reservoir (no initial calcite content) and Zechstein caprock 

(anhydrite and carbonate component) core samples at in situ conditions of 300 bar and 100 0C 

for 30 days. Anhydrite precipitation was observed in H2S or SO2 co-injection case with CO2, as 

the geochemical reaction with the formation water provided additional sulphur; while anhydrite 

dissolved in the pure CO2 injection case. Pyrite and halite precipitated for the CO2-H2S co-injection 

case. In the CO2-SO2 co-injection case, enhanced levels of dissolution of carbonate and feldspar 

minerals were observed due to the formation of sulphuric acid from the geochemical reaction. 

Furthermore, after CO2 injection, the permeability of the reservoir samples increased by 10-30%; 

while the permeability of caprock samples increased by a factor of 3-10, which indicates a 

significantly higher increase in the permeability of the caprock samples compared to the 

sandstone reservoir rock samples. CO2 co-injection with 5000 ppm H2S (higher concentration of 

the gas impurity, different from the other cases with 100 ppm gas impurity) reduced the 

permeability of the reservoir and caprock samples significantly (due to significant halite 

precipitation and little amount of pyrite and anhydrite precipitation), while only minimal change in 

permeability (less than 3% increase in permeability of the sandstone reservoir sample, and an 

increase in permeability up to 30% in the caprock sample) was observed when the concentration 

of H2S was reduced to 100 ppm as the dissolution of minerals resulted in corresponding 

precipitation of secondary minerals. It is worth noting that after 17 days of CO2 co-injection with 

100 ppm H2S, the permeability of the reservoir and caprock samples decreased as the 

precipitation of halite dominated the dissolution of feldspar and carbonate minerals. However, 

over time the mineral dissolution process dominated, resulting in increase in the permeability of 

the rock samples after 30 days. In the case of CO2 co-injection with 100 ppm SO2, the permeability 

of reservoir samples increased by a factor of 1.18 to 2.2, while the permeability of the caprock 

samples changed by a factor of 0.8 to 23 (permeability increased in caprock samples with a higher 

ratio of initial carbonate mineral concentration to anhydrite content, due to the carbonate 

dissolution). The increase in the permeability of the sandstone reservoir could be attributed to the 

lack of calcite mineral in the initial composition of the rock. Thus, the release of Ca2+ from dolomite 

dissolution was not enough to precipitate a significant amount of anhydrite (which could have 

decreased the permeability of the reservoir rock in the CO2-SO2 case). So, it appears that the 

initial mineralogical composition of the rock, duration of the geochemical reaction, and 
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concentration of impurities in a CO2 gas stream in reservoir and caprock samples impact the 

amount of change in their permeability.  

A similar experimental study was conducted by Aminu et al. (2018) to evaluate the effect of 

impurities on the permeability of sandstone reservoir rock samples. The impurities considered are 

NO2, H2S, and SO2. The experiment was conducted at 700C and 140 bar for 9 months. They found 

that the effect of H2S on the permeability of the rock samples is relatively small. CO2 increased 

the reservoir rock permeability by 5.83%, while CO2-H2S increased it by 6.25%. CO2 co-injection 

with SO2 slightly decreased permeability by 6.25%; while CO2 co-injection with NO2 significantly 

decreased permeability by 41.67%. The changes in the rock permeability are significantly 

influenced by the existing rock minerals' dissolution and precipitation, as well as some secondary 

minerals precipitation. A similar study was conducted by Fatima et al. (2021) to evaluate the 

impact of pure CO2 on the porosity of carbonate and shale rocks.  

Fatima et al. (2021) conducted experimental and simulation studies on CO2 geosequestration to 

investigate its impact on the geomechanical and petrophysical properties of rocks. The rock 

samples used in the experiment are carbonate and sandstone at in situ conditions of 200 psi and 

1200C. CO2 was stored in the samples for different times (10, 20, and 120 days). The rocks’ 

compressive and tensile strength tests as well as petrophysical properties tests were performed 

before and after CO2 sequestration. Furthermore, numerical simulations, using CMG-GEM 

software, were performed to cover CO2 geosequestration period of 250 years (25 years of 

injection and 225 years of storage). Results of the study showed that the solubility of CO2 

decreased with the increase in salinity and injection pressure. So, CO2 solubility trapping is 

influenced by salinity, injection pressure, and presence of impurities such as H2S (Li et al., 2016; 

Fatima et al., 2021). Fatima et al. (2021) also found that the storage of CO2 increased the porosity 

and permeability of the formation when the storage period is more than 20 days as CO2 dissolves 

in water (brine). In the study, a CO2 storage period of less than 20 days did not show any 

significant change in the porosity and permeability of carbonate reservoir rock. In the experimental 

study conducted by Fatima et al. (2021) to evaluate the impact of CO2 geosequestration in 

carbonate (Ordinary limestone and Khuff limestone) and Berea sandstone reservoirs at 1200C 

and 1200 psi for 120 days, the percentage increase in the porosity and permeability of the 

sandstone reservoir is negligible compared to the carbonate reservoir rocks.  

Al-Yaseri et al. (2022) conducted an experimental study to evaluate the impact of rock-wettability 

(water-wet and oil-wet scenarios) on CO2-carbonate rock interaction. The impact of CO2 flooding 

on the porosity and permeability of water-wet (to represent a saline aquifer) and oil-wet (to 
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represent a depleted carbonate reservoir) Indiana limestone core samples (98% calcite + 2% 

montmorillonite initial mineralogical composition) were evaluated at 500C and 10.23 MPa. The 

porosity of the water-wet and oil-wet core samples increased relative to the initial values by 

82.50% and 50%, respectively; while the permeability of the water-wet and oil-wet core samples 

increased relative to the initial values by 1073.91% (over a factor of 10) and 236.26% (over a 

factor of 2), respectively. Findings of the study suggests that the reactivity of the CO2-brine-

carbonate rock is more pronounced in the water-wet rock compared to the oil-wet rock. So, the 

increase in porosity and permeability of carbonate aquifers might be higher compared to depleted 

petroleum carbonate reservoir rocks during CO2 geosequestration, as aqueous solutions enhance 

mineral reactions.  

Lu et al. (2016) conducted an experimental study to investigate the geochemical impact of O2 

impurity in CO2 gas stream in carbonate (limestone and dolostone) reservoirs. The experiments 

were performed at 700C (or 1000C) and 200 bar for about 3 weeks to investigate the effect of O2 

impurity on CO2-brine-rock interactions. The increase in porosity and permeability of the limestone 

reservoir for CO2 co-injection with 3.5 % O2 was higher compared to that of pure CO2 at the same 

temperature. The increase in permeability in the limestone reservoir at 700C is higher compared 

to the increase in permeability at 1000C for the CO2 co-injection with 3.5 % O2 case. Porosity and 

permeability of dolostone increased significantly when CO2 was added, but the addition of 3.5% 

O2 did not result in notable changes in the porosity and permeability of the dolostone rock 

samples. Also the impact of temperature on the porosity and permeability of the dolostone rock 

samples was not significant. Findings of the study revealed that the CO2 co-injection with O2 

impurity will not cause significant damage to carbonate formations. Thus, retaining a small amount 

of O2 in the CO2 gas stream will save cost of carbon capture and storage. Therefore, it is important 

to understand the impact of impurities co-injected with CO2 on the porosity and permeability of 

different formations (Table 2.5). 
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Table 2.5: Impact of CO2 (with or without the addition of impurities) on the porosity () and 
permeability (K) of rocks. 

Rock 
description 

Fluid 
composition  

Operating 
conditions 

Before 
sequestration 

 

After 
sequestration 

Percentage 

change in  

Percentage 
change in 

K 

References 

 (%) K (mD)  (%) K (mD) 

Ordinary 
limestone 

 
 
CO2 + brine  

 
 
T=1200C 
P=1200 psi 
t=120 days 

10.235 19.6425 10.495 25.455 2.54 29.59  
 
Fatima et al. 
(2021) 

Khuff 
limestone 

6.56 4.56 6.89 5.451 5.03 19.54 

Berea 
sandstone 

17.3 201.6 17.4 202.4 0.58 0.40 

 
 
 
 
Sandstone 

100% CO2 + 
brine 

 
 
 
T=700C 
P=140 bar 
t=9 months 

 
 
 
      
     - 

 
 
 
 
240 

 
 
 
   
  - 
 

254  
 
 
 
         - 

5.83  
 
 
Aminu et al. 
(2018) 

95% CO2 + 5% 
NO2 + brine 

140 -41.67 

95% CO2 + 5% 
SO2 + brine 

225 -6.25 

95% CO2 + 5% 
H2S + brine 

255 6.25 

Indiana 
limestone 
(water-wet) 

 
 
CO2 + brine 

 
 
T=500C 
P=10.23 MPa 

3.9 9.2 7.1 108 82.50 1073.91  
 
Al-Yaseri et 
al. (2022) Indiana 

limestone 
(oil-wet) 

3.2 9.1 4.8 30.6 50.00 236.26 

Limestone 
(98.8% 
calcite + 
0.5% 
dolomite + 
0.4% quartz 
+ 0.3% illite)  

100% CO2 + 
brine 

T=1000C 
P=200 bar 
t= 18 days 

1.6 0.0022 1.9 0.0168 18.75 663.64  
 
 
 
 
 
 
 
 
Lu et al. 
(2016) 

96.5% CO2 + 
3.5% O2 + 
brine 

T=700C 
P=200 bar 
t= 18 days 

1.6 0.0022 2.3 0.0855 43.75 3786.36 

96.5% CO2 + 
3.5% O2 + 
brine 

T=1000C 
P=200 bar 
t= 20.9 days 

1.6 0.0022 2.3 0.0376 43.75 1609.09 

Dolostone 
(64.5% 
dolomite + 
28.1% 
Ankerite + 
5.8% illite + 
0.6% 
siderite + 
0.6% K-
feldspar + 
0.5% 
chlorite) 

100% CO2 + 
brine 

T=700C 
P=200 bar 
t= 18 days 

0.4 0.0003 2.0 0.0034 400 1033.33 

96.5% CO2 + 
3.5% O2 + 
brine 

T=700C 
P=200 bar 
t= 19 days 

0.4 0.0003 1.5 0.0132 275 4300.00 

96.5% CO2 + 
3.5% O2 + 
brine 

T=1000C 
P=200 bar 
t= 19 days 

0.4 0.0003 1.2 0.0158 200 5166.67 

 

While the impact of CO2 on the petrophysical properties of sandstone and carbonate formations 

have been widely studied, only a few studies have investigated the impact of CO2 on the 

petrophysical properties of shale formations (Elwegaa et al., 2019; Ma et al., 2019). Ma et al. 

(2019) conducted a geochemical modelling study on the impact of CO2-brine-rock interaction on 

the permeability of a mudstone (referred to as shale in the present study for simplicity, due to its 

high clay content) caprock. A vertical one-dimensional (1D) model of a sandstone reservoir 

overlain by the mudstone (shale) caprock was developed, and the geochemical modelling of the 

CO2-brine-rock interaction was performed using TOUGHREACT.  The initial CO2 saturation in the 

reservoir (at 470C and 10.1 MPa) was set as 0.5, while the initial CO2 saturation in the caprock 

was set as zero (0). Findings of the study revealed that after 5000 years of CO2 geosequestration, 

CO2 diffused up to about 2.3 m (from the reservoir-caprock interface) into the caprock. Thus, the 
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permeability of the caprock increased from 3.0x10-17 to 4.8x10-17 (60% increase relative to the 

initial permeability) due to significant dissolution of K-feldspar and albite, and the dissolution of 

some amount of calcite and chlorite in the caprock (while very little amount of quartz precipitated). 

Furthermore, they evaluated the impact of salinity on the CO2-brine interaction with the caprock 

by increasing the salinity from 0.10 to 0.20, and found that the dissolution depth of the mudstone 

caprock was slightly larger at the lower salinity (0.10). This result indicates that an increase in the 

salinity to 0.20 attenuated the CO2 dissolution in the caprock, thereby enhancing the sealing ability 

of the caprock. An experimental study conducted by Elwegaa et al. (2019) also showed that the 

porosity and permeability of shale formations increases during pure CO2 sequestration at low 

temperature conditions. It would be important to investigate the impact of impurities in CO2 on the 

porosity and permeability of shale formations.   

2.4.2 Impact of CO2 geosequestration on brittleness of reservoir and cap rocks 

Alam et al. (2014) carried out a study on petrophysical and rock-mechanics effects of CO2 

injection for enhanced oil recovery. The experimental study was conducted over a period of 8 

days on chalk from South Arne field, North Sea. Two types of chalk from the field were studied: 

Ekofisk Formation containing more than 12% non-carbonate (silica and clay) minerals, and Tor 

Formation made up of less than 5% non-carbonate (silica and clay) minerals. They found that 

porosity of the rock samples increased by 2-3% and a small increase in permeability. A reduction 

in elastic stiffness of the rock was indirectly determined based on an increase in Biot’s effective 

stress coefficient by 1-2%. Nuclear Magnetic Resonance (NMR) data showed that there was no 

change in wettability (or contact angle) and the rock samples remained water-wet throughout the 

period of the experiment. Furthermore, they found that the effect of supercritical CO2 injection on 

petrophysical and geomechanical properties of chalk depend on the carbonate mineral content. 

Tor Formation (pure chalk) with high carbonate content encountered significant mechanical 

weakening due to CO2 injection, while no significant mechanical effect was found in the Ekofisk 

Formation (impure chalk).  

A similar study was carried out on a sandstone rock by Huang et al. (2018). The study was based 

on the influence of supercritical CO2 on the strength and fracture behaviour of brine-saturated 

sandstone specimens. Uniaxial compression, Brazilian splitting, and fracture tests were 

conducted on sandstone specimens with brine saturation or supercritical CO2 (scCO2)-brine co-

saturation to investigate the impact of scCO2 injection and brine salinity on the fracture toughness, 

Brazilian tensile strength (BTS), and uniaxial compressive strength (UCS) of sandstone reservoir. 
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Findings of the study revealed that the fracture toughness, BTS, and  UCS of sandstone saturated 

with only brine increased as sodium chloride (NaCl) concentration increased, but decreased as 

scCO2-brine was co-injected in the rock samples. However, increase in the elastic modulus and 

average stiffness of scCO2-brine co-saturated sandstone was observed compared to the brine-

saturated sandstone. Mineral composition changes and dissolution of quartz was not observed. 

However, many micro pores were created in the sandstone after scCO2 injection, thereby 

reducing strength and fracture toughness while porosity increased. They attributed the strength 

reduction and porosity increase in the tested sandstone to the dissolution of clay-cementation 

(kaolinite) in the acidic solution. However, both the salinity and scCO2 injection showed no 

significant impact on the fracture behaviour of the tested sandstone specimens.  

Moreover, Liu et al. (2014) conducted an experimental study on the short-term effect of CO2 on 

the tensile failure of sandstone. The sandstone samples were fractured under different pore fluid 

conditions: dry, dry with CO2, water-wet, and CO2-water-wet. Results of the study revealed that 

the effective fracturing pressure of samples varied linearly with the effective confining pressure in 

the range of 1-6 MPa under the same pore fluid condition. The water-saturated rock experienced 

tensile strength weakening up to 5.638%, but the tensile fracturing behaviour of the sandstone 

was not significantly affected by gaseous CO2 in the presence or absence of water. However, 

laboratory experiments are conducted over a short period (less than a year), whereas CO2 

geosequestration in the field can take 100 years or more. So, the time-dependent effect of CO2 

on the geomechanical properties of rock is vital.  

AL-Ameri et al. (2014) conducted a study to investigate the impact of CO2 storage on the 

mechanical properties of carbonate aquifer rocks. CO2 was stored in carbonate rock core samples 

at a pressure and temperature of 2000 psi and 1000C, respectively. CO2-brine-rock contact time 

or solubility time ranged between two weeks to three months before the core samples were 

analysed for changes in mechanical properties using acoustics, unconfined compression, and 

indirect tensile strength testing machines. Results of the experiments revealed that CO2 storage 

for longer times significantly altered the mechanical properties of the rock samples. The longer 

the storage time the greater the change in the mechanical properties of the rock samples studied. 

The unconfined compressive strength, Young’s Modulus, and Poisson’s ratio of the rock samples 

decreased after 90 days of CO2 sequestration. Therefore, the geochemical interaction between 

the CO2-brine and rock samples, which altered the mechanical properties of the rock is time-

dependent. Similarly, Tariq et al. (2018) carried out a geomechanical study on CO2 sequestrated 

rocks in an aqueous saline environment. The study was conducted on limestone and sandstone 
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rocks, to investigate the degradation of the petrophysical and mechanical properties of rocks due 

to supercritical CO2 storage. The carbonate and sandstone rock samples were exposed to a CO2-

brine solution at reservoir condition of 1200 psi pressure and 120 0C temperature over a period 

of 10 to 120 days. The mechanical properties of the rocks were examined by static and dynamic 

mechanical tests, while the petrophysical properties of the rock were determined by routine core 

analysis.  The findings of the study revealed that the duration of solubility of CO2 in brine has a 

significant impact on the mechanical and petrophysical properties of the rock samples considered, 

especially when CO2 is stored for a longer period of time in the rock. Thus, CO2-brine-rock 

interaction resulting in a change in mechanical and petrophysical properties of the rock is time-

dependent. Based on the study, they concluded that the potential candidate for CO2 

geosequestration is limestone (carbonate rock) as it exhibits minimal change in rock properties.  

Masoudi et al. (2011) performed an integrated reservoir simulation to evaluate the impact of CO2 

storage on the geomechanical properties of a depleted carbonate gas reservoir. They conducted 

petrophysical measurements and laboratory rock mechanics tests on core samples before and 

after injection of CO2-saturated brine solution. The laboratory results were used to develop 

petrophysical property, elastic, and material strength degradation models due to CO2-brine-

carbonate rock interaction. A coupled hydrological-mechanical modeling was performed, which 

incorporates CO2 saturation and reservoir pressure from dynamic simulation, and the resulting 

changes in porosity, permeability, and effective stress were calculated by a Geomechanical 

modeler and passed back to the dynamic reservoir simulation. The simulation was performed to 

investigate time-dependent effect of rock petrophysical and geomechanical properties during CO2 

sequestration. Findings of the study revealed that the reservoir and cap rocks remained elastic 

even though the elastic and strength properties of the formations degraded with increase in CO2 

saturation and an increase in local permeability of the formations up to 70% due to injection. 

Compactions induced in the reservoir during production were fully recovered during the injection 

phase when the reservoir pressures were restored to their pre-production values. However, large 

injection pressures gave rise to large amounts of plasticity of up to 3% after over 35 years of CO2 

geosequestration. In fact, the reservoir volume substantially increases with volumetric strain up 

to 5%. The computed shear strains indicated that vertical fracture would be initiated at an injection 

pressure of 4200 psi. The capacity of caprock sealing and integrity can be limited by the presence 

of any sub-seismic faults and/or fractures. Therefore, a critical field pressure limit up to 4200 psi, 

based on the injection rate of 50 MMSCF/day at each of the injection wells was recommended. 

So, at high CO2 injection pressure, the reservoir and caprock can experience plastic deformation. 

Thus, it is important to investigate whether CO2 streams injected in a storage reservoir influence 
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the brittleness of the reservoir or cap rocks; as the more brittle rocks become, the higher the 

chance of induced fracture in the rocks.  

Lyu et al. (2018) developed a damage constitutive model to evaluate the effects of CO2-brine-

rock interactions on the brittleness of a low-clay shale. They conducted a series of strength tests 

to determine the stress-strain characteristics of shale rock samples soaked in different CO2 

phases, including subcritical or supercritical CO2 with formation water at different time intervals or 

solubility time (10, 20, and 30 days). They established two damage constitutive equations based 

on the Weibull distribution and power function distribution, to predict the threshold stress for both 

soaked and intact shale samples. Results of the study revealed that physical and chemical 

reactions of CO2-brine-rock during injection and storage cause significant reductions in the peak 

axial strength and Young’s modulus of shale rocks. Furthermore, they applied the energy balance 

method together with the Weibull distribution-based constitutive model to calculate the brittleness 

values of samples with or without CO2-brine soaking. They found that the intact shale sample had 

the highest brittleness index of 0.9961, which corresponds with the high percentage of brittle 

minerals in the shale samples; while the CO2-brine-shale interactions in the soaked shale sample 

decreased the brittleness values. In addition, among the three soaking durations considered, the 

minimum brittleness values occurred on samples with 20 days of soaking in CO2-brine solution in 

both subcritical and supercritical CO2 phases. However, shale rock sample soaking in subcritical 

or supercritical CO2-brine solutions has higher effect on the strength and Young’s modulus of 

shale rocks than on the brittleness. In fact the low-clay shale still keeps good fracture performance 

after the period of soaking in brine-subcritical/supercritical CO2.  

Lyu et al. (2018) subdivided the minerals in the intact rock as brittleness component (72.95 wt.%), 

clay component (5.85 wt.%), and others (20.97 wt.%). Quartz (55.50 wt.%), feldspar (14.57 wt.%), 

and cristobalite (2.88 wt.%) were classified as the brittleness component; kaolinite (1.00 wt.%), 

illite (1.42 wt.%), and smectite (3.43 wt.%) were classified as the clay component; while calcite 

(4.44 wt.%), pyrite (4.08 wt.%), muscovite (5.57 wt.%), annite (1.41 wt.%), marble (5.10 wt.%), 

and braunite (0.37 wt.%) were classified as the other minerals. The mineralogical composition of 

the low-clay shale is similar to mineralogical composition of some sandstone reservoirs. The 

change in rock strength and brittleness during CO2-brine-rock interaction (Table 2.6) could be 

attributed to the alteration in rock mineralogy, as some brittle minerals dissolve and/or some non-

brittle minerals precipitate in the rock. 
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Table 2.6: Impact of CO2 sequestration on the brittleness index and uniaxial compressive 
strength of shale rock (Lyu et al., 2018). 

Rock 
description 

Soaking 
condition 

Operating 
conditions 

Soaking 
time 

(days) 

Brittleness 
index 

Percentage 
change in 
brittleness 

index 

Average 
UCS 

(MPa) 

Percentage 
change in 

UCS 

Low-clay 
shale  

Intact T=220C  0.9961  53.30  

Subcritical 
CO2 + NaCl 

T=400C 
P=7 MPa 

10 0.9843 -1.18 42.22 -20.79 

20 0.9754 -2.08 34.15 -35.93 

30 0.9851 -1.10 23.03 -56.79 

Supercritical 
CO2 + NaCl 

T=400C 
P=9 MPa 

10 0.9757 -2.05 37.75 -29.17 

20 0.9713 -2.49 25.28 -52.57 

30 0.9835 -1.26 20.51 -61.52 

Thus, Kang et al. (2020) conducted a study on mineralogical brittleness index as a function of 

weighting brittle minerals. They found that the simple sum of brittle minerals model does not 

significantly correlate to the mechanical brittleness index model. Thus, considering the bulk 

modulus of the brittle minerals, the researchers proposed a new model of mineralogical brittleness 

index as a function of brittle minerals with their corresponding weighting coefficients. The new 

brittleness index is significantly correlated to the mechanical brittleness index. However, for a 

single mineral rock (for instant calcite only), regardless of the weighting coefficient assigned to it 

with respect to other minerals, the mass fraction will remain the same regardless of its mass over 

the period of CO2 geosequestration as long as no other mineral precipitates in the rock under the 

geosequestration condition. So, both the simple sum of brittle minerals and the new mineralogical 

brittleness index, suggest that the brittleness of a single mineral rock remains the same unless 

another mineral precipitates during the period of geosequestration.  

Some studies on brittleness of rock have been conducted without considering CO2 injection or 

storage. For instance, Hou et al. (2018) conducted a study to evaluate brittleness of shale based 

on the Brazilian splitting test. The shale cores are from the Longmaxi Formation, Silurian system, 

Sichuan basin. They evaluated brittleness using a comprehensive brittleness model developed 

by regression analysis (based on experiments) on the rock elastic parameters (using normalized 

Poisson’s ratio and Young’s modulus), curve peak characteristics (ratio of tensile strength to 

deformation at peak point), and energy dissipation (ratio of intrinsic cohesion of rocks to total 

fracture propagation resistance exerted by the frontal zone when the peak stress value is 

reached). They found that the tensile brittleness index (evaluated by the comprehensive 

brittleness index model) is more accurate and sensitive to changes in different conditions than 

the compressive brittleness index.   

Furthermore, Meng et al. (2015) developed an evaluation methodology of brittleness of rock 

based on post-peak-stress-strain curves. They believe that the evaluation of brittleness index of 
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rock based on strength ratio or product cannot properly describe rock brittleness, as most of those 

indices neglect how brittleness is impacted by stress state of the rock. The new brittleness 

evaluation method developed in the study includes two brittleness indices: the degree of 

brittleness and brittle failure intensity, based on the magnitude and velocity of the post-peak stress 

drop. This post-peak stress drop is easily obtained from the conventional triaxial and uniaxial 

compression tests. The two indices account for the impact of confining pressure on the brittleness 

of rocks. A high degree of brittleness of rock implies that the ratio of the stress drop (positive 

difference between peak stress and residual stress) to the peak stress is large and the peak stress 

decreases rapidly to the residual stress. So, the relative stress drop and stress drop velocity 

(which involves the stress path) is considered in the degree of brittleness of the rock. Thus, while 

the brittleness index of rocks are related to their mineralogical compositions,  it is important to 

compare brittleness of different rocks at similar confining pressure conditions. 

2.4.3 Impact of cyclic injection of CO2 on the properties of reservoir and cap rocks 

CO2 geosequestration could involve non-cyclic or cyclic process. On the one hand, non-cyclic 

process entails injection of CO2 over a period, then stop the injection and allow the injected CO2 

to be trapped in the reservoir. On the other hand, cyclic process of geosequestration involves 

injection of CO2 for some period (in some cases, withdrawing some of the injected CO2 leaving 

behind some amount of CO2 in the reservoir), and repeating the process over the 

geosequestration period. Rock tests based on cyclic injection and withdrawal of fluid could be 

classified as environmental cyclic tests on rocks, as it relates to cyclic wetting-drying or cyclic 

freezing-thawing tests on rocks. For instance, for cyclic wetting-drying tests, the effective pressure 

in the reservoir decreases during the wetting process, while the rock’s cement weakens during 

the drying process. Thus, the rock strength decreases during wetting-drying tests due to the 

water-rock interaction. (Liu and Dai, 2021). Hence, during the cyclic injection-withdrawal of CO2, 

the process induces cyclic stress on the rock, leading to the rock’s deformation and decrease in 

strength. Several studies have been conducted on cyclic injection of CO2, to investigate the 

multiphase flow behaviour, and its impact on pore structure and mechanical properties of rocks.   

Residual trapping of immiscible fluids such as hexane during cyclic injection exhibit similar 

characteristics as supercritical CO2. Ahn et al. (2020) conducted a study on migration and residual 

trapping of immiscible fluids during cyclic injection. They performed five sets of drainage-

imbibition cycles. Findings of the study revealed that as cyclic injection of hexane and water 

progressed, saturation of the hexane repeatedly increased in the drainage cycles and dropped 
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during imbibition cycles, but the differences in the saturation gradually diminished at later cycles. 

Furthermore, the mobile fractions in hexane saturation decreased rapidly, while the immobile 

fractions increased consistently at the drainage cycles (but the immobile fractions or residual 

saturation of hexane increased slightly but consistently at imbibition cycles). The increase in the 

immobile fractions of hexane occurs as newly invading water causes the previously flooded 

hexane (as continuous and interconnected streams) to be dispersed and isolated into several 

small-scale blobs. Thus, a conglomerate of blobs and clusters of immiscible fluids, dispersed in 

the same manner builds up during the repetitive (cyclic) injection processes until the immobile 

region comes in contact with the main flow channels. In fact, as the residually trapped CO2 

increases, the upward mobility of stored CO2 in the reservoir is limited due to decreased 

buoyancy, thereby promoting effective and secured CO2 geosequestration. Thus, the application 

of cyclic CO2-brine injection may be useful for long-term storage of CO2 streams as small-scale 

dispersed blobs and clusters of CO2 by hydrodynamic and mineral trapping (Ahn et al., 2020). 

During cyclic CO2 injection, about 40-50% of CO2 can be stored mainly through residual and 

solubility trappings in the porous medium (Abedini and Torabi, 2014). Therefore, residual and 

hydrodynamic trapping mechanisms play key roles in CO2 storage during cyclic injection. This 

finding is supported by a study conducted by Li et al. (2021) on strategies of CO2 injection for 

enhanced oil recovery. They found that water alternating gas (CO2) and CO2 cyclic injection 

strategies provide significantly higher effective CO2 storage capacities compared to the 

continuous CO2 injection strategy. However, residually trapped CO2 might reconnect with injected 

CO2 in subsequent injection cycles mainly close to the large pore clusters, as observed during 

cyclic hydrogen (H2) injections (Lysyy et al., 2023). 

Furthermore, Saeedi et al. (2011) conducted a study on multiphase flow behaviour during cyclic 

CO2-brine flooding in sandstone rock samples. They found that for rock samples with low 

permeability or susceptible to formation damage (including migration of fines, dissolution or 

precipitation of minerals, etc.), injectivity may reduce during cyclic CO2-brine injection, even 

though the level of damage would stabilise after several cycles of injection. Moreover, during 

several CO2-brine flooding cycles, the porous rock could experience some level of plastic 

deformations due to the dissolution of some host minerals in the cement which initially binds 

grains of the rock together. Edlmann et al. (2019) conducted a study on cyclic CO2-H2O injection 

and residual trapping. They found that differential pressure increases continuously  over several 

injection cycles due to reduction in effective permeability as residual trapping of CO2 increased, 

therefore limiting flow and injectivity. The increase in residual trapping of CO2 results in increase 
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in the storage security of CO2 as the buoyant [free] gas phase is reduced. However, the more 

residually trapped CO2 close to the well results in more tortuous flow paths for the CO2 injected, 

thereby posing as a barrier to fluid flow and resulting in reduction in injectivity. Herring et al. (2016) 

conducted a similar study on residual trapping of supercritical CO2 through cyclic injections in a 

sandstone system. Findings of the study revealed that residual supercritical CO2 trapping 

increases with several drainage-imbibition cycles.  They suggest that exposure of supercritical 

CO2 in certain geologic materials may induce surface chemical reactions which are time-

dependent. Thus, the surface chemical reactions can influence the pore structure of the rock 

(especially over longer period of cyclic CO2 injection), as dissolution-dominant reactions of rock 

minerals would result in increased porosity and permeability, while precipitation-dominant 

reactions would result in decreased porosity and permeability of the rock.  

Elwegaa et al. (2019) conducted a study on cyclic cold carbon dioxide injection for improved oil 

recovery from shale oil reservoirs. They found that injection of cold CO2 increased both porosities 

and permeabilities of the core samples by up to 3.5% and 8.8%, respectively. In a similar study 

conducted by Su et al. (2021) on cyclical supercritical CO2 treatment, to investigate the fractal 

characteristics and structures of pores in long-flame coal. They observed significant increase in 

the porosity and proportion of macropores after treatment, as new pores were formed and some 

small pores possibly converted into macropores. Moreover, as duration of treatment increased, 

the trend of the daily average porosity rate increased, possibly caused by the effects of fatigue of 

the coal matrix. Ke et al. (2023) conducted a comparative study to characterize sandstone 

microstructure affected by cyclic wetting-drying process. Findings of the study revealed that the 

microporosity of the sandstone increases during the cyclic wetting-drying process, as a result of 

progressive changes in micro grains and micropore structure as micropores expand gradually 

and merge. This results in loose mineral particles and blocks, cracks developing into 

interconnected networks, enabling smooth mineral surfaces. During the following cycles, the 

average pore throat diameters increase gradually. As the cyclic wetting-drying process continues, 

the structures and mechanical properties of the sandstone changes due to cumulative changes 

in microstructure. The driving forces of the changes in the microstructure of the sandstone is 

water-rock interaction including physical, mechanical, and chemical interactions. Badrouchi et al. 

(2022) carried out a study on CO2 injection side effects on reservoir properties in ultra-tight 

formations. They found that carbonic acid dissolve some amount of the calcite, dolomite, and 

feldspar minerals in the rock and create new micro- and nano-pores, thereby increasing the 

microporosity of the rock samples after one cycle of CO2 injection. However, after four CO2 
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injection cycles, the effective porosity of the rock samples decreased, as the dissolved CO2 could 

react with rock minerals and form precipitates that block some pores. Therefore, due to changes 

in the rock’s microstructure, the porosity of the rock changes (increases or decreases) at different 

cycles during the injection process. These changes in the microstructure impacts the 

petrophysical (porosity and permeability) and mechanical (elastic and strength parameters) 

properties of the rock.  

Su et al. (2020) conducted a study on the effects of cyclic saturation of supercritical CO2 on the 

pore structures and mechanical properties of bituminous coal. They found that porosity of 

continuously saturated coal samples increased by 3.76-11.57% as saturation progressed, while 

that of cyclic-saturated coal samples increased by 2.85-16.03%. Cyclic saturation of the coal 

samples has a higher significant effect on the pore structures, compared to the continuous 

saturation. After 13 days of saturation, the uniaxial compressive strength of the coal samples 

decreased by 47.17% and 61.05% in the case of continuous (sustained) saturation and cyclic 

saturation, respectively. Moreover, as the number of saturation cycles increased, the tensile 

stress required to create new cracks in the coal decreased as the dissolved and extracted 

materials by supercritical CO2 are probably removed from the pores as the gas flows. Thus 

leading to rapid propagation and connection of cracks in the coal, eventually resulting in a 

significant decrease in strength. Xu et al. (2021) conducted a study on non-isothermal effect of 

cyclic carbon dioxide on the petrography of coals for coal mine methane recovery. They found 

that the peak strength of coals decreased as the liquid CO2 affecting cycles increased, and greater  

decrease in strength of the coal was observed as the cycles get larger. In addition, the pore 

volume of the coal increased during the cyclic process, creating some flow channels for the 

seepage of methane by destroying the matrix structure and weakening the structure. The pore 

structure and mechanical properties of rocks are linked to their mineralogical composition. 

Therefore, investigating  dissolution and precipitation of minerals in the rock is paramount.  

Li et al. (2023) conducted an experimental study on mechanical properties and fracture 

characteristics of shale layered samples under cyclic loading. Shale layered samples with 

different mineral compositions were classified as clay-rich, calcareous, and siliceous black shales 

based on their x-ray diffraction (XRD) analysis. Findings of the study revealed that strength and 

deformation (or elastic) parameters are strongly dependent on the mineral compositions of the 

rock samples. The Young’s (elastic) modulus of the clay-rich shale was highest, followed by 

calcareous and siliceous shale; while the Poisson’s ratio of calcareous shale was observed to be 

highest, followed by clay-rich and siliceous shale samples. In addition, the compressive strengths 
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under cyclic loading and loading were lower compared to the compressive strengths under 

uniaxial quasi-static loading. Due to the variations in the mineral compositions of the shale 

samples, the average decline in the compressive strength of calcareous shale was the largest, 

followed by the siliceous and clay-rich shale. Similarly, Xu et al. (2022) conducted a study to 

investigate the mechanical responses of coals under the effects of cyclical liquid CO2 during 

coalbed methane recovery process. They found that the compressive strength and elastic 

modulus exhibit negative correlations with the increasing cyclical parameters, while Poisson’s 

ratio and damage variable correlate positively with the increasing affecting parameters. This 

shows that the corresponding cyclical temperature shock could promote the crack growth and 

CO2 adsorption, aggravating the strength reduction and eventually destroying coals with the lower 

yield strength. These non-uniform variation in the Young’s modulus and Poisson’s ratio might 

impact the brittleness of rocks, as these parameters are useful in brittleness index evaluations. 

Thus, it is possible that the brittleness of rocks vary during cyclic CO2 injection.  

Elwegaa et al. (2019) conducted a study on cyclic cold carbon dioxide injection for improved oil 

recovery from shale oil reservoirs. The shale rock samples used in the study was carbonate-rich 

with 81.6 wt.% calcite, 14.2 wt.% calcite, 3.0 wt.% kaolinite, and 1.3 wt.% basanite. The rock 

samples were subjected to the same cyclic injection temperature conditions (740F, 320F, 00F, and 

-150F), but different injection pressure condition (1000 psi, 2000 psi, 3000 psi, or 4000 psi). They 

observed an increase in the brittleness index (or brittleness ratio) of the three shale core samples, 

while the brittleness index of the fourth shale core sample subjected to cyclic injection temperature 

conditions at 3000 psi decreased. In their study, CO2 was injected in the shale rock and brittleness 

index was calculated mainly by the ratio of sum of the volume of quartz and dolomite to the sum 

of the volume of all the minerals in the rock sample; and the brittleness ratio was evaluated based 

on dynamic elastic modulus and Poisson’s ratio, which do not accurately reflect the brittleness of 

rocks. Also, the impact of impurities in CO2 during the cyclic injection was not considered in the 

study. Moreover, Lyu et al. (2018) developed a damage constitutive model for the effects of CO2-

brine-rock interactions on the brittleness of a low-clay shale (but with a carbonate or calcite 

content of only 4.4 wt.%, cristobalite content of 2.88 wt.%, quartz content of 55.50 wt.%, feldspar 

content of 14.57 wt.%, clay content of 5.85 wt.%, and other minerals). They found that the CO2-

brine-shale interactions in the soaked shale sample decreased the brittleness values. The 

decrease in the brittleness index might be related to the low initial carbonate content, while the 

increase in the brittleness index of the shale rock samples in the study conducted by Elwegaa et 

al. (2019) might be related to the high initial carbonate content of the shale rock samples. 

Therefore, it is important to evaluate the brittleness index of different rock samples (with different 
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initial mineralogical compositions) subjected to CO2 sequestration conditions using similar and 

more robust mathematical model for a better comparison.  

2.4.4 Application of machine learning in evaluating the integrity of materials and in CO2 

geosequestration 

Several researchers have adopted machine learning approaches which provides a substantial 

way to solve rock engineering problems (Wang et al., 2021). Bérubé et al. (2018) applied support 

vector machines (SVMs) to predict the types of rock sample based only on their grain density and 

magnetic susceptibility. Similarly, Cao et al. (2020) utilized the support vector regression (SVR) 

surrogate model to predict pressure change and formation deformation with reliable accuracy. 

They used reservoir permeability and fluid injection rate to determine pressure change, and 

reservoir Young’s Modulus for formation deformation including vertical displacement. In fact, 

machine learning algorithms have been coupled with optimizers (hybrid models), and calibrated 

with a few mechanical rock test measurements to predict geomechanical characteristics along an 

entire wellbore. Rashidi et al. (2020) adopted this approach to identify zones at risk of casing 

collapse by predicting shear modulus with high accuracy. They used compressional velocity, 

shear velocity, bulk density, and Poisson’s ratio as inputs in the hybrid models, and found that 

shear stresses tend to build up along the interfaces between two dissimilar formations such as 

ductile low-density salts and rigid, brittle and more difficult to displace layers like anhydrite. 

Similarly, Nyakilla et al. (2022) conducted a study on machine learning application in the 

prediction of compressive and shear bond strengths, based on experimental data in oil well 

cement at 800C, using gradient boosting regression tree (GBRT) ensemble techniques. The 

experimental data were obtained from compressive strength (CS) and shear bond strength (SBS) 

studies using supplementary cementitious materials (class F fly ash) in different proportions. The 

results indicated that GBRT model performed better than support vector machine (SVM), 

Gaussian process regression (GPR), and artificial neural network (ANN) models. The GBRT 

model gave the greatest accuracy (higher R2 values: R2 = 0.995 for CS and R2=0.989 for SBS, 

and least loss functions (mean square error = 0.160 and mean absolute error = 0.174 for CS, and 

mean square error = 0.0005 and mean absolute error = 0.0031 for SBS). These results suggest 

that for the long life of oil and gas wells, GBRT can be implemented for cement hydration 

prediction.  

Furthermore, Singh (2019) proposed a machine learning method for fluid leakage surveillance 

using deconvolution response function (time varying bottomhole pressure and injection rates non-



55 
 

linear function) from injection and monitoring wells. Detection of leakage is based on comparison 

between expected (base case without leaks) deconvolution response of all monitoring wells and 

their observed deconvolution response. In a similar study, Kolawole et al. (2023) conducted a 

study to investigate the mechanical integrity of microbial-induced calcite precipitation (MICP) and 

oilwell cement (OWC), which are cementitious materials, to assess their leakage-plugging 

potential around the wellbore. They applied Artificial Neural Network (ANN) and Random Forest 

(RF) machine learning algorithms to predict near-wellbore mechanical integrity at macro-scale. 

The results indicate that the degree of correlation between the mechanical integrity obtained from 

experimental tests and the machine learning predictions is high. The RF model predicted the 

macro-scale mechanical integrity of MICP and OWC-cemented specimens with higher accuracy 

(higher R2 value and lower mean absolute error) for uniaxial compressive strength (R2 = 0.9738 

and MAE=1.04 MPa) and fracture toughness (R2 = 0.9988 and MAE=0.02 MPa.m) predictions 

compared to the ANN model. However, the performance of machine learning models depend on 

the model parameters or hyperparameters selected. In other words, a machine learning algorithm 

adopted might perform better by tuning the hyperparameters of the model. Therefore, ANN model 

could perform relatively better, if the hyperparameters were different. 

The application of machine learning can be extended to CO2 geosequestration in reservoirs. 

Ibrahim (2022) conducted a study on the application of machine learning for prediction of coal 

wettability during CO2 geosequestration. Artificial neural network (ANN) and adaptive neuro-fuzzy 

inference system (ANFIS) were adopted to predict the contact angle in coal-water-CO2 system. 

The input parameters were the coal properties, operating pressure, and temperature. The 

correlation coefficient (R) and the mean absolute percent error (MAPE) were used to measure 

the model performance. The results indicated that ANN and ANFIS models predicted the contact 

angle in the coal-water-CO2 system accurately. Both models predicted the contact angle with R 

values higher than 0.96 and MAPE less than 7%. Thus, these models can be useful to screen 

coal formation targets for CO2 storage. Furthermore, Thanh et al. (2022) adopted knowledge-

based machine learning techniques for predicting CO2 storage performance in saline aquifers. 

They developed three machine learning-based models: random forest (RF), extreme gradient 

boosting (XGBoost), and support vector regression (SVR) in the study. The XGBoost-based 

model predicted more accurately (based on higher R2  and extremely low root mean square error) 

for both residual and solubility trapping efficiency. Therefore, the proposed model might be viable 

for predicting the CO2 trapping index in other saline formations around the world. However, the 

CO2 trapping index or CO2 storage potential might be influenced by the geochemistry of the 
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formation. Geochemical composition of formation fluids in reservoirs could be useful in predicting 

properties of the formation, as the ionic composition of the fluid is based on fluid-rock chemical 

interactions. Yu et al. (2020) conducted a study on formation water geochemistry for carbonate 

reservoirs in Ordos basin China. They proposed statistical relationships between the geochemical 

properties and hydrocarbon storage using machine learning (Decision tree) method. Findings of 

the study revealed that the salinity, Na+/Cl- ratio, (Cl--Na+)/Mg2+ ratio, (HCO3
- - CO3

2-)/Ca2+ ratio 

and Mg2+/Ca2+ ratio correlate highly with the gas preservation. The model accurately predicts 

where to find gas reservoirs in the Ordos basin, leading to improved exploitation of the 

hydrocarbon. Thus, this finding can be possibly extended to reservoir-caprock system exhibiting 

different level of brittleness during CO2 geosequestration.  

2.5 Summary of Literature Review 

The studies reviewed have considered the impact of CO2 and impurities (H2S, SO2, NO2, and O2) 

on porosity, permeability, and mineralogical composition of different rock lithologies, as well as 

the impact of pure CO2-brine interaction on geomechanical properties and brittleness of rocks. 

The pH of aqueous phase in reservoir and caprock decreases during CO2 (with or without the 

addition of impurities) geosequestration and enhances the dissolution and precipitation of 

minerals. The changes in the porosity and permeability of the rocks during CO2 geosequestration 

depend on their initial mineralogical compositions, fluid composition and properties (ionic 

composition and salinity of the aqueous phase, and the type of gas impurity co-injected with CO2), 

in situ temperature and pressure conditions, and duration of the CO2 geosequestration. In many 

sandstone, carbonate (or carbonate-rich), and shale formations, CO2-brine-rock interaction  

results in increase in porosity and permeability. In fact, CO2-O2-brine-rock interaction result in 

increase in porosity and permeability of carbonate rocks. However, the change in porosity and 

permeability when CO2 is co-injected with impurities (such as SO2 or H2S) varies depending on 

the initial mineralogical composition of the rocks and the duration of sequestration. For instance, 

in the studies conducted by Bolourinejad and Herber (2014) and Hedayati et al. (2018), CO2-SO2 

co-injection into a sandstone reservoir (with no initial calcite mineral) resulted in increase in 

porosity and permeability of the rock, as Ca2+ released (from severe dolomite dissolution) into the 

aqueous phase was not enough to precipitate significant amount of anhydrite; while in the study 

conducted by Aminu et al. (2018), CO2-SO2 co-injection into a sandstone reservoir (with initial 

calcite content < 0.5 wt.%) resulted in a decrease in the permeability of the rock. Also, comparing 

the impact of CO2-SO2 on different caprock samples (anhydrite-rich and carbonate-rich), 

permeability increased in caprock samples with higher ratio of initial carbonate mineral 
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concentration to anhydrite content, due to the carbonate dissolution. According to the study 

conducted by Bolourinejad and Herber  (2014), in the case of CO2 co-injection with H2S, 

permeability decreased in the sandstone reservoir and caprock (anhydrite-rich and carbonate-

rich) after 17 days of sequestration, and increased after 30 days of sequestration. The decrease 

in permeability after 17 days was attributed to the significant precipitation of halite which 

dominated the dissolution of feldspar and carbonate minerals, while the increase in permeability 

after 30 days was attributed to the severe dissolution of feldspar and carbonate minerals which 

dominated the precipitation of halite in the rock samples.  

So far, previous studies have evaluated the impact of impurities on rock core samples 

experimentally, and numerical simulations performed in previous studies did not consider the 

diffusion and convective reactive transport of impurities from a reservoir to a caprock. CO2 (with 

or without the addition of impurities) does not only accumulate in the reservoir, but some amount 

of the CO2 (with some fraction of the impurities) migrate into and reach some layers of the caprock. 

So, some fraction of the gas impurities might be distributed in varying amounts in the reservoir 

and caprock, while some fraction of the impurities dissolve in the formation water. A study that 

attempted to implement the reactive transport mechanism described, was conducted by Ma et al. 

(2019). They developed a vertical one-dimensional (1D) model of a sandstone reservoir overlain 

by the mudstone (shale) caprock to investigate the impact of CO2-brine-rock interaction on the 

permeability of a mudstone. However, they did not consider the impact of impurities co-injected 

with CO2 on the properties of the formations, as their study was based on the injection of pure 

CO2. Also, the  complex mechanism of reactive fluid transport from the reservoir to caprock cannot 

be visualised in a 1D model, as reactions in different part of the reservoir and caprock are different, 

depending on the ionic composition of the aqueous phase in that region, as CO2 and/or co-

injected impurities dissolve in the formation water. Nevertheless, another study was conducted 

by Wang et al. (2021) to simulate the potential for uranium release under geologic CO2 storage 

condition based on a three-dimensional (3-D) flow model in a cartesian coordinate. In their study, 

the CO2 storage reservoir is overlain by a caprock, and the caprock is overlain by a shallow ground 

water formation. Co-injection of CO2 with an impurity or impurities was not considered in the study; 

the uranium release was expected from geochemical reactions between the rock minerals (mainly 

uranite) and aqueous species in the formations. Also, the impact of CO2 geosequestration on the 

porosity and permeability of the formations were not evaluated by Wang et al. (2021).  

Therefore, in the present study, two-dimensional radial flow model will be developed for proper 

visualisation of the changes in porosity, permeability, and mineralogical compositions of the 
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formations (sandstone and carbonate reservoirs, and a shale caprock) during CO2 

geosequestration (with or without the addition of SO2 or H2S impurity). Also, the impact of 

temperature on a shale caprock and a calcite-dominant carbonate reservoir properties during CO2 

(with or without the addition of SO2) geosequestration will be investigated in the present study. 

SO2 gas impurity has been selected to evaluate the impact of temperature on the calcite-dominant 

carbonate reservoir as mineral trapping of SO2 is expected to be high in such reservoir, possibly 

leading to the formation of anhydrite, whereas mineral trapping of H2S in the reservoir is expected 

to be very little due to little or no Fe-bearing mineral in the reservoir (Zhang et al., 2011).  

The impact of CO2-brine-rock interaction on porosity, permeability, and mineralogical composition 

of rocks during cyclic approach of CO2 geosequestration is similar to the non-cyclic approach. 

However, during cyclic CO2-brine injection, reduced injectivity might be experienced in a reservoir 

with low permeability or susceptible to formation damage, although the level of damage could 

stabilise after several cycles of injection (Saeedi et al., 2011). Also during cyclic CO2-brine 

injection, residual trapping of CO2 increases, and could result in reduction in effective permeability 

(or effective porosity) of the reservoir, thereby limiting flow and injectivity (Edlmann et al., 2019). 

However, the increase in residual trapping results in increase in the storage security of CO2 as 

the buoyant gas phase is reduced (Edlmann et al., 2019; Ahn et al., 2020). Although some studies 

have found an increase in porosity of rocks during cyclic CO2 injection (Elwegaa et al., 2019; Su 

et al., 2020); after several cycles of CO2 injection the effective porosity of the rock sample could 

decrease, as dissolved CO2 reacts with rock minerals and form precipitates that block some pores 

(Badrouchi et al., 2022). So, the change in effective porosity and permeability during cyclic CO2 

injection might be different in different regions in the same reservoir. Therefore, it is better to 

visualise the changes in the rock properties during cyclic CO2 geosequestration by developing a 

2D radial flow model (applied in the present study) instead of relying on a 1D vertical flow model, 

and evaluate the impact of impurities in a CO2 gas stream on the rock properties.   

Several studies on the cyclic approach of CO2 geosequestration have been based on CO2 

injection as drainage-imbibition process in which case CO2 is injected followed by water, from the 

same end of the rock sample and similar to water alternating gas approach of enhanced oil 

recovery; or periodic injection of CO2, and observing its impact in the reservoir. The cyclic 

injection-withdrawal of CO2 during the geosequestration period in this study is different from the 

common drainage-imbibition technique adopted in other studies. In the present study, a novel 

approach of cyclic CO2 geosequestration (with or without the addition of H2S or SO2 impurity) was 

developed to promote CO2 utilization and storage by injecting CO2 at the bottom of the well in a 
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reservoir and producing CO2 from the top part of the reservoir using the same well for both 

operations, to save cost and produce a purer form of CO2. The proposed technology could be 

replicated on a laboratory scale by injecting CO2 from one end of a water-saturated rock sample, 

followed by the injection of water from the other end of the rock sample [after the CO2 injection 

period], making a cycle. This cycle can be repeated and therefore referred to as cyclic injection-

withdrawal of CO2 in the present study. This technology can be applied to several wells in the 

same reservoir, enabling the production of purer form of CO2 (with minimal chance of producing 

large amount of brine together with the gas) as larger amount of gas is few meters away (laterally) 

from the injection zone and at the top part of the reservoir; while multiphase mixture of CO2-brine 

is found farther away from the injection well with a thin layer at the top of the reservoir having 

relatively low amount of CO2 gas. Therefore, producing CO2 gas from the same well used for 

injection, would save cost and enhance the production of a purer form of CO2 for the development 

of renewable resources or energy (CO2 utilization for hydrogen and methanol production, as well 

as for heat and power generation). 

Furthermore, previous studies have performed experiments and applied mathematical models to 

evaluate the impact of CO2 on the brittleness of only shale rock samples (without any 

consideration for a sandstone or carbonate reservoir rock) during non-cyclic and cyclic CO2 

injection (Lyu et al., 2018, Elwegaa et al., 2019). Also, no study has been conducted to evaluate 

the impact of impurities in a CO2 gas stream on the brittleness index of rocks (sandstone, 

carbonate, and shale). Moreover, previous studies have evaluated the brittleness index of a rock 

based on mechanical properties of the rock. A few studies that evaluated the brittleness index of 

rocks based on the mineralogical composition of rocks were based on weight fraction of the rock 

minerals (Kang et al., 2020), thereby limiting the evaluation of the brittleness index of rocks from 

numerical simulations, as some reactive transport geochemical modelling software (such as 

TOUGHREACT) output volume fraction (not weight fraction) of rock minerals. Lyu et al. (2018) 

conducted experiments and applied a damage constitutive model using the mechanical properties 

of shale rock samples before and after CO2-brine-shale interactions. They found that the 

brittleness index of the shale rock samples decreased after CO2 sequestration. Also, Elwegaa et 

al. (2019) evaluated the brittleness index of shale rock samples based on mechanical properties 

and mineralogical composition of the samples. They found that the brittleness index of one out of 

the four shale core samples (with similar mineralogical composition) tested decreased after cyclic 

(cyclic stress created by thermal shock) cold CO2 injection, while the brittleness index of the 

remaining three shale core samples increased. The inconsistency in the brittleness index (of the 

shale rock samples, although the rock samples were subjected to different pressure conditions) 
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calculated by Elwegaa et al. (2019) and the need to determine brittleness index of rocks based 

on the volume fraction output from geochemical modelling software call for the derivation of a 

more robust mathematical model to determine the brittleness index of a shale caprock during CO2 

sequestration. The new mathematical model derived in the present study will be applied to 

determine the brittleness index of sandstone and carbonate reservoirs as well as shale caprocks 

during CO2 (with or without the addition of impurities) geosequestration. 

Previous studies have developed machine learning models to evaluate brine-rock interactions. 

Machine learning models have been applied in the prediction of coal wettability during CO2 

geosequestration (Ibrahim, 2022), prediction of CO2 trapping index in saline formations (Thanh et 

al., 2022), and to establish statistical relationships between the geochemical properties of 

formation water and hydrocarbon storage in carbonate reservoirs (Yu et al., 2020). These studies 

have shown that water-rock interactions lead to mineral transformation, and the ionic composition 

of the formation fluid indicates the type of water-rock interactions (dolomitization, illitization, or 

dissolution) that have taken place (Yu et al., 2020). Therefore, the ionic composition of formation 

fluid depends on the mineralogical composition of the rock, as the rock minerals are in equilibrium 

with the formation fluid. Also, the geochemical composition of the formation fluid depends on the 

in situ temperature and pressure conditions of the formation (Ibrahim, 2022). As the brittleness 

index of rocks depend on the mineralogical compositions of the rocks, these parameters 

(formation fluid ionic composition and in situ temperature and pressure) might be related to the 

brittleness index of the rocks. Therefore, in the present study, machine learning models will be 

developed to predict the brittleness index of rocks based on their geochemical composition and 

in situ temperature and pressure conditions.  

The gaps identified in the previous studies reviewed will be filled in the present study for the 

selection of best depleted petroleum reservoirs or aquifers and a suitable caprock lithology for 

CO2 geosequestration, based on the changes in the porosity, permeability, and mineralogical 

composition of the rocks, as well as the brittleness index of the rocks. Thus, the present study will 

evaluate the impact of impurities in CO2 gas streams on the porosity, permeability, mineralogical 

compositions, and brittleness index of reservoir and cap rocks during non-cyclic and cyclic CO2 

geosequestration, and further explore the application of machine learning in the evaluation of the 

brittleness index of reservoir and cap rocks during CO2 geosequestration.  
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CHAPTER THREE 

RESEARCH METHODOLOGY 

3.1 Research Design 

The research design involves mathematical modelling and numerical simulations. The present 

study developed mathematical models for evaluation of brittleness index of rocks. Numerical 

simulations were performed by adopting three strategies: Strategy 1, Strategy 2, and Strategy 3. 

Strategies 1 and 2 are non-cyclic approach of CO2 geosequestration, while Strategy 3 is a model 

of cyclic injection-withdrawal technology during CO2 geosequestration. Strategy 1 was designed 

to evaluate the migration of fluid (with or without the addition of a small amount of H2S or SO2) 

injected in a pure limestone reservoir (100% calcite) to an intermediate formation (impure 

limestone, vertically above the pure limestone reservoir) and shale caprock (vertically above the 

impure limestone formation). In addition, the impact of temperature on the petrophysical and 

geochemical properties, as well as the brittleness index of the formations were evaluated in 

Strategy 1. Strategy 2 was designed to compare the injected fluid flow from a sandstone reservoir 

to a shale caprock and the fluid flow from a carbonate reservoir to a shale caprock, due to their 

different mineralogical compositions. In addition, the impact of CO2 or an impurity (H2S or SO2) 

co-injected with CO2 on the petrophysical and geochemical properties, as well as the brittleness 

index of the formations were evaluated in Strategy 2. Strategy 3 was designed to implement cyclic 

injection and withdrawal of CO2 (with or without some amount of H2S or SO2) in a sandstone 

formation overlain by a shale caprock. In addition, the impact of CO2 or an impurity (H2S or SO2) 

co-injected with CO2 on the petrophysical and geochemical properties, as well as the brittleness 

index of the formations were also evaluated in Strategy 3. A sandstone reservoir was selected in 

Strategy 3 to evaluate the potential of sand migration to production facilities during cyclic 

withdrawal of CO2 from the reservoir. Finally, machine learning models were developed to 

evaluate the brittleness of reservoir and cap rocks using the geochemical composition of the 

formation fluid, and in-situ and operating conditions of the formations.  

3.2 Governing Equations  

Reactive transport in a porous medium result in the dissolution and/or precipitation of minerals 

under kinetic conditions or local equilibrium. Kinetic reactions of the minerals are based on rate 

law. Thus, the rate law relation is presented in this section. Also, new brittleness index models 

following the ratio of simple sum of brittle minerals to total minerals in rocks as well as brittleness 
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index with respect to their relative level of brittleness based on their bulk modulus, using the 

concept of weight (or mass) fraction of minerals, is presented in this section.  

3.2.1 Kinetic rate law for mineral dissolution and precipitation  

Generally, the rate expression applied in TOUGHREACT is taken from Lasaga et al. (1994) and 

expressed as: 

𝑟𝑛 = ±𝑘𝑛𝐴𝑛 [1 − (
𝑄𝑛

𝐾𝑛
)

𝜃
]


           3.1 

where kn is the rate constant (in moles per unit mineral surface area and unit time) which is 

temperature-dependent, An denotes the specific reactive surface area per kilogram H2O, Qn is the 

reaction quotient, Kn is the equilibrium constant for the mineral-water written for the destruction of 

one mole of mineral n, and  represents kinetic mineral index. The parameters  and  which are 

determined by experiments, are more often assumed to equal to one. Positive values of rn indicate 

dissolution, while negative values indicate precipitation. 

The kinetic rate constant (k) can be integrated or summed from three mechanisms for many 

minerals (Palandri and Kharaka, 2004) and expressed as: 
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where superscripts or subscripts nu, H, and OH indicate neutral (neutral pH - pure H2O), acid (H+ 

catalysed), and base (OH- catalysed) mechanisms, respectively; k25 is the rate constant at 250C, 

Ea  is the activation energy, R is the gas constant, T is the absolute temperature, 𝑎 is the activity 

of the species, and n is an exponent (constant). 

The rate constant (k) can also be dependent on other species such as Al3+ and Fe3+. In fact, two 

or more species might be involved in one mechanism. Thus, a general form species-dependent 

rate constants implemented in TOUGHREACT is expressed as: 

𝑘 = 𝑘25
𝑛𝑢𝑒𝑥𝑝 [

−𝐸𝑎
𝑛𝑢

𝑅
(

1

𝑇
−

1

298.15
)] + ∑ 𝑘25

𝑖 𝑒𝑥𝑝 [
−𝐸𝑎

𝑖

𝑅
(

1

𝑇
−

1

298.15
)]𝑖 ∏ 𝑎

𝑖𝑗

𝑛𝑖𝑗
𝑗            3.3 

where superscripts or subscripts i represents the additional mechanism index, and j represents 

the species index involved in one mechanism that could be primary or secondary species.  



63 
 

3.2.2 Petrophysical properties and derived mineralogical brittleness index equations 

Change in porosity of the rock is calculated based on mineral precipitation and/or dissolution, 

while change in permeability is calculated from Carman-Kozeny relation, using the following 

equations (Xu et al., 2006; Xu et al., 2014): 

∅ = 1 − ∑ 𝑓𝑟𝑚 − 𝑓𝑟𝑢
𝑛𝑚
𝑚=1          3.4 

𝑘 = 𝑘0 (
1−∅0

1−∅
)

2
(

∅

∅0
)

3

          3.5 

where,  and k represent current porosity and permeability, 0 and k0 represent initial porosity and 

permeability, parameters frm and fru represent volume fraction of mineral m in the rock (volume of 

mineral to volume of the medium including porosity) and volume fraction of non-reactive mineral, 

respectively. So, the output volume fraction of each mineral is the volume of mineral divided by 

volume of medium including porosity (Vfrac). Thus, the volume of each mineral divided by total 

volume of solid [part of the rock] is calculated as follows (Xu et al., 2014): 

𝑓𝑚 =
𝑉𝑓𝑟𝑎𝑐

1−∅𝑚𝑒𝑑
           3.6 

where med represents [current] porosity of the medium, and fm represents the volume of mineral 

per volume of [the solid part of] the rock.  

Mass fraction of composite materials has been calculated to determine their mechanical 

properties (Ezema et al., 2015) using their densities and volume fractions. Therefore, it is possible 

to determine the mass fraction of minerals in a rock using similar approach. Mass fraction of each 

material that forms a composite structure is the mass of that material to the total mass of materials 

that form the structure. Similarly, mass fraction of each mineral that forms a rock is the mass of 

each [individual] mineral to the total mass of minerals that form the rock and can be expressed 

as follows: 

𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎 𝑚𝑖𝑛𝑒𝑟𝑎𝑙, 𝑥𝑖 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙,

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘,
=

𝑚𝑖

∑ 𝑚𝑖
𝑛𝑚
𝑖=1

    3.7 

 𝑚 = 𝑉𝜌           3.8 

𝑥𝑖 =
𝑣𝑖𝜌𝑖

∑ 𝑣𝑖𝜌𝑖
𝑛𝑚
𝑖=1

           3.9 



64 
 

where V and   represent volume and density of solid, respectively; vi represents volume fraction 

of each mineral in the solid part of the rock (same as fm in Equation 3.6). Density can be expressed 

as molecular weight divided by molar volume.  

𝜌 =
�̅�

�̅�
            3.10 

Thus, the mass fraction becomes: 

𝑥𝑖 =
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           3.11  

where �̅�and 𝑉 ̅represent molecular weight (g/mol) and molar volume (m3/mol) of mineral. Hence, 

mineralogical brittleness index by simple sum of brittle minerals becomes: 

𝐵𝐼 =
∑

𝑣𝑗�̅̅̅�𝑗
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           3.12 

where j represents each brittle mineral in the rock, i represents any mineral in the rock, and nB 

represents the number of brittle minerals in the rock.  

To simplify the derived brittleness index equation, the same molar volume can be assumed for all 

minerals, depending on the mineralogical composition of the rock. However, some clay minerals 

such as smectite-Ca, smectite-Na, illite, and kaolinite may have larger mineral surface areas 

(Fatah et al., 2022) and significantly different molar volumes. Assuming equal molar volume of 

minerals, the brittleness index in terms of the simple sum of brittle minerals in a rock can be 

expressed as: 

𝐵𝐼8 =
∑ 𝑣𝑗�̅�𝑗

𝑛𝐵
𝑗=1

∑ 𝑣𝑖�̅�𝑖
𝑛𝑚
𝑖=1

           3.13 

Brittle minerals considered in this study are quartz, feldspar (as albite, k-feldspar, oligoclase, 

orthoclase, and anorthite), calcite, dolomite, pyrite, and mica (as muscovite). Their relative level 

of brittleness among themselves (brittle minerals) is not considered in the simple sum of brittle 

minerals approach given above. Thus, to consider their relative level of brittleness, the bulk 

modulus (Table 3.1) of the brittle minerals was incorporated into the equation using weighting 

coefficients (Table 3.2) following the mineralogical brittleness index developed by Kang et al. 

(2020). The bulk modulus of a mineral is associated to the relative fractional change in the volume 

of the mineral with increase in pressure (Kang et al., 2020). In other words, bulk modulus 
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represents the ratio of increase in pressure to the relative fractional change in the volume of a 

material. Therefore, the bulk modulus of minerals can be assessed under the same amount of 

pressure, by noting the corresponding fractional change in the volume of each mineral. The higher 

the absolute bulk modulus, the less brittle (and more ductile) the material, and vice versa. 

Table 3.1: Bulk modulus of different brittle minerals (Fjaer et al., 2008). 

Brittle mineral Quartz Feldspar Calcite Dolomite 

Bulk modulus (GPa) 37.5 76 74 76-95 

Table 3.2: Weighting coefficients of different brittle minerals (Kang et al., 2020). 

Brittle mineral Quartz Feldspar Calcite Dolomite 

Weighting coefficient 1 0.49 0.51 0.39-0.49/0.44 

The mineralogical brittleness index, considering the bulk modulus of minerals, developed by Kang 

et al. (2020) is given as: 

𝐵𝐼𝐵𝑀𝑜𝑑 =
𝑊𝑄+0.49𝑊𝐹+0.51𝑊𝐶+0.44𝑊𝐷

𝑊𝑇
             3.14 

where WQ, WF, WC, and WD represent the weights of quartz, feldspar, calcite, and dolomite, 

respectively; WT represents the total mineral weight. The brittleness index in this case considers 

only quartz (Q), feldspar (F), calcite (C), and dolomite (D) as brittle minerals, assuming the level 

of brittleness of pyrite and mica is negligible compared to other brittle minerals. Equation 3.14 

suggests that quartz is more brittle (lower bulk modulus) than the other brittle minerals. Thus, in 

the present study, the brittleness index becomes: 
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So, assuming the same molar volume of minerals in this present study, the brittleness index can 

be expressed as: 

𝐵𝐼9 =  
𝑣𝑄�̅�𝑄+0.49𝑣𝐹�̅�𝐹+ 0.51𝑣𝐶�̅�𝐶+0.44𝑣𝐷�̅�𝐷

∑ 𝑣𝑖�̅�𝑖
𝑛𝑚
𝑖=1

         3.16 

The models developed in the present study extend the application of the brittleness index model 

based on the simple sum of the fraction of brittle minerals in a rock and the brittleness index model 

based on the brittleness level of the brittle minerals developed by Kang et al. (2020). Unlike the 

previous models which are based on the weight or weight fraction of the rock minerals, the models 
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derived in the present study, for the first time, would enable the determination of the brittleness 

index of rocks based on their volume fraction, molecular weight, and molar volume. So, in the 

present study, the derived brittleness index model (BIbm, based on the relative level of brittleness 

of the brittle minerals) was applied to evaluate the mineralogical brittleness index of the formations 

before and after CO2 geosequestration. 

3.3 Numerical Approach 

3.3.1 Numerical tool 

This study employed the non-isothermal multiphase reactive geochemical transport code, 

TOUGHREACT (Xu et al., 2006). TOUGHREACT (ECO2N module) was developed by 

incorporating reactive chemistry into the heat and multiphase fluid flow code, TOUGH2 (Pruess, 

2004). TOUGHREACT (ECO2N module) can be utilized in modelling the injection of CO2 in saline 

formations (including aquifers or depleted petroleum reservoirs) and can take into consideration 

the presence of additional gaseous species that could be co-injected with CO2, such as H2S and 

SO2.  

The numerical solution of chemical transport and fluid flow is based on an integral finite difference 

(IFD) method of space discretization (Narasimhan and Whiterspoon, 1976). The IFD method is 

flexible for the discretization of geologic media, as it can be adapted for irregular and regular grids. 

Thus, it is possible to simulate flow, transport, and fluid-rock interaction in homogeneous or 

heterogeneous rock systems with similar or varying petrology (Zhang et al., 2011). 

TOUGHREACT provides an implicit time-weighing scheme used for the flow, transport, and 

kinetic geochemical equations, and uses a sequential iteration approach similar to the model 

demonstration by Yeh and Tripathi (1991). Thus, after solving the flow equations, the velocities 

and saturations of the aqueous phase are utilized for aqueous chemical transport simulation. 

Then, on a component basis, the chemical transport is solved (Zhang et al., 2011). The 

concentration obtained from the transport as well as CO2 and/or H2S/SO2 gas pressures in the 

multiphase flow calculation is substituted into the chemical reaction model. On a grid-block basis, 

the system of chemical reaction equations is solved by Newton-Raphson iteration. During mineral 

dissolution and/or precipitation, the porosity and permeability of the porous medium change, 

thereby modifying the fluid flow. Thus, feedback between flow and chemistry is considered in this 

model. The changes in porosity are calculated from rock volume changes due to mineral 

dissolution and/or precipitation. Then permeability changes are then evaluated using a selected 



67 
 

model that describes the porosity-permeability relationship. In the present study, the Kozeny-

Carman porosity-permeability model was used.  

3.3.2 Model setup 

In this study, a simple two-dimensional (2-D) radial well model was adopted. The 2-D model is a 

vertically heterogeneous formation of 40 m thickness and a cylindrical geometrical configuration 

(Figure 3.1). In the vertical direction, the model domain is discretized into 20 layers with a 2 m  

constant spacing (z). TOUGHREACT is able to handle such thick spacing effectively (Zhang et 

al., 2011; Ma et al., 2019; Wang et al., 2021). The top and bottom model boundaries are closed 

to flow (no-flow boundaries). The top model layers represent a shale caprock, while the remaining 

model layers at the bottom represent reservoir rock(s). The model layers for each strategy 

(Strategies 1, 2, and 3) are shown in Tables 3.3 and 3.4, respectively.  

Table 3.3: Mesh generation of the model (Strategy 1). 

 

Table 3.4: Mesh generation of the model (Strategies 2 and 3). 

 

In Strategy 1, three different formations with different properties were evaluated, and the reservoir 

where CO2 was injected into is the pure limestone. Hence, the number of reservoir vertical layers 

in the pure limestone (Strategy 1) and the reservoirs in Strategy 2 and Strategy 3 are the same. 

The higher number of vertical layers in the reservoir compared to the caprock, would help delay 

the migration of the injected fluid to the caprock and to properly visualise the fluid distributions 

from the point of injection to the caprock. In Strategy 1, shale and impure limestone (carbonate) 

were examined as cap rocks, while pure limestone (carbonate) was examined as a reservoir 

formation. The evaluation of the shale and impure limestone as cap rocks would help identify a 

better lithology for a caprock based on their initial properties and changes in their properties during 

CO2 geosequestration. In Strategy 2, carbonate (initially made up of calcite and dolomite minerals 

only) and sandstone formations are examined as reservoirs, and shale formation as caprock. In 

other words, in Strategy 2, some of the numerical simulations were performed having the 

Rock formation Vertical mesh number Mesh thickness (m) 

Shale caprock 3 2.0 

Impure limestone (potential caprock) 3 2.0 

Pure limestone (carbonate reservoir) 14 2.0 

Rock formation Vertical mesh number Mesh thickness (m) 

Shale caprock 6 2.0 

Carbonate or sandstone reservoir 14 2.0 
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carbonate reservoir overlain by the shale caprock, while other simulations were performed having 

the sandstone reservoir overlain by the shale caprock. So, the carbonate reservoir-shale caprock 

simulations and the sandstone reservoir-shale caprock simulations were performed separately in 

Strategy 2. The carbonate and sandstone formations were not placed next to each in the same 

numerical simulations. In Strategy 3, the sandstone formation was examined as a reservoir, while 

the shale formation was examine as the caprock. In the horizontal direction, a 100 km radial 

distance was modelled with a radial grid spacing increasing logarithmically from the injection well. 

A total of 56 radial grid elements were generated. A large volume of 1030 m3 is assigned to the 

outer grid element to represent an infinitive lateral boundary (a constant hydrostatic pressure 

boundary). CO2 only (also referred to as CO2 alone, in this study) or impure CO2 (containing H2S 

or SO2) injection was applied at the bottom portion of the well in the reservoir. The thickness of 

the injection portion is 8 m, as shown in Figures 3.1 and 3.2.  

 

Figure 3.1: Strategy 1 - Schematic representation of the 2-D radial flow model for the 
geosequestration of CO2 in a carbonate formation (Modified from Zhang et al., 2011). 
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Figure 3.2: Strategy 2 – Schematic representation of the 2-D radial flow model for the 
geosequestration of CO2 in a reservoir (Modified from Zhang et al., 2011). 

Similarly, the cyclic injection of CO2 in reservoirs (Strategy 3) is illustrated in Figure 3.3. CO2 is 

injected at the bottom of the well, and produced (or withdrawn) at the upper part of the well in the 

same reservoir (close to the caprock zone), to produce relatively pure CO2 gas and limit the 

production of aqueous-phase fluid. The thickness of the injection portion is 8 m, while the 

thickness of the production portion is 6 m as shown in Figure 3.3.  

 

Figure 3.3: Strategy 3 – Schematic representation of the 2-D radial flow model for cyclic 
injection-withdrawal of CO2. 

In Strategy 1, two simulation conditions were considered: injection into a high saline (salinity up 

to 0.21) formation at a pressure and temperature of 13.7 MPa (137 bar) and 1000C, respectively; 

and injection into a low saline (salinity up to 0.06) formation at a pressure and temperature of 10 

MPa (100 bar) and 400C (low-temperature condition), respectively. Injection of acid gases into the 

high saline reservoir was carried out for a period of 90 days [in order to compare with an 
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experiment conducted by AL-Ameri et al. (2016) over that same period], using a CO2 injection 

rate of 20 kg/s (with or without a gas impurity) and with 0.025-mole fraction of H2S or SO2 (for the 

co-injection cases); while injection of acid gases into the low saline reservoir was applied for a 

period of 10 years, using a CO2 injection rate of 20 kg/s (with or without a gas impurity) and with 

0.025-mole fraction of H2S or SO2 (for the co-injection cases). The mole fraction of 0.025 for H2S 

and SO2 was selected as it is within the range of CO2 co-capture from Pet Coke (SNC-Lavalin 

Inc., 2004). Similarly, in Strategy 2, CO2 is injected into the low salinity reservoir for a period of 

10 years, at an injection rate of 20 kg/s (with or without a gas impurity) and with 0.025-mole 

fraction of H2S or SO2 (for the co-injection cases). The simulation of fluid flow and geochemical 

transport was run for a period of 100 years (Strategies 1 and 2), which is a reasonable time scale 

for geosequestration of CO2 (Spycher et al., 2019; Wang et al., 2021). It is worth noting that in the 

case of CO2 co-injection with H2S in the high saline formation, simulation was run only over the 

injection period (90 days) only, as the simulation did not progress beyond that period, possibly 

the high salinity and the reservoir temperature and pressure conditions were unfavourable for H2S 

co-injection. Meanwhile, the injection profile of CO2 in Strategy 3 is quite different.  

The CO2 injection-withdrawal profile (Strategy 3) is shown in Figure 3.4 and Appendix A1. The 

injection-withdrawal process was completed over seven (7) cycles. For each cycle, CO2 gas (with 

or without H2S/SO2 gas) is injected into the reservoir at the rate of 20 kg/s (at the 8 m injection 

portion/zone) over a period of 10 years, and injection is stopped for 3 months (0.25 year), then 

CO2 is withdrawn from the reservoir at the rate of 15 kg/s (at the 6 m production portion/zone) 

over a period of 2 years and withdrawal is stopped for 3 months before the next cycle commences. 

The longer period of production compared to the shut-in time is based on field applications of 

cyclic gas injection in reservoirs (Reeves, 2001). Figure 3.4 shows that during injection, fluid is 

added to the reservoir (injection rate is positive); during the shut-in period, no fluid is added to or 

removed from the reservoir from the well (injection rate is zero); while during production fluid is 

removed from the reservoir and withdrawn through the well (injection rate is negative). The 

hydrogeological parameters used in this study are shown in Tables 3.5, 3.6, and 3.7. 
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Figure 3.4: Strategy 3 – CO2 injection-withdrawal profile. 

 

Table 3.5: Hydrogeological parameters used in the simulation at formation temperature and 
pressure of 1000C and 137 bar (Strategy 1), respectively (Modified from Zhang et al., 2011, AL-

Ameri et al., 2016, and Ma et al., 2019). 
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Parameters Formation 

Pure limestone Impure limestone Shale caprock 

Porosity 0.26 0.26 0.07 

Horizontal permeability (m2) 2.264x10-12 2.264x10-12 2.264x10-17 

Vertical permeability (m2) 2.264x10-13 2.264x10-13 2.264x10-18 

Pore compressibility (Pa-1) 2.10x10-9 2.10x10-9 2.10x10-9 

Rock grain density (kg/m3) 2600 2600 2600 

Formation heat conductivity (W/m 0C) 2.51 2.51 2.51 

Rock grain specific heat (J/kg 0C) 920.0 920.0 920.0 

Temperature (0C) 100.0 100.0 100.0 

Salinity (mass fraction) 0.21 0.21 0.21 

Pressure (bar) 137 137 137 

Molecular diffusion coefficient of gas species (m2/s) 1.1x10-5 1.1x10-5 1.1x10-5 

Gas saturation 0.00 0.00 0.00 

CO2 injection rate (kg/s) 20.0   -   - 

Relative permeability 
Liquid: Van Genuchten function 

𝑘𝑟𝑙 = √𝑆∗ {1 − (1 − [𝑆∗]
1

𝑚⁄ )
𝑚

}
2

 

Slr: residual water saturation 
m: exponent 
Gas: Corey 

𝑘𝑟𝑔 = (1 − 𝑆)̂2(1 − �̂�2) 

Sgr: residual gas saturation 

 
 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  
𝑆𝑙𝑟 = 0.30 

𝑚 = 0.457 
 

�̂� = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟 − 𝑆𝑔𝑟)⁄  

𝑆𝑔𝑟 = 0.05 

Capillary pressure 
Van Genuchten function 

𝑃𝑐𝑎𝑝 = −𝑃0([𝑆∗]
−1

𝑚⁄ − 1)
1−𝑚

 

 
Slr: residual water saturation 
m: exponent 

 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  

𝑆𝑙𝑟 = 0.03 
𝑚 = 0.457 

 

P0: strength coefficient 19.61 kPa 19.61 kPa 19.61 kPa 
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In Strategy 1, the initial porosity and permeability of the impure limestone were higher for the high 

salinity condition compared to the low salinity condition, to enable the injected fluid reach the 

shale caprock as self-sealing potential of rocks might be higher at high salinity conditions. This is 

because salt minerals might precipitate during the CO2 geosequestration and block some pores 

in the formations.  Also, in Strategy 1, the higher initial porosity and permeability of the impure 

limestone (potential caprock) compared to the shale caprock was to enable the injected fluid reach 

the shale caprock. A similar technique has been applied by Wang et al. (2021), where they 

increased initial porosity and permeability in some regions of a caprock to enhance the migration 

of CO2 from the reservoir into the layer above the caprock. Overall, the goal of using the different 

porosities and permeabilities of the pure limestone reservoir, impure limestone, and shale caprock 

during the numerical simulations was to ensure that the injected fluid reached the shale caprock. 

Table 3.6: Hydrogeological parameters used in the simulation at formation temperature and 
pressure of 400C and 100 bar (Strategy 1), respectively (Modified from Zhang et al., 2011, AL-

Ameri et al., 2016,  and Ma et al., 2019). 

 

 

 

 

Parameters Formation 

Pure limestone Impure limestone Shale caprock 

Porosity 0.34 0.20 0.07 

Horizontal permeability (m2) 2.264x10-12 2.264x10-13 2.264x10-16 

Vertical permeability (m2) 2.264x10-13 2.264x10-14 2.264x10-17 

Pore compressibility (Pa-1) 2.10x10-9 2.10x10-9 2.10x10-9 

Rock grain density (kg/m3) 2600 2600 2600 

Formation heat conductivity (W/m 0C) 2.51 2.51 2.51 

Rock grain specific heat (J/kg 0C) 920.0 920.0 920.0 

Temperature (0C) 40.0 40.0 40.0 

Salinity (mass fraction) 0.06 0.06 0.06 

Pressure (bar) 100 100 100 

Molecular diffusion coefficient of gas species (m2/s) 1.1x10-5 1.1x10-5 1.1x10-5 

Gas saturation 0.00 0.00 0.00 

CO2 injection rate (kg/s) 20.0   -   - 

Relative permeability 
Liquid: Van Genuchten function 

𝑘𝑟𝑙 = √𝑆∗ {1 − (1 − [𝑆∗]
1

𝑚⁄ )
𝑚

}
2

 

Slr: residual water saturation 
m: exponent 
Gas: Corey 

𝑘𝑟𝑔 = (1 − 𝑆)̂2(1 − �̂�2) 

Sgr: residual gas saturation 

 
 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  
𝑆𝑙𝑟 = 0.30 
𝑚 = 0.457 

 

�̂� = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟 − 𝑆𝑔𝑟)⁄  

𝑆𝑔𝑟 = 0.05 

Capillary pressure 
Van Genuchten function 

𝑃𝑐𝑎𝑝 = −𝑃0([𝑆∗]
−1

𝑚⁄ − 1)
1−𝑚

 

 
Slr: residual water saturation 
m: exponent 

 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  
𝑆𝑙𝑟 = 0.03 
𝑚 = 0.457 

P0: strength coefficient 19.61 kPa 19.61 kPa 19.61 kPa 
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Table 3.7: Hydrogeological parameters used in the simulation at formation temperature and 
pressure of 400C and 100 bar (Strategies 2 and 3), respectively (Modified from Zhang et al., 

2011 and Ma et al., 2019). 

Parameters Formation 

Carbonate Sandstone Shale caprock 

Porosity 0.34 0.34 0.07 

Horizontal permeability (m2) 2.264x10-12 2.264x10-12 2.264x10-16 

Vertical permeability (m2) 2.264x10-13 2.264x10-13 2.264x10-17 

Pore compressibility (Pa-1) 2.10x10-9 2.10x10-9 2.10x10-9 

Rock grain density (kg/m3) 2600 2600 2600 

Formation heat conductivity (W/m 0C) 2.51 2.51 2.51 

Rock grain specific heat (J/kg 0C) 920.0 920.0 920.0 

Temperature (0C) 40.0 40.0 40.0 

Salinity (mass fraction) 0.06 0.06 0.06 

Pressure (bar) 100 100 100 

Molecular diffusion coefficient of gas species (m2/s) 1.1x10-9 1.1x10-9 1.1x10-9 

Gas saturation 0.00 0.00 0.00 

CO2 injection rate (kg/s) 20.0 20.0   - 

CO2 withdrawal rate (kg/s) – Strategy 3 only   - 15.0   - 

Relative permeability 
Liquid: Van Genuchten function 

𝑘𝑟𝑙 = √𝑆∗ {1 − (1 − [𝑆∗]
1

𝑚⁄ )
𝑚

}
2

 

Slr: residual water saturation 
m: exponent 
Gas: Corey 

𝑘𝑟𝑔 = (1 − 𝑆)̂2(1 − �̂�2) 

Sgr: residual gas saturation 

 
 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  
𝑆𝑙𝑟 = 0.30 
𝑚 = 0.457 

 

�̂� = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟 − 𝑆𝑔𝑟)⁄  

𝑆𝑔𝑟 = 0.05 

Capillary pressure 
Van Genuchten function 

𝑃𝑐𝑎𝑝 = −𝑃0([𝑆∗]
−1

𝑚⁄ − 1)
1−𝑚

 

 
Slr: residual water saturation 
m: exponent 

 
 

𝑆∗ = (𝑆𝑙 − 𝑆𝑙𝑟) (1 − 𝑆𝑙𝑟)⁄  
𝑆𝑙𝑟 = 0.03 
𝑚 = 0.457 

P0: strength coefficient 19.61 kPa 19.61 kPa 19.61 kPa 

Different types of initial mineralogical compositions were used. In Strategy 1, the mineralogical 

composition of the carbonate (pure limestone) formation was from a study conducted by AL-Ameri 

et al. (2016); the  carbonate (impure limestone) formation was modified to account for the impact 

of minor minerals in carbonate rocks; while the shale formation was modified from a study 

conducted by Ma et al. (2019). In Strategy 2, the mineralogical compositions of the sandstone 

and carbonate formations were obtained from a study conducted by Zhang et al. (2011), while  

the shale formation was modified from the study conducted by Ma et al. (2019). In Strategy 3, the 

mineralogical compositions of the sandstone reservoir was obtained by Zhang et al. (2011), while  

the shale formation was modified from the study conducted by Ma et al. (2019). The molar 

volumes of the minerals were obtained from Robie et al. (1967) and Wang et al. (2021), except 

the molar volumes of dawsonite, smectite-Ca and ankerite that were assumed. The molar volume 

of dawsonite was obtained from Marini (2007); the molar volume of smectite-Ca was estimated 

within the range of density of Smectites (2.6 g/cm3) (Deer et al., 1966; Totten et al., 2002), while 

the molar volume of ankerite was estimated using a density of 2.97 g/cm3 (Shafiq et al., 2022). 
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The mineralogical compositions used in Strategies 1, 2 and 3 are shown in Tables 3.8 and 3.9, 

respectively.  

Table 3.8: Initial mineral volume fractions and possible secondary minerals used in the 
simulations (Strategy 1). 

Mineral 
name 

Chemical formula Molecular 
weight 
(g/mol) 

Molar 
volume 

(cm3/mol) 

Pure 
Limestone 

(volume 
percent of 

solid) 

Impure 
Limestone 

(volume 
percent of 

solid) 

Shale 
Caprock 
(volume 
percent 
of solid) 

Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 383.899 138.900 0 0.01 65.30 

Kaolinite Al2Si2O5(OH)4 258.159 99.520 0 0.01 1.11 

Smectite-Ca Ca0.145Mg0.26Al1.77Si3.97O10(OH)2 365.394 140.536 0 0.01 6.90 

Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 634.648 210.260 0 0.01 6.40 

Quartz SiO2 60.084 22.688 0 0.01 8.00 

K-feldspar KAlSi3O8 278.33 108.900 0 0.01 2.80 

Albite NaAlSi3O8 262.222 100.070 0 0.01 3.20 

Calcite CaCO3 100.087 36.934 100.00 99.91 0.83 

Pyrite FeS2 119.98 23.940 0 0.01 0.40 

Dolomite CaMg(CO3)2 184.401 64.341 0 0.01 5.00 

Anhydrite CaSO4 136.142 45.940 0 0 0 

Alunite KAl3(OH)6(SO4)2 414.214 146.800 0 0 0 

Ankerite CaMg0.3Fe0.7(CO3)2 206.48 69.522 0 0 0 

Dawsonite NaAlCO3(OH)2 143.995 58.520 0 0 0 

Magnesite MgCO3 84.314 28.018 0 0 0 

Siderite FeCO3 115.856 29.378 0 0 0 

Smectite-Na Na0.290Mg0.26Al1.77Si3.97O10(OH)2 366.25 132.510 0 0 0 

Hematite Fe2O3 159.692 30.274 0 0 0 

Anorthite CaAl2Si2O8 278.206 100.790 0 0 0 

Muscovite KAl2(AlSi3O10)(F,OH)2 398.306 140.710 0 0 0 

Oligoclase CaNa4Al6Si14O40 1327.094 502.480 0 0 0 
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Table 3.9: Initial mineral volume fractions and possible secondary minerals used in the 
simulations (Strategies 2 and 3). 

Before the simulation of reactive transport, a batch geochemical modelling of water-rock 

interaction was performed to obtain an aqueous-phase chemical composition similar to the 

composition of a typical formation brine. So, synthetic brine formulated by AL-Ameri et al. (2016) 

with very little amount of other necessary ions based on the mineral compositions considered in 

the simulations was used. The synthetic brine was equilibrated separately for the different 

formations and injection conditions considered, in the presence of the primary minerals listed in 

Table 3.8 (Strategy 1) and Table 3.9 (Strategies 2 and 3). The batch geochemical modelling was 

conducted for 100 years to obtain a quasi-stable (or nearly steady-state) aqueous solution 

composition as shown in Tables 3.10 and 3.11 (Strategy 1), and Table 3.12 (Strategies 2 and 3). 

 

 

 
 

 
 

 

Mineral name Chemical formula Molecular 
weight (g/mol) 

Molar 
volume 

(cm3/mol) 

Carbonate 
formation 
(volume 

percent of 
solid) 

Sandstone 
formation 
(volume 

percent of 
solid) 

Shale 
Caprock 
(volume 

percent of 
solid) 

Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 383.899 138.900 0 2.80 65.30 

Kaolinite Al2Si2O5(OH)4 258.159 99.520 0 0.90 1.11 

Smectite-Ca Ca0.145Mg0.26Al1.77Si3.97O10(OH)2 365.394 140.536 0 0 6.96 

Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 634.648 210.260 0 2.70 6.40 

Quartz SiO2 60.084 22.688 0 25.80 8.00 

K-feldspar KAlSi3O8 278.33 108.900 0 23.30 2.80 

Albite NaAlSi3O8 262.222 100.070 0 41.50 3.20 

Calcite CaCO3 100.087 36.934 40.00 3.00 0.80 

Pyrite FeS2 119.98 23.940 0 0 1.43 

Dolomite CaMg(CO3)2 184.401 64.341 60.00 0 0 

Anhydrite CaSO4 136.142 45.940 0 0 4.00 

Siderite FeCO3 115.856 146.800 0 0 0 

Alunite KAl3(OH)6(SO4)2 414.214 69.522 0 0 0 

Ankerite CaMg0.3Fe0.7(CO3)2 206.48 58.520 0 0 0 

Dawsonite NaAlCO3(OH)2 143.995 28.018 0 0 0 

Magnesite MgCO3 84.314 29.378 0 0 0 

Smectite-Na Na0.290Mg0.26Al1.77Si3.97O10(OH)2 366.25 132.510 0 0 0 

Hematite Fe2O3 159.692 30.274 0 0 0 

Anorthite CaAl2Si2O8 278.206 100.790 0 0 0 

Muscovite KAl2(AlSi3O10)(F,OH)2 398.306 140.710 0 0 0 

Oligoclase CaNa4Al6Si14O40 1327.094 502.480 0 0 0 
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Table 3.10: Initial composition of the formation water at formation conditions of 1000C and 137 
bar (Strategy 1). 

 

Table 3.11: Initial composition of the formation water at formation conditions of 400C and 100 
bar (Strategy 1). 

 
 

Table 3.12: Initial composition of the formation water at formation conditions of 400C and 100 
bar (Strategies 2 and 3). 

 
 
 

 

 

 
 
Component 

Concentration (mol/kg H2O) 

Pure limestone formation Impure limestone formation Shale caprock 

Ca2+ 4.7289E-01 4.6644E-01 3.4482E-01 

Mg2+ 1.0034E-01 1.0489E-01 2.2812E-01 

Na+ 2.5885E+00 2.5890E+00 2.5628E+00 

K+ 1.9832E-10 2.6301E-03 1.1096E-02 

Fe2+ 1.9861E-10 3.5599E-05 1.0361E-10 

SiO2 (aq) 1.9829E-10 3.7782E-03 2.6134E-03 

HCO3
- 3.6143E-03 2.3516E-03 6.5321E-05 

SO4
2- 3.6425E-03 3.6432E-03 3.6316E-03 

AlO2
- 1.9847E-10 2.4826E-09 1.0141E-08 

Cl- 3.7257E+00 3.7255E+00 3.7115E+00 

pH 5.65 5.78 7.25 

 
 
Component 

Concentration (mol/kg H2O) 

Pure limestone formation Impure limestone formation Shale caprock 

Ca2+ 4.7399E-01 4.6568E-01 9.0216E-03 

Mg2+ 1.0036E-01 1.0693E-01 5.6313E-01 

Na+ 2.5878E+00 2.5876E+00 2.5807E+00 

K+ 1.9830E-10 4.9708E-04 2.6561E-03 

Fe2+ 1.9835E-10 4.4246E-04 3.7561E-09 

SiO2 (aq) 1.9829E-10 1.3134E-03 1.7668E-03 

HCO3
- 4.6875E-03 2.9917E-03 5.8033E-03 

SO4
2- 3.6439E-03 3.6416E-03 3.6336E-03 

AlO2
- 1.9834E-10 1.7750E-10 4.0858E-11 

Cl- 3.7251E+00 3.7240E+00 3.7151E+00 

pH 5.91 6.08 7.44 

 
 
Component 

Concentration (mol/kg H2O) 

Carbonate formation Sandstone formation Shale caprock 

Ca2+ 9.0400E-03 4.7137E-01 4.8163E-01 

Mg2+ 5.6496E-01 1.0038E-01 9.7547E-02 

Na+ 2.5814E+00 2.5868E+00 2.6006E+00 

K+ 1.9781E-10 2.8166E-03 3.3113E-03 

Fe2+ 1.9785E-10 4.9784E-04 2.7904E-08 

SiO2 (aq) 1.9782E-10 2.9555E-03 1.3991E-03 

HCO3
- 5.7553E-03 2.1733E-03 1.2688E-04 

SO4
2- 3.6350E-03 3.6425E-03 1.7486E-02 

AlO2
- 1.9782E-10 1.3611E-11 6.1835E-11 

Cl- 3.7158E+00 3.7245E+00 3.7264E+00 

pH 7.4418 6.1989 7.3919 
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Dissolution and precipitation of minerals are considered under kinetic conditions based on the 

rate law, except calcite and anhydrite which are assumed to react with aqueous species at local 

equilibrium. This is because the reaction rates of calcite and anhydrite are typically quite rapid 

(Zheng et al., 2009). The kinetic parameters were taken from Xu et al. (2006) and Zhang et al. 

(2011) and shown in Table 3.13. 

Table 3.13: List of parameters for calculating the kinetic rate of minerals (Xu et al., 2006; Zhang 

et al., 2011). 

A temperature of 1000C was used in the high saline reservoir which may represent the 

temperature at a depth of about 2800 m, given a land surface temperature of 160C and a 

geothermal gradient of 300C/km; while a temperature of 400C was used in the low saline reservoir 

which may represent shallow formation temperature at a depth of about 800 m, given a land 

surface temperature of 160C and a geothermal gradient of 300C/km. The temperature in the 

reservoir and cap rocks are assumed to be initially the same as the rock thickness considered in 

the simulation is only 40 m. Also, the numerical simulations are conducted under isothermal 

condition.  

3.3.3 Simulations 

Six (6) groups of numerical simulations were performed in Strategies 1 and 2, and three (3) groups 

of numerical simulations in Strategy 3; with different combinations of injection and formation 

conditions as shown in Tables 3.14, 3.15, and 3.16. The objective is to investigate the effect of 

CO2 injection or CO2 co-injection with other gases (H2S or SO2) on the petrophysical (porosity and 

permeability) and geochemical (aqueous composition and mineral dissolution/precipitation) 

Mineral name Initial 
reactive 
surface 
area 
(cm2/g) 

Neutral mechanism Acid mechanism Base mechanism 

K25 (mol/m2s) Ea (kJ/mol) K25 (mol/m2s) Ea (kJ/mol) n(H+) K25 (mol/m2s) Ea (kJ/mol) n(H+) 

Calcite Assumed in equilibrium       

Anhydrite Assumed in equilibrium       

Quartz 9.8 1.0233E-14 87.7       

Kaolinite 151.63 6.9183E-14 22.2 4.8978E-12 65.90 0.777 8.9125E-18 17.90 -0.472 

Illite 151.63 1.6596E-13 35.00 1.0471E-11 23.6 0.34 3.02E-17 58.9 -0.40 

Pyrite 12.87 2.8184E-05 56.90 
nO2(aq)=0.5 

3.02E-08 56.9 nH+=-0.5 
nFe3+=0.5 

   

K-feldspar 9.8 3.8905E-13 38.0 8.7096E-11 51.7 0.5 6.3096E-22 94.1 -0.823 

Dolomite 9.8 2.9512E-08 52.20 6.4565E-04 36.1 0.5    

Siderite 9.8 1.2598E-09 62.76 6.4565E-04 36.1 0.5    

Ankerite 9.8 1.2598E-09 62.76 6.4565E-04 36.1 0.5    

Albite 9.8 2.7542E-13 69.80 6.9183E-11 65.0 0.457 2.5119E-16 71.0 -0.572 

Muscovite 9.8 3.160E-13 58.6       

Hematite 12.87 2.5119E-15 66.2 4.0738E-10 66.2 1.0    

Chlorite 9.8 3.020E-13 88.0 7.7624E-12 88.0 0.5    

Oligoclase 9.8 1.4454E-13 69.8 2.1380E-11 65.0 0.457    

Magnesite 9.8 4.5709E-10 23.5 4.1687E-07 14.4 1.0    

Dawsonite 9.8 1.2598E-09 62.76 6.4565E-04 36.1 0.5    

Smectite-Na 151.63 1.6596E-13 35.0 1.0471E-11 23.6 0.34 3.0200E-17 58.9 -0.40 

Smectite-Ca 151.63 1.6596E-13 35.0 1.0471E-11 23.6 0.34 3.0200E-17 58.9 -0.40 

Alunite 9.8 1.0000E-12 57.78    1.0000E-12 7.5 -1.00 

Anorthite 9.8 1.5000E-14 18.4       
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changes of the rocks, and evaluate the brittleness of the rocks during non-cyclic and cyclic 

technique of CO2 geosequestration. 

Table 3.14: Six groups of simulations in this study (Strategy 1). 

 

Table 3.15: Six groups of simulations in this study (Strategy 2). 

 

Table 3.16: Six groups of simulations in this study (Strategy 3). 

 

3.4 Analytical Approach 

Numerical simulations were performed in this study to investigate the formation fluid and rock 

interactions during CO2 geosequestration. The model derived in the present study, was based on 

the brittleness index model developed by Kang et al. (2020). The model derived in the present 

study (based on molecular weight, molar volume, and volume fraction of the minerals, which 

replace the weight of the minerals mathematically) that takes the bulk modulus of the brittle 

minerals into consideration, like that of Kang et al. (2020) which is based on the weight or weight 

fraction of the minerals should give the same result for the same rock at the same condition. The 

mineralogical brittleness index model developed by Kang et al. (2020) was validated using field 

data in their study. Therefore, the model was proven to be reliable. Hence, from the numerical 

simulations performed in the present study, the mineralogical compositions of the formations 

before and during the CO2 geosequestration (with or without the addition of some amount of SO2 

or H2S impurity) were applied to the mineralogical brittleness index model derived in the present 

study to calculate the brittleness index of the rocks.  

Simulation groups Injection scenarios Formation Formation salinity 

1 CO2 only Carbonate and shale 0.21 

2 CO2 and H2S Carbonate and shale 0.21 

3 CO2 and SO2 Carbonate and shale 0.21 

4 CO2 only Carbonate and shale 0.06 

5 CO2 and H2S Carbonate and shale 0.06 

6 CO2 and SO2 Carbonate and shale 0.06 

Simulation groups Injection scenarios Formation Formation salinity 

1 CO2 only Carbonate and shale 0.06 

2 CO2 and H2S Carbonate and shale 0.06 

3 CO2 and SO2 Carbonate and shale 0.06 

4 CO2 only Sandstone and shale 0.06 

5 CO2 and H2S Sandstone and shale 0.06 

6 CO2 and SO2 Sandstone and shale 0.06 

Simulation groups Injection scenarios Formation Formation salinity 

1 CO2 only Sandstone and shale 0.06 

2 CO2 and H2S Sandstone and shale 0.06 

3 CO2 and SO2 Sandstone and shale 0.06 
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The brittleness index calculations based on data from the numerical simulations performed in this 

study cannot be validated using rock core samples, as some portion of the fluids injected into the 

reservoir migrated to the caprock. Therefore, field data would be more suitable to validate such 

numerical simulations. However, experimental or field data on the change in the rock strength 

properties and fracture behaviour (stress-strain relationship) during CO2 co-injection with an 

impurity such as SO2 or H2S are not available. Hence, the trends in the brittleness index using 

data from the numerical simulations in the present study, were compared with the trends in the 

brittleness index calculated using rock samples geochemical experimental data. The geochemical 

experimental data from studies conducted by Hedayati et al. (2018), Li et al. (2020), and 

Mavhengere et al. (2022) were used to calculate the mineralogical brittleness index of rocks 

during CO2 sequestration. The experiments conducted by Hedayati et al. (2018) and  Li et al. 

(2020) have been discussed in the literature review of the present study. The mechanical test 

data available was obtained from a study conducted by AL-Ameri et al. (2016) on the impact of 

pure CO2 on the mechanical properties of Pink Desert limestone (PL). Hence, the data were 

applied to calculate the mechanical brittleness index of the pure limestone reservoir. 

AL-Ameri et al. (2016) conducted a study to determine the long-term effects of CO2 sequestration 

on rock mechanical properties. The porosity of the rock samples are shown in Table 3.17, 

indicating an average porosity of 26% for the carbonate rocks in Strategy 1 under the experimental 

condition of 1000C and 137 bar. X-ray diffraction (XRD) was used to determine the mineral 

composition of the carbonate samples, which is shown in Table 3.18.  

Table 3.17: Basic core properties (AL-Ameri et al., 2016). 

 

 

 

 
 
 
 

 

Sample ID Brine porosity (%) 
PL-S-1-A 26.067 
PL-S-2-A 27.792 
PL-S-3-B 28.745 
PL-U-1-A 26.022 
PL-U-2-A 25.680 
PL-U-3-B 26.652 
PL-T-1-A 26.740 
PL-T-1-B 26.332 
PL-T-2-A 26.634 
PL-T-3-C 26.005 
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Table 3.18: Quantitative analysis of the core samples using XRD (AL-Ameri et al., 2016). 
 

 

 
The purity of CO2 used in the study was 99%, to minimize the chance of introducing contaminants 

in the rock samples. The composition of the brine used in the study is shown in Table 3.19. The 

total dissolved solids (TDS) of the brine was 213,734 ppm (this can be assumed to be 0.21 

salinity). The system temperature and pressure during the CO2 sequestration experiments were 

1000C and 2000 psi (~ 137 bar), respectively. Destructive tests including unconfined compressive 

tests and Brazilian tensile tests were conducted to determine Young’s modulus, Poisson’s ratio, 

and peak strengths (uniaxial compressive strength [UCS] and indirect tensile strength [ITS]) of 

the rock samples before and after CO2 storage. Results of the experiments are shown in Table 

3.20.  

Table 3.19: Ionic composition of the brine (AL-Ameri et al., 2016). 

  

 

 

 

 

 

 Table 3.20: Mechanical properties of the PL core samples before and after CO2 sequestration 
(AL-Ameri et al., 2016). 

 

The impact of SO2 impurity on the brittleness of rocks was evaluated using experimental data 

obtained from a study conducted by Mavhengere et al. (2022) on the influences of SO2 

contamination in long term supercritical CO2 treatment on the physical and structural 

characteristics of sandstone rock. They conducted two types of storage experiments on 

sandstone core samples (Cenomanian Sandstone, ZG and Siltstone lateral seal Aptian 

Sample name Phase name Content (%) 

Pink Desert limestone (PL) Calcite 
Quartz 

100 
0 

Ions Composition (ppm) 
Sodium 59,491 
Calcium 19,040 
Magnesium 2439 
Sulphate 350 
Chloride 132060 
Carbonate 0 
Bicarbonate 354 
TDS 213734 

Rock mechanical properties Before CO2 
sequestration 

After CO2 sequestration 
(90 days) 

Indirect tensile strength              (psi) 
                                                  (MPa)  

199.137  
1.3730  

142.800  
0.9846  

Uniaxial compressive strength  (MPa) 17.0000  12.4000 

Static Young’s modulus            (GPa) 16.1800 14.0000 

Static Poisson’s ratio 0.3530 0.2330 
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Sandstone, ZC) from Zululand Basin in South Africa, using pure CO2 gas (purity of 99.9% by 

weight); and another case using a mixture of 99% (weight) CO2 and 1% (weight) SO2 gas. Non-

stirred Teflon lined N4766 Parr reactors were used to simulate geosequestration conditions of 

17.5 MPa and 346 K for the ZC core samples, and 10 MPa and 316K for the ZG core samples for 

2 months. XRD analyses were conducted on the samples before and after treatment with CO2 or 

CO2-SO2 mixture to investigate any mineral phase alterations. The ZC core sample exhibited 

mineral phase alteration after treatment (fluid-rock interaction) similar to the sandstone rock in the 

present study. The brittleness index model developed by Kang et al. (2020) was applied to 

evaluate the impact of contaminant (SO2) in CO2 on brittleness index of sandstone, using the 

weight fraction of the minerals in the ZC and ZG core samples (shown in Table 3.21). In this case, 

the brittle minerals are quartz, plagioclase (feldspar), calcite, pyrite, and orthoclase (feldspar). 

Table 3.21: Mineralogical compositions of ZC and ZG core samples before and after ScCO2-
water and ScCO2-SO2-water treatment. 

 

3.5 Machine Learning Approach 

Machine Learning (ML) is a subset of artificial intelligence which integrates statistics and computer 

science to build algorithms that become more efficient when they are subject to relevant data 

instead of giving a specific instruction. Machine learning helps produce predictions or decisions 

without being specifically produced for the task (Jijo and Abdulazeez, 2021). Machine learning 

algorithm creates a model population based on a sample called training data, such that test data 

can be used to test the efficiency or accuracy of the developed model. Among several applications 

of machine learning, it can be used for classification and regression purpose. In this study, a 

regression model was developed using artificial neural network (ANN) algorithm, to predict 

brittleness index of rocks. 

3.5.1 Data preparation 

Data from numerical simulations in Strategies 1 and 2 are used in developing the machine 

learning model. The concentration and mineral data from the TOUGHREACT numerical 

simulation were merged, and data of all the modelled cases (in comma-separated values file 

Sample Quartz 
(wt. %) 

Plagioclase 
(wt. %) 

Smectite 
(wt. %) 

Calcite 
(wt. %) 

Pyrite 
(wt. %) 

Stilbite 
(wt. %) 

Diopside 
(wt. %) 

Gypsum 
(wt. %) 

Orthoclase 
(wt. %) 

ZC untreated 44.1 44.7 1.0 3.5 0.4 3.6 2.7 0.0 0.0 

ZC CO2 treated 47.5 42.5 2.5 1.7 0.4 2.7 2.8 0.0 0.0 

ZC CO2-SO2 treated 49.1 28.6 11.8 0.0 0.8 4.9 2.3 2.5 0.0 

ZG untreated 21.5 46.0 22.2 0.0 0.0 2.0 0.0 0.0 8.3 

ZG CO2 treated 22.3 50.5 16.3 2.9 0.0 4.8 0.0 0.0 3.2 

ZG CO2-SO2 treated 26.1 53.4 12.1 2.3 0.0 0.0 0.0 0.0 6.2 
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format) were concatenated to cover a wide range of data for the model development, making a 

total of 38,080 observations. Mineralogical brittleness index was calculated for each of the 

observations using the brittleness index model (the model that considers the bulk modulus of 

brittle minerals) derived in this study using the volume fraction and molecular weight of the 

minerals. Thus, a new column for brittleness index was created, making a total of 51 features in 

the dataset.  

In order to create a dataset for the machine learning model development, to predict brittleness 

index, all the mineral volume fraction columns were deleted (or dropped) to ensure the prediction 

of the brittleness index is not influenced by the mineral volume fractions from which the brittleness 

index was calculated from. This is because, the goal of developing the machine learning model 

in this study, is to demonstrate how other features can be used to predict the brittleness index of 

the rocks.  

The correlation coefficients between each of the variables with another were determined using 

Pearson correlation coefficient (r), expressed as 

𝑟 =  
𝑛 ∑ 𝑥𝑦−(∑ 𝑥)(∑ 𝑦)

√[𝑛 ∑ 𝑥2−(∑ 𝑥)2][𝑛 ∑ 𝑦2−(∑ 𝑦)2]
         3.17 

where, n is the number of observations, and x and y represent the features correlated. 

It is good and acceptable to have a strong correlation between dependent and independent 

variables. However, it is undesirable to have a strong correlation between two independent 

variables. When two independent variables strongly correlate with each other, it suggests that 

excluding one of them from the training data would be beneficial to prevent redundancy and helps 

to improve the model performance (Kannaiah and Maurya, 2023). Hence, for two independent 

variables in the dataset perfectly correlating (r=1.0) with each other, one of the features is 

removed. For instance, temperature and pressure, liquid saturation and gas saturation, 

permeability in the x and z directions, and permeability ratio in the x and z directions, are 

correlating perfectly with each pairs. Therefore, one of each feature was removed. In this case, 

pressure, liquid saturation, permeability in the x-direction, and permeability ratio in the x-direction 

were removed in the dataset. In addition, features whose values never changed during the 

numerical simulations were removed as well. Although the correlation coefficient between some 

independent variables are high, those features were not removed as their individual correlation 

with some other independent variables are relatively different. The correlation coefficient matrix 

of the remaining features (independent and dependent variables) is shown in Figure 3.5. 
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Figure 3.5: Correlation coefficient matrix of features. 

The concentrations of K+ and SO4
2-  are negatively correlated to the brittleness index of rocks. 

The correlations suggest that the higher the concentrations of K+ and SO4
2-, the lower the 

brittleness index of the rocks. The distribution of the features is presented in Table 3.22.  
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Table 3.22: Statistical parameters of the dataset. 

The input features include formation temperature (T in degrees Celsius), gas saturation (SatGas), 

salt saturation (SatSalt), formation fluid pH, formation water density (Dwat in g/cm3), ionic strength 

(IonStr), and the primary aqueous species/ions concentrations (including the amount of dissolved 

CO2, in mol/kg H2O). The unit of concentrations in the table is mol/kg H2O. The input features (18 

variables) are believed to be related to the brittleness index (the output feature). This assumption 

was made, as the geochemical properties of formation fluid depends on the mineralogical 

composition of the rock, as the rock minerals are in equilibrium with the formation fluid (Yu et al., 

2020; Thanh et al., 2022). Also, the geochemical composition of the formation fluid depends on 

the in situ temperature conditions of the formation (Ibrahim, 2022). Therefore, the geochemical 

properties of the formation fluid and the formation temperature might be related to the brittleness 

index of the formation. The statistical distribution of the dataset shows that the mean and median 

(50th percentile) are different for most of the features. Therefore, the features were scaled. The 

dependent and independent variables were scaled using a standard scaler, to prevent any input 

feature with high values from overfitting the model as other equally important features might be 

neglected if not scaled. Thus, scaling the features improves the training accuracy (Kannaiah and 

Maurya, 2023). Standard scaler standardizes the features as follows: 

𝑧 =  
𝑥−𝜇

𝜎
           3.18 

where, x represents the input variable,  and  are the mean and standard deviation of the 

variable dataset, respectively.  

Variables Mean Standard 
deviation 

Minimum 50th percentile Maximum 

T(C) 5.764706e+01 2.733906e+01 4.000000e+01 4.000000e+01 1.000000e+02 

SatGas 7.473813e-02 1.608901e-01 0.000000e+00 0.000000e+00 9.818800e-01 

SatSalt 5.958950e-04 6.460365e-03 0.000000e+00 0.000000e+00 1.686400e-01 

pH 5.740421e+00 1.045728e+00 4.362300e+00 5.649200e+00 7.491000e+00 

Dwat(g_cc) 1.062711e+00 3.759167e-02 9.645000e-01 1.043300e+00 1.196900e+00 

IonStr 3.281328e+00 1.159284e-01 2.967200e+00 3.271800e+00 4.352500e+00 

t_ca+2 3.717171e-01 2.005988e-01 8.954700e-03 4.729800e-01 7.513800e-01 

t_mg+2 2.392790e-01 2.509667e-01 9.398500e-02 1.003900e-01 1.004300e+00 

t_na+ 2.601796e+00 1.076680e-01 2.444800e+00 2.586800e+00 4.051600e+00 

t_k+ 2.255553e-03 3.771088e-03 1.947900e-10 1.307150e-04 4.134900e-02 

t_fe+2 6.208039e-04 2.483182e-03 1.677900e-11 4.252600e-08 2.484400e-02 

t_sio2(aq) 1.573913e-03 2.133439e-03 1.948500e-10 2.882450e-04 9.197300e-03 

t_hco3- 3.213137e-01 4.268074e-01 6.532200e-05 5.757000e-03 1.346900e+00 

t_so4-2 5.747741e-03 5.151247e-03 3.440300e-03 3.642400e-03 4.379000e-02 

t_alo2- 1.165757e-08 4.530096e-08 1.288900e-11 1.984900e-10 7.362100e-07 

t_cl- 3.740544e+00 1.551220e-01 3.518800e+00 3.723000e+00 5.831600e+00 

t_o2(aq) -2.038282e-07 8.303031e-07 -1.445500e-05 -2.482550e-11 3.260200e-16 

co2(aq) 2.465815e-01 3.198288e-01 1.221500e-06 1.974400e-03 8.939000e-01 

Brittle_index 3.897865e-01 1.706044e-01 1.070956e-01 5.100000e-01 5.893410e-01 
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3.5.2 Model architecture 

This study applied the prepared data in developing the machine learning model. The structure of 

the ANN model is made up of 18 nodes (representing the input parameters) in the input layer, 1-

3 hidden layers (each layer has 64 neurons), and a node in the output layer (representing the 

output parameter – brittleness index). The neural network is fully connected. In each layer (except 

the output layer), a rectified linear unit (ReLU) was used as an activation function, while a linear 

activation function was used in the output layer. The ‘He_normal’ weight initializer was applied 

(He et al., 2015), as it samples the weights following a normal distribution and a modified standard 

deviation, taking the number of input neurons for each layer into consideration (Wolfgang et al., 

2020). 

3.5.3 Model evaluation 

To gauge the accuracy of the numerical simulation and machine learning models, some 

evaluation criteria including mean absolute error (MAE), mean square error (MSE), mean 

absolute percentage error (MAPE), and coefficient of determination (R2 or R-squared score). In 

the model evaluation, N is the total number of observations (or total number of data values), �̂�𝑖 is 

the predicted ith value, yi is the actual ith value, and �̅� is mean of actual value. 

Mean absolute error (MAE), can be expressed as 

𝑀𝐴𝐸 =
1

𝑁
∑ |𝑦𝑖 − �̂�𝑖|𝑁

𝑖=1          3.19 

Similarly, mean square error, can be expressed as 

𝑀𝑆𝐸 =
1

𝑁
∑ (𝑦𝑖 − �̂�𝑖)𝑁

𝑖=1
2
           3.20  

While root-mean-square error (RMSE) is obtained by taking the square root of MSE, and can be 

expressed as  

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑦𝑖 − �̂�𝑖)𝑁

𝑖=1
2
         3.21  

The magnitude of relative error (MRE) for each observation i, and mean magnitude of relative 

error (MMRE) can be expressed as: 
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𝑀𝑅𝐸𝑖 =
|𝑦𝑖−�̂�𝑖|

𝑦𝑖
           3.22 

    

𝑀𝑀𝑅𝐸 =
1

𝑁
∑ 𝑀𝑅𝐸𝑖

𝑁
𝑖=1           3.23 

Mean absolute percentage error (MAPE) is another form of MMRE, but it is expressed in 

percentage as 

𝑀𝐴𝑃𝐸 =
1

𝑁
∑ 𝑀𝑅𝐸𝑖 ∗ 100𝑁

𝑖=1          3.24 

Coefficient of determination, also called R-squared (R2) score represents the proportion of the 

variance in the dependent variable that is predictable from the independent variables (Chicco et 

al., 2021). It can be expressed as: 

𝑅2 = 1 −
∑ (𝑦𝑖−�̂�𝑖)2𝑁

𝑖=1

∑ (𝑦𝑖−𝑦�̅�)2𝑁
𝑖=1

          3.25 

To test the statistical significance of differences in tests or observations at different stages or 

conditions, the concept of reliable change index (RCI) with 95% confidence (Blampied, 2016) can 

be adopted as follows: 

𝑅𝐶𝐼 = 1.96(𝜎)√2√(1 − 𝑟)         3.26 

3.5.4 Model development 

To build the artificial neural network model, the prepared dataset made up of 38,080 observations 

(or rows) and 19 features (18 input features and an output feature) was used in this study. The 

optimal ANN model was achieved by dividing the data into three sets: 63% of the dataset was 

selected as the training set, 27% as validation set, and 10% as testing set. The training set was 

used to build the model, while the validation set was employed to ensure the model was not 

overfitting or underfitting. The testing set was reserved to test the developed and validated model, 

to ensure there was no form of data leakage during the model development stage and to reveal 

the accuracy of the ANN model in estimating brittleness index. Three options were considered for 

the model building. The first option has a hidden layer, the second option has 2 hidden layers, 

while the third option has 3 hidden layers. Satisfactory tuning of optimizer hyperparameters (the 

batch size and epochs) of training was performed, using the grid search approach, to obtain better 

predictions of brittleness index. The batch sizes considered are 32, 64, and 128; while the number 
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of epochs considered are 10, 20, 50, and 100. The loss function and optimizer employed in this 

study are ‘mean square error’ and ‘Adam’, respectively. During the hyperparameter tuning, the 

third option (Option 3) together with a combination of batch size of 64 and 100 epochs, gave the 

lowest mean absolute percentage error of 0.18% and 0.19% for the training and validation 

datasets, respectively (Figure 3.6). Hence, in this study, the optimum batch size and number of 

epochs used in the final model (Option 3) building are 64 and 100, respectively. 

 

Figure 3.6: Hyperparameter tuning of batch size and epochs. 

The final ANN model was developed using the predefined architecture and the selected optimal 

hyperparameters, as shown in Table 3.23. The feature importance of the input parameters were 

determined by comparing the sum of the absolute weights (in the first hidden layer) of each 

parameter that predicted brittleness index and ranked in order. This technique helps to 

understand the relative importance of different input features in predicting brittleness index. 
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Table 3.23: Model structure and parameters. 

 

3.6 Data Analysis Techniques 

Numerical simulations were analysed for changes in petrophysical and geochemical properties of 

reservoir and cap rocks, to investigate the impact of CO2 mixtures on those properties. In addition, 

data from the experiment conducted by AL-Ameri et al. (2016) were analysed to determine the 

mechanical brittleness index of the rock, using equations of elastic and strength parameters; while 

the mineralogical brittleness index was calculated from the models developed in the present 

study. The calculated mechanical brittleness indices were compared with the mineralogical 

brittleness indices for the high saline formations injected with CO2 only. Furthermore, the 

mineralogical brittleness index of the formations was calculated for simulation groups of CO2 co-

injection with another gas (H2S or SO2) into the reservoir and advective [and diffusive] transport 

into the caprock layers, to determine the impact of CO2 mixtures on the brittleness of reservoir 

and cap rocks in high or low salinity conditions. The results from the analyses are presented in 

tables and graphs for proper visualization and comparison. It is worth noting that while discussing 

the results of the analyses, the expression “SO2 (or H2S) gas co-injection with CO2” or “SO2/H2S 

gas co-injection with CO2” implies that SO2 co-injection with CO2 is one case, and H2S co-injection 

with CO2 is another case in the numerical simulations. Also, CO2 only case and CO2 alone case 

are used interchangeably. Also, for clarity, it is important to identify  the interface between the 

different formations. In Strategy 1, the interface between the shale caprock and the impure 

limestone is 6 m from the top of the caprock (marked X in Figure 3.7a), while the interface between 

Model Parameters Option 1 Option 2 Option 3 

Number of hidden layers 1 2 3 

Number of neurons in each hidden layer 64 64 64 

Number of neurons in the output layer 1 1 1 

Number of output feature(s) 1 1 1 

Number of input features 18 18 18 

Activation function in the hidden layers ReLU  ReLU  ReLU  

Kernel initializer He_normal He_normal He_normal 

Seed value 42 42 42 

Loss function MSE MSE MSE 

Optimizer Adam Adam Adam 

Learning rate Default Default Default 

Best batch size 64 32 64 

Best number of epochs 100 100 100 

Model Performance    

MAPE on the train dataset (%) 0.55 0.24 0.19 

MAPE on the validation dataset (%) 0.56 0.25 0.18 
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the impure limestone and the pure limestone is 12 m from the top of the caprock (marked Y in 

Figure 3.7a). In Strategy 2 and Strategy 3, the interface between the reservoir (carbonate or 

sandstone) and caprock is 12 m from the top of the caprock (marked X in Figure 3.7b). 

 
Figure 3.7: Interface between the formations (a) Strategy 1 (b)  Strategy 2 and Strategy 3. 

3.7 Limitations of the Study 

1. The depleted petroleum reservoirs considered in the numerical simulations were assumed to 

be under a strong aquifer drive during their petroleum production life and the hydrocarbon was 

completely depleted. Therefore, the reservoirs were assumed to be fully saturated with 

formation water, like aquifers. Hence, the impact of hydrocarbon on the CO2-brine-rock 

interactions was not considered during the numerical simulations.  

2. No experimental data available to determine changes in the mechanical strengths 

(compressive and tensile strengths) and mechanical brittleness index of the rocks during CO2 

co-injection with H2S or SO2 gas. Therefore, the impact of impurities in CO2 on the mechanical 

brittleness index  of the rocks was not determined as mechanical tests are required. 

3. This study adopted a numerical simulation and analytical approach to evaluate the brittleness 

index of rocks during CO2 geosequestration (with or without SO2/H2S impurity). Experiments 

were not conducted in the present study to investigate the fracture behaviour (stress-strain 

relationship) of reservoir and caprock samples before and after pure CO2 injection or CO2 co-

injection with H2S or SO2 gas. The fracture behaviour of rock samples for the different cases 

(CO2-brine-rock, CO2-H2S-brine-rock, and CO2-SO2-brine-rock interactions) could have been 

validated with changes in the mineralogical brittleness index if mechanical tests were 

performed as well as geochemical experiments and XRD analyses of the rock samples (to 

determine the changes in the mineralogical compositions of the rock samples). 

4. In the present study, the CO2 geosequestration period considered was 100 years. Therefore, 

the impact of CO2 mineral trapping on the rock properties was not considered, as it is expected 

(a) (b) 
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to be significant after hundreds to thousands of years. Therefore, residual and solubility 

trapping were the main CO2 trapping mechanisms in this study. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION  

4.1  Results 

4.1.1 Impact of impurities on porosity, permeability, and geochemical composition of              

reservoir and cap rocks during CO2 injection and storage (Strategy 1) 

The supercritical CO2 fluid (referred to as ‘gas’ in this study for simplicity) is injected or co-injected 

with H2S (or SO2) near the bottom of the pure limestone (carbonate reservoir). The injected fluid 

migrates rapidly upward by buoyant forces, as the density of the supercritical CO2 phase is less 

than that of the aqueous phase or formation water (Figure 4.1). After the period of injection, a 

small fraction of CO2 gas is trapped in the pure and impure limestone porous rocks as residual 

gas. The mobile gas continues to migrate into the shale caprock by the action of buoyant forces. 

At the same time, some amount of the gas continues to dissolve into brine (formation water) and 

precipitate carbonate minerals.  Hence, the residual gas slowly disappears at the bottom of the 

pure limestone reservoir.  

Figure 4.1: Gas saturation after 10 years at 400C and 100 bar (a) CO2 alone case (b) CO2-H2S 
case  (c) CO2-SO2 case. 

After some time, most of the free CO2 gas accumulates in the shale caprock layers, few metres 

from the reservoir-caprock interface, and spreads laterally. At 10 years of injection, reservoir rock 

pores are majorly filled with free CO2 gas few metres close to the injection well (water nearly 

drying out in the zone). In fact, the higher gas saturation in the rock pores near the injection well 

extends over a longer radial distance in the CO2 and H2S/SO2 co-injection cases compared to the 

CO2 alone case, as shown in Figure 4.1. However, after injection (10 years), formation water re-

invades the zones where water was nearly dried out, enabling chemical reactions (dissolution and 

precipitation) between the dissolved CO2 and minerals. The gas saturation in the reservoir and 

caprock after 100 years of geosequestration is shown in Figure 4.2.  

 

a b c 
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Figure 4.2: Gas saturation after 100 years at 400C and 100 bar (a) CO2 alone case (b) CO2-H2S 
case  (c) CO2-SO2 case 

The front of H2S (or SO2) gas are behind that of CO2 gas (Figure 4.3). This is due to the preferential 

solubility of H2S and SO2 in formation water compared to that of CO2. Thus, delayed breakthrough 

of H2S (or SO2) gas is experienced, and H2S (or SO2) gas begins to separate from the CO2 gas 

(in the gas mixture), and H2S (or SO2) concentration in the formation water at the advancing gas 

front gets suppressed. This situation is more severe with SO2 gas compared to H2S gas. The front 

of SO2 gas is far behind that of CO2 gas compared to the front of H2S gas with respect to CO2 gas 

at 400C and 100 bar (which corresponds to low salinity formation fluid in the present study) as 

shown in Figure 4.3. Hence, the solubility of SO2 gas in formation water is higher than that of H2S 

and CO2. The solubility of SO2 gas in water increases at a higher salinity (0.21), which 

corresponds to the temperature and pressure conditions of 1000C and 137 bar, respectively in 

the present study.  Thus, resulting in complete dissolution of SO2 in formation water after 100 

years of CO2 geosequestration as shown in Figure 4.4. 

a b c 
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Figure 4.3: Gas front of (a) CO2 in CO2-H2S(b) CO2 in CO2-SO2 (c) H2S (d) SO2 at 400C and 100 
bar. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: SO2 gas mole fraction after CO2 co-injection and 100 years of geosequestration (a) 
at 1000C and 137 bar (b) at 400C and 100 bar. 

a b 
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Figure 4.5 shows the spatial distribution of total dissolved carbon (TDC) in the rocks. CO2 

mobilizes faster than H2S (or SO2). This is due to the preferential dissolution of H2S and SO2 

compared with CO2. The concentration of total dissolved carbon at the advancing front increases 

as the concentration of H2S (or SO2) gas has been suppressed in the formation water. Moreover, 

the concentration of TDC in the co-injection cases is lower than that in the CO2 alone case. This 

implies that the preferential dissolution of H2S (or SO2) gas reduces the potential and capacity for 

the dissolution of the injected CO2 gas in formation water (Zhang et al., 2011).  

 

 

 

 

Figure 4.5: Total dissolved carbon at 400C and 100 bar for (a) CO2 alone case (b) CO2-H2S 
case (c) CO2-SO2 case. 

The total dissolved CO2 concentrations after 100 years of geosequestration are shown in Figure 

4.5. The concentration of dissolved CO2 increases to over 0.6 mol/kg H2O in the two-phase region 

due to the CO2 gas migration. The dissolution of the injected CO2 (with or without cases of H2S 

or SO2 gas co-injection) in the surrounding formation water yields H2CO3, HCO3
-, and CO3

2-, and 

decreases pH (increases acidity). The pH profiles of all the injection cases are similar, as shown 

in Figure 4.6.  

 

 

 

Figure 4.6: Formation fluid pH at 400C and 100 bar for (a) CO2 alone case (b) CO2-H2S case (c) 
CO2-SO2 case. 

The low pH induces the dissolution and precipitation of minerals. As aqueous complexes are 

formed, more CO2 goes into solution and enhance solubility trapping. However, mineral trapping 

of CO2 was not considered in this study as it is a slow process that occurs over hundreds to 

thousands of years, while the numerical simulations in the present study were performed up to a 

maximum of 100 years. So, the CO2 trapping mechanisms in the present study are 

structural/stratigraphic trapping (caprock), residual trapping, and solubility trapping. During the 

a b c 

a b c 
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CO2 injection period (up to 10 years), out of a total of about 6.31 M ton of CO2 injected, a large 

amount of injected CO2 remains as a free supercritical phase. After injection, some amount of 

CO2 dissolved in the formation water gradually, while the injected gas plume continued to migrate 

upward and horizontally. Convective mixing between CO2-saturated water and unsaturated water 

also takes place at the same time.  

Minerals such as chlorite, albite, dolomite, and K-feldspar in the shale and impure limestone 

formations dissolve in the two-phase region and near the front of the single aqueous-phase zone. 

On the other hand, quartz, illite, smectite-Ca, and smectite-Na precipitated in those zones. Other 

minerals exhibited selective dissolution or precipitation in different formations. It is worth noting 

that due to fluid-rock interaction between zones with different lithology, minerals such as quartz 

and smectite-Na precipitated in some layers of the pure limestone formation (which would not 

have been possible without upward and downward (vertical) flow of fluids from different rock 

layers). After 100 years of CO2 only sequestration, minerals such as ankerite, magnesite, pyrite, 

and calcite (due to higher pH in the region) precipitated in the shale caprock; while kaolinite 

dissolution was observed in the formation. On the other hand, kaolinite, dawsonite, ankerite and 

small amount of magnesite and siderite precipitated in the impure limestone formation; while 

pyrite and calcite dissolution was observed in the impure limestone formation. In the pure 

limestone reservoir, calcite dissolution was observed throughout the period of sequestration. 

Changes in the composition (volume fraction of the solid rock) of the minerals in the CO2 alone 

sequestration case is shown in Figures 4.7 and 4.8. 
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Figure 4.7: CO2 alone case at 400C and 100 bar (a) calcite (b) ankerite (c) anhydrite (d) pyrite 

(e) magnesite (f) siderite. 

 

 

a b 

c d 

e f 
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Figure 4.8: Dissolution and precipitation of other minerals (albite, chlorite, dawsonite, dolomite, 

illite, K-feldspar, kaolinite, quartz, smectite-Ca, and smectite-Na) in the formations for the CO2 

alone case at 400C and 100 bar. 

The same kind of mineral precipitation and dissolution was observed in the co-injection cases, 

except that in the case of H2S co-injection with CO2, no siderite precipitation (Figures 4.9 and 

4.10). Little amount of ankerite was observed in the shale caprock only in the region where 

dissolved H2S in formation water is low in concentration. But pyrite precipitation was observed in 

all the formations considered, in all the regions where H2S dissolved in the formation water. This 

is because precipitation of siderite and ankerite requires Fe2+ which can be supplied by the 

dissolution of iron-bearing minerals such as chlorite. Furthermore, in the case of SO2 co-injection 

with CO2, after 100 years of sequestration, ankerite, and magnesite precipitated in the shale 

caprock, while anhydrite and pyrite precipitated in the carbonate rocks in the region where SO2 

gas has dissolved in formation water (Figures 4.11 and 4.12). Beyond this region, ankerite, 

siderite, and magnesite precipitation were observed. Precipitation of pyrite reduces ankerite 

precipitation (Zhang et al., 2011). Overall, the mineral precipitation and dissolution are similar at 

temperatures of 400C (low temperature formation - the focus in the present study) and 1000C. The 
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main difference is that calcite precipitated in the shale and impure limestone formations in the 

case of CO2 alone sequestration.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: CO2-H2S co-injection case at 400C and 100 bar (a) calcite (b) ankerite (c) anhydrite 

(d) pyrite (e) magnesite (f) siderite. 
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Figure 4.10: Dissolution and precipitation of other minerals (albite, chlorite, dawsonite, dolomite, 
illite, K-feldspar, kaolinite, quartz, smectite-Ca, and smectite-Na) in the formations for the CO2-

H2S co-injection case at 400C and 100 bar. 
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Figure 4.11: CO2-SO2 co-injection case at 400C and 100 bar (a) calcite (b) ankerite (c) anhydrite 

(d) pyrite (e) magnesite (f) siderite. 
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c d 
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Figure 4.12: Dissolution and precipitation of other minerals (albite, chlorite, dawsonite, dolomite, 
illite, K-feldspar, kaolinite, quartz, smectite-Ca, and smectite-Na) in the formations for the CO2-

SO2 co-injection case at 400C and 100 bar. 

Changes in porosity are calculated from variations in the volume fraction of the minerals and 

presented in Table 4.1 and Figure 4.13. In the two-phase region, due to dominant mineral 

dissolution caused by low pH, porosity increases slightly in the shale and carbonate rocks, in the 

case of CO2 alone and CO2-H2S co-injection, while in the case of CO2-SO2 co-injection, porosity 

increases only in the shale rock, and decreases in the carbonate rocks due to anhydrite 

precipitation. Outside the regions where SO2 dissolved in the formation water in the carbonate 

rocks (pure limestone and impure limestone), an increase in porosity was observed. After 100 

years of sequestration, the porosity of the carbonate rocks and shale caprock increased by 0.16% 

and 0.89% respectively, for the CO2 alone case; and slightly increased by 0.17% and 0.91% 

respectively, for the CO2-H2S co-injection case. However, in the case of CO2-SO2 co-injection, 

the porosity of the carbonate rocks decreased by 0.58%, while the porosity of the shale caprock 

increased by 1.21%.  
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Table 4.1: Change in petrophysical properties of the formation at different times of CO2 
geosequestration at temperature and pressure of 400C and 100 bar, respectively. 

 

 

 
Figure 4.13: Porosity change and permeability ratio (a) CO2 alone case (b) CO2-H2S case (c) 

CO2-SO2 case at  400C and 100 bar. 

A similar trend in porosity was observed in the CO2 sequestration cases at higher formation 

salinity and temperature. The difference is that the porosity of the shale caprock decreased during 

CO2 sequestration as shown in Table 4.2 and Figure 4.14. Even though calcite precipitated in the 

impure limestone in the CO2 alone case (Appendix A2) at high temperature and pressure 

conditions (and high formation salinity), porosity increased, since very little amount of calcite 

precipitated  (dominated by dissolution of other minerals). So, at higher temperature (1000C) and 

salinity (0.21), the porosity of the carbonate rocks increased by 0.06%, while the porosity of the 

shale caprock decreased by 7.44% for the CO2 alone case. In the case of CO2-SO2 co-injection 

case, porosity decreased by 1.27% and 7.44% in the carbonate rocks and shale caprock, 

respectively. This implies that mainly CO2 migrated to the caprock zone, SO2 gas front hardly 

reached the shale formation as rapid dissolution of SO2 occurs at high temperature and pressure 

Formation 
type 

Petrophysics After sequestration, t=100 years 

CO2 CO2-H2S CO2-SO2 

Shale Percentage change in porosity (%) 0.63 - 0.89 0.63 - 0.91 0.63 - 1.21 

Percentage change in permeability (%) 1.97 - 2.81 2.01 - 2.93 2.01 - 3.86 

Impure 
limestone 

Percentage change in porosity (%) 0.10 - 0.11 0.11 - 0.12 -ve (0.48 - 0.58) 

Percentage change in permeability (%) 0.36 - 0.39 0.36 - 0.40 -ve (1.67 - 2.01) 

Pure 
limestone 

Percentage change in porosity (%) 0.12 - 0.16 0.12 - 0.17 -ve (0.35 - 0.50) 

Percentage change in permeability (%) 0.48 - 0.66 0.49 - 0.69 -ve (1.42 – 2.00) 

a b c 
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conditions. Kozeny-Carman model was used to calculate the corresponding changes in 

permeability. The trend of permeability variation is similar to that of porosity as shown in Table 

4.2.  

Table 4.2: Change in petrophysical properties of the formation at different times of CO2 
geosequestration at temperature and pressure of 1000C and 137 bar, respectively. 

 

 

Figure 4.14: Porosity change and permeability ratio (a) CO2 alone case (b) CO2-SO2 case at 
1000C and 137 bar. 

Table 4.1 shows the permeability changes in the formations at 400C and 100 bar.  After 100 years 

of sequestration, the permeability of the carbonate rocks and shale caprock increased by 0.66% 

and 2.81% respectively, for the CO2 alone case; and slightly increased by 0.69% and 2.93% 

respectively, for the CO2-H2S co-injection case. However, in the case of CO2-SO2 co-injection, 

Formation 
type 

Petrophysics After sequestration, t=100 years 

CO2 CO2-SO2 

Shale Percentage change in porosity (%) -ve (0.64 - 7.44) -ve (0.64 - 7.44) 

Percentage change in permeability (%) -ve (2.02 - 21.58) -ve (2.02 - 21.60) 

Impure 
limestone 

Percentage change in porosity (%) 0.008 – 0.01 -ve (0.04 – 0.33) 

Percentage change in permeability (%) 0.03 – 0.05 -ve (0.14 – 1.21) 

Pure 
limestone 

Percentage change in porosity (%) 0.01 – 0.06 -ve (0.63 - 1.27) 

Percentage change in permeability (%) 0.05 – 0.22 -ve (2.33 - 4.60) 

a b 
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the permeability of the carbonate rocks decreased by 2.01%, while the permeability of the shale 

caprock increased by 3.86%. A similar trend in permeability was observed in the CO2 

sequestration cases at higher formation salinity and temperature (Table 4.2). The difference is 

that the permeability of the shale caprock decreased during CO2 sequestration.  Even though 

calcite precipitated in the impure limestone in the CO2 alone case at high temperature and 

pressure conditions (and high formation salinity), permeability increased, since very little amount 

of calcite precipitated  (dominated by dissolution of other minerals). So, at a higher temperature 

(1000C) and salinity (0.21), the permeability of the carbonate rocks increased by 0.22%, while the 

permeability of the shale caprock decreased by 21.58% for the CO2 alone case. In the case of 

CO2-SO2 co-injection case, permeability decreased by 4.60% and 21.60% in the carbonate rocks 

and shale caprock, respectively. 

4.1.2 Impact of impurities on porosity, permeability, and geochemical composition of              

reservoir and cap rocks during CO2 injection and storage (Strategy 2) 

In Strategy 2, carbonate reservoir with shale caprock and sandstone reservoir with shale caprock 

were considered separately. The fluid distributions and pH are similar to Strategy 1 for the different 

formation combinations considered. The gas saturations and gas fronts in the formations 

(reservoir rocks and shale caprock) are shown in Figures 4.15 and 4.16 and Figures 4.17 and 

4.18, respectively. H2S gas front in both the carbonate and sandstone reservoirs are similar. 

However, SO2 gas mobilizes a longer lateral distance in the carbonate reservoir compared to the 

sandstone reservoir (Figures 4.17 and 4.18). It appears that SO2 dissolves faster in formation 

brine in the sandstone reservoir, thereby limiting the amount of SO2 gas that mobilizes laterally in 

the reservoir.  
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Figure 4.15: Gas saturation (Strategy 2) in the carbonate reservoir and shale caprock (a) CO2 
alone case (b) CO2-H2S case (c) CO2-SO2 case. 

 

 

 

 

 

 

 

 

 

Figure 4.16: Gas saturation (Strategy 2) in the sandstone reservoir and shale caprock (a) CO2 
alone case (b) CO2-H2S case (c) CO2-SO2 case. 
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Figure 4.17: Gas front of (a) CO2 in CO2-H2S (b) CO2 in CO2-SO2 (c) H2S (d) SO2 in the 
carbonate reservoir and shale caprock. 
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Figure 4.18: Gas front of (a) CO2 in CO2-H2S(b) CO2 in CO2-SO2 (c) H2S (d) SO2 in the 
sandstone reservoir and shale caprock. 
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The total dissolved carbon (TDC) in the carbonate reservoir (with calcite and dolomite minerals) 

for all the sequestration cases are similar. No notable delay in the dissolution of CO2 in the co-

injection cases. However, a notable delay in the dissolution of CO2 in the sandstone formation 

brine for the CO2-SO2 co-injection case was observed a few metres (laterally) from the injection 

well (Figures 4.19 and 4.20). This can be ascribed to the rapid dissolution of SO2 gas in the 

sandstone formation compared to the carbonate reservoir with calcite and dolomite minerals. Also 

more CO2 dissolved in the sandstone formation compared to the carbonate reservoir due to the 

presence of adequate amount of Fe-bearing minerals and carbonate minerals in the sandstone 

formation.  

 

Figure 4.19:Total dissolved carbon in the carbonate reservoir and shale caprock for (a) CO2 
alone case (b) CO2-H2S case (c) CO2-SO2 case. 

 

Figure 4.20: Total dissolved carbon in the sandstone reservoir and shale caprock for (a) CO2 
alone case (b) CO2-H2S case (c) CO2-SO2 case. 

The formation fluid pH in the carbonate reservoir is higher than that of the sandstone reservoir 

after 100 years of CO2 geosequestration for all the cases (Figures 4.21 and 4.22). Therefore, 

the reaction of the formation fluid with the rock minerals would be different for the carbonate and 

sandstone reservoirs.  

a b c 

a b c 
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Figure 4.21: Formation fluid pH for (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case in 
the carbonate reservoir and shale caprock. 

 

Figure 4.22: Formation fluid pH for (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case in 
the sandstone reservoir and shale caprock. 

In Strategy 2, for all the cases considered, dissolution and precipitation of minerals in the shale 

formation are similar (Figures 4.23 to 4.28). Calcite, anhydrite, albite, chlorite, illite, K-feldspar, 

and kaolinite dissolved in the shale formation; while ankerite, quartz, siderite, smectite-Ca, 

smectite-Na, and little amount of pyrite precipitated. In the sandstone formation, dissolution of 

calcite, albite, chlorite, K-feldspar, and kaolinite was observed; while illite, quartz, smectite-Ca, 

and smectite-Na precipitated (Figure 4.26). In addition, pyrite precipitated in the CO2-H2S and 

CO2-SO2 co-injection cases; while anhydrite precipitated only in the CO2-SO2 co-injection case 

(Figures 4.27 and 4.28). In the carbonate formation, initially composed of calcite and dolomite 

minerals only, dissolution of dolomite was observed in all the injection cases (Figures 4.23, 4.24, 

and 4.25). Calcite dissolution was observed near the injection zone for the CO2-SO2 case, where 

the concentration of dissolved SO2 is higher, resulting in precipitation of anhydrite in that zone; 

while calcite precipitation was observed in the upper part of the reservoir (few metres above the 

injection zone). The dissolution of dolomite (increasing Mg2+ and Ca2+ concentration in the 

carbonate formation) resulted in precipitation of magnesite and calcite in the formation. Pyrite 

precipitation was only observed in the CO2-H2S and CO2-SO2 co-injection cases, although little 

amount as the Fe2+ concentration in the carbonate formation is low.  

  

a b c 

a b c 
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Figure 4.23: Mineral dissolution and precipitation in the carbonate reservoir and shale caprock 
for the CO2 alone case. 
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Figure 4.24: Mineral dissolution and precipitation in the carbonate reservoir and shale caprock 
for the CO2-H2S case. 
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Figure 4.25: Mineral dissolution and precipitation in the carbonate reservoir and shale caprock 
for the CO2-SO2 case. 
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Figure 4.26: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2 alone case. 
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Figure 4.27: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2-H2S case. 
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Figure 4.28: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2-SO2 case. 

Changes in porosity of the formations are calculated from variations in the volume fraction of the 

minerals. Table 4.3 shows that porosity and permeability increased slightly in the shale formation 

(read from the results of the carbonate reservoir and shale caprock numerical simulation group), 

but increased significantly in the carbonate formation (due to large amount of dolomite dissolution) 

for all the cases considered (Figure 4.29) in Strategy 2 (permeability increase between 0.59 – 

5.68%). In the sandstone formation (Figure 4.30), porosity and permeability only increased for the 

CO2 alone and CO2-H2S injection cases (permeability increases between 0.23 – 1.09%). 

Precipitation of anhydrite (few metres from the injection well over the entire height of the 



116 
 

sandstone formation) for the CO2-SO2 co-injection case resulted in decrease in porosity and 

permeability in the region where SO2 dissolved in formation water (permeability decreases up to 

2.40%). Farther away from the injection well, porosity and permeability of the reservoir increased 

as more CO2 dissolved in the formation water (very little or no concentration of SO2 in the 

formation water in that region). 

Table 4.3: Change in petrophysical properties of the formation after 100 years of CO2 
geosequestration at temperature and pressure of 400C and 100 bar, respectively (Strategy 2). 

 

 

Figure 4.29: Porosity change and permeability ratio (Strategy 2) in the carbonate reservoir and 
shale caprock (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case. 

 

 

 

 

Formation 
type 

Petrophysics After sequestration, t=100 years 

CO2 CO2-H2S CO2-SO2 

Shale Percentage change in porosity (%) -0.07 - 0.13 -0.07 – 0.16 -0.49 – 0.11 

Percentage change in permeability (%) -0.20 - 0.39 -0.20 – 0.47 -1.50 – 0.34 

Sandstone Percentage change in porosity (%) 0.07 – 0.27 0.06 – 0.25 -ve (0.29 - 0.61) 

Percentage change in permeability (%) 0.28 – 1.09 0.23 – 1.02 -ve (1.18 - 2.40) 

Carbonate Percentage change in porosity (%) 0.21 – 0.76 0.15 – 1.00 0.08 – 1.38 

Percentage change in permeability (%) 0.84 -3.11 0.59 – 4.10 0.32 – 5.68 

a b c 
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Figure 4.30: Porosity change and permeability ratio (Strategy 2) in the sandstone reservoir and 
shale caprock (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case. 

4.1.3 Impact of impurities on porosity, permeability, and geochemical composition of              

reservoir and cap rocks during CO2 injection, withdrawal, and storage (Strategy 3) 

CO2 gas is injected or co-injected with H2S (or SO2) near the bottom of the sandstone reservoir 

and withdrawn near the top of the reservoir, in a cyclic process (over a total of seven cycles).  The 

injected fluid migrates rapidly upward by buoyant forces. After every cycle of injection, a small 

fraction of CO2 gas is trapped in the reservoir as residual gas; while the mobile gas continues to 

migrate into the shale caprock by the action of buoyant forces. At the same time, some amount 

of the gas continues to dissolve into brine (formation water), resulting in precipitation of minerals.  

Hence, the residual gas slowly disappears at the bottom of the reservoir. After some time, most 

of the free CO2 gas accumulates in the shale caprock layers, few metres from the reservoir-

caprock interface, and spreads laterally. Similar to the non-cyclic process (Strategies 1 and 2), 

the front of SO2 gas is far behind that of CO2 gas compared to the front of H2S gas with respect 

to CO2 gas as shown in Figure 4.31. Hence, the solubility of SO2 gas in formation water is higher 

than that of H2S and CO2. However, some amount of H2S gas and SO2 gas remain in the reservoir 

even after the seventh cycle, as they continue to be replenished due to the cyclic injection process 

(Figure 4.32). 

 

 

a b c 



118 
 

 

Figure 4.31: Gas front of (a) CO2 in CO2-H2S(b) CO2 in CO2-SO2 (c) H2S (d) SO2 in cyclic 
process. 

 

 

Figure 4.32:  (a) CO2 gas (b) H2S gas (c) SO2 gas in the formation after seven cyclic injection-
withdrawal process. 

Figure 4.32 shows that H2S gas hardly penetrated up to 4m vertical thickness of the shale caprock, 

while SO2 gas only penetrated up to 2m vertical thickness of the caprock after seven (7) cyclic 

injection-withdrawal of CO2 stream. Only CO2 gas penetrated over 8m vertical thickness of the 

shale caprock during the period of geosequestration.  

a b 

c d 

a b c 
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There is no notable difference in the distribution of total dissolved carbon (TDC) after seven cyclic 

injection-withdrawal process of fluid, as the initially displaced formation water during supercritical 

fluid injection flows towards the injection-production well to provide sufficient pressure needed for 

the gas production. Thus, convective mixing of the CO2 with formation water during the withdrawal 

process makes the TDC for all the injection cases similar. The concentration of dissolved CO2 

increases up to 0.9 mol/kg H2O in the two-phase region due to the CO2 gas migration (Figure 

4.33). The dissolution of the injected CO2 (with or without cases of H2S or SO2 gas co-injection) 

in the surrounding formation water yields H2CO3, HCO3
-, and CO3

2-, and decreases pH (increases 

acidity). The pH profiles of all the injection cases are similar, as shown in Figure 4.34. However, 

for the CO2-SO2 co-injection case, the pH of the reservoir at and near the perforations in the 

production zone is relatively very low compared to the other injection cases. This could be 

attributed to severe calcite dissolution in those regions resulting in very low pH. In other regions 

of the formations, the pH values are similar for all the injection cases.  

 

 

Figure 4.33: TDC for (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case in the formation 
after seven (7) cyclic injection-withdrawal process. 

 

 

 

 

 

 

Figure 4.34: pH for (a) CO2 alone case (b) CO2-H2S case (c) CO2-SO2 case in the formation 
after seven (7) cyclic injection-withdrawal process. 

The low pH induces the dissolution and precipitation of minerals. Minerals such as anhydrite, 

albite, chlorite, illite, K-feldspar, and kaolinite in the shale formation dissolve in the two-phase 

region and near the front of the single aqueous-phase zone; while calcite, albite, chlorite, and K-

a b c 

a b c 
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feldspar in sandstone reservoir dissolve in the two-phase region and near the front of the single 

aqueous-phase zone. On the other hand, calcite, ankerite, quartz, siderite, smectite-Ca, smectite-

Na, and small amounts of hematite and pyrite precipitated in the shale caprock; while illite, 

kaolinite, quartz, and smectite-Na precipitated in the sandstone reservoir during the cyclic 

injection and withdrawal of CO2 (Figures 4.35 to 4.38). For CO2-H2S co-injection case, pyrite 

precipitated in the sandstone reservoir and shale caprock; while for the CO2-SO2 co-injection 

case, anhydrite, pyrite, and a small amount of dawsonite precipitated in the shale and sandstone 

formations. A very large amount of calcite dissolved in the CO2-SO2 case compared to the other 

injection cases. In fact, complete to significant dissolution of calcite mineral was observed at and 

near the perforations in the production zone for all the injection cases. Thus, erosion of the calcite 

mineral during CO2 withdrawal resulted in the deposition of some of the calcite mineral in reservoir 

layers directly below the perforation interval in the production zone. Consequently, the porosity of 

those few reservoir layers directly below the perforation interval in the production zone decreased 

during the CO2 geosequestration. Moreover, the large amount of calcite dissolution at and near 

the perforation interval of the production zone, resulted in significant precipitation of anhydrite in 

that region for the CO2-SO2 co-injection case. Changes in the composition (volume fraction of the 

solid rock) of calcite, anhydrite, and pyrite during the cyclic process of the CO2 geosequestration 

are shown in Figure 4.35. 
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Figure 4.35: Changes in calcite, anhydrite, and pyrite composition for (a) CO2 alone (b) CO2-H2S 
(c) CO2-SO2 injection cases in the formations after seven (7) cyclic injection-withdrawal process. 

 

 

 

 

 

 

 

 

a 
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Figure 4.36: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2 alone case after seven (7) cycles of injection and withdrawal. 
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Figure 4.37: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2-H2S case after seven (7) cycles of injection and withdrawal. 
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Figure 4.38: Mineral dissolution and precipitation in the sandstone reservoir and shale caprock 
for the CO2-SO2 case after seven (7) cycles of injection and withdrawal. 

Changes in porosity are calculated from variations in the volume fraction of the minerals, while 

the permeability ratios are calculated by the changes in the porosity using the Kozeny-Carman 

relation. In the two-phase region, due to dominant mineral dissolution caused by low pH, porosity 

increases slightly in the shale and sandstone rocks, in the cases of CO2 alone and CO2-H2S co-

injection, while in the case of CO2-SO2 co-injection, porosity increases in most part of the shale 

rock (except in the layer contacted by SO2 and where anhydrite precipitated) and decreases in 

the sandstone reservoir due to anhydrite precipitation.  

For the CO2-SO2 co-injection case, at the perforations in the production zone, the reservoir 

porosity increased and it is between 0.3612-0.36672, while in every other regions where SO2 

dissolved in water, porosity decreased (the lowest porosity observed is 0.32496). Beyond the 

regions contacted by SO2 (mainly dissolved CO2), porosity increased up to 0.34891 (the 

corresponding permeability increase is 11.05%). In the caprock, porosity decreased in the layer 
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of the shale caprock contacted by SO2 (about 2 m vertical thickness); in other areas of the caprock 

contacted mainly by CO2, porosity increased slightly. For the CO2-H2S co-injection case, at the 

perforations in the production zone, porosity increased (between 0.36018-0.36031). From the 

lower perforation layer at the perforation zone down to 2-6 m vertical thickness and up to about 7 

m lateral distance in the reservoir, porosity decreased. This decrease in porosity can be attributed 

to the deposition of fines or minerals due to the erosion of some minerals or rock materials in the 

production zone during CO2 gas withdrawal from the perforation interval. However, porosity 

increased in other areas contacted by CO2. Similarly, for the CO2 alone case, at the perforations 

in the production zone, porosity increased (between 0.36019-0.36032). From the lower 

perforation layer at the perforation zone down to 2-6 m vertical thickness and up to about 9 m 

lateral distance in the reservoir, porosity decreased, while porosity increased in other areas 

contacted by CO2. In all the injection cases, the porosity and permeability of that shale caprock 

decreased slightly in the regions that were not contacted by any of the gases. The changes in 

porosity and permeability of the formations are shown in Figure 4.39. 

 
 

 

 

 



126 
 

  

Figure 4.39: Porosity changes and permeability ratios for (a) CO2 alone (b) CO2-H2S (c) CO2-
SO2 injection cases in the formations after seven (7) cyclic injection-withdrawal process. 

After seven (7) cycles of CO2 injection and withdrawal, for the CO2 alone case,  the maximum 

increase in porosity is 0.19% and 5.98% (corresponding to permeability increase of 0.59% and 

26.70%) in the shale caprock and sandstone reservoir, respectively; while the maximum decrease 

in porosity is 0.03% and 1.56% (corresponding to permeability decrease of 0.10% and 6.12%) in 

the caprock and reservoir, respectively (Table 4.4). Similarly, for the CO2-H2S co-injection case, 

the maximum increase in porosity is 0.21% and 5.97% (corresponding to permeability increase 

of 0.66% and 26.68%) in the shale caprock and sandstone reservoir, respectively; while the 

maximum decrease in porosity is 0.03% and 1.54% (corresponding to permeability decrease of 

0.10% and 6.06%) in the caprock and reservoir, respectively. In the case of CO2-SO2 co-injection, 

a 

b 

c 



127 
 

the maximum increase in porosity is 0.13% and 7.86% (corresponding to permeability increase 

of 0.40% and 36.29%) in the shale caprock and sandstone reservoir, respectively; while the 

maximum decrease in porosity is 0.3% and 4.42% (corresponding to permeability decrease of 

0.92% and 16.54%) in the caprock and reservoir, respectively. The significant decrease in 

porosity in the CO2-SO2 co-injection case can be attributed to the precipitation of anhydrite. Also, 

the significant increase in porosity at the perforations in the production zone can be attributed to 

the severe calcite dissolution in the CO2-SO2 co-injection case.  

 
Table 4.4: Changes in porosity and permeability of the formations after seven (7) cycles of CO2 

injection and withdrawal (Strategy 3). 

 

4.1.4 Impact of impurities on brittleness of reservoir and cap rocks during CO2     

geosequestration (Strategy 1) 

The mineralogical brittleness index can be evaluated taking into consideration the bulk modulus 

of the minerals and their relative level of brittleness (BIbm). The mineralogical brittleness index of 

the pure limestone using volume fraction of minerals obtained from numerical simulations of the 

experimental condition and molecular weight of the minerals, BIbm remained constant at 0.51, 

after 90 days of CO2 sequestration. This is because no mineral precipitated in the pure limestone 

formation after 90 days of CO2 sequestration; calcite dissolution continues. The simulation was 

run further for 100 years, yet no mineral precipitated, except a small amount of quartz that 

precipitated in the pure limestone reservoir layer closest to the impure limestone. So, the 

mineralogical brittleness index of the pure limestone remained relatively constant.  

The mineralogical brittleness index of the carbonate rocks and shale caprock was evaluated at 

the same temperature and pressure condition (1000C and 137 bar) for the co-injection cases, to 

evaluate the impact of impurities in CO2 on the brittleness of rocks (Table 4.5).  

Formation 
type 

Petrophysics After Cycle 7 

CO2 CO2-H2S CO2-SO2 

Shale 
caprock 

Percentage change in porosity (%) -0.03-0.19 -0.03-0.21 -0.3-0.13 

Percentage change in permeability (%) -0.10-0.59 -0.10-0.66 -0.92-0.40 

Sandstone 
reservoir 

Percentage change in porosity (%) -1.56-5.98 -1.54-5.97 -4.42-7.86 

Percentage change in permeability (%) -6.12-26.70 -6.06-26.68 -16.54-36.29 



128 
 

Table 4.5: Brittleness index of the formation at different times of CO2 geosequestration at  
temperature and pressure of 1000C and 137 bar, respectively. 

 

The result shows that the brittleness index of the carbonate (pure and impure limestone) rocks 

remained relatively constant after 90 days of sequestration for the CO2 alone case, while the 

brittleness of the carbonate rocks decreased for the CO2-SO2 co-injection case.  The brittleness 

index of the shale formation increased slightly after 90 days of CO2 sequestration, but decreased 

significantly after 100 years of sequestration for all the injection cases. The reduction in the 

brittleness index of the shale caprock was only due to the upward migration of CO2 by buoyant 

forces. SO2 did not migrate to the shale caprock, due to preferential dissolution of SO2 gas in the 

carbonate formation water. Even after 100 years, SO2 never migrated (if it did, a very negligible 

fraction migrated to the caprock) to the shale formation (Figure 4.40). 

 

Figure 4.40: SO2 gas in the formations at 1000C and 137 bar (salinity=0.21) after 90 days, 10 
years, and 100 years of CO2 sequestration. 

It is worth noting that under this condition (1000C and 137 bar), CO2 was injected for 90 days only 

and the sequestration period was 100 years. So, it is possible that SO2 could have reached the 

shale caprock if the gas injection period was up to 10 years, which is a realistic CO2 injection 

period. Therefore, further numerical simulations were performed to evaluate the brittleness of 

rocks in low-temperature formations.  

The brittleness of carbonate and shale formations was evaluated at temperature and pressure 

conditions of 400C and 100 bar, respectively. The CO2 gas (with or without impurities) was injected 

for 10 years. SO2 (or H2S) gas reached the shale caprock during the sequestration period for the 

Formation 
type 

Brittleness 
index 

Before sequestration, 
t=0 

During sequestration,  
t=90 days 

After sequestration, t=100 years 

CO2 CO2-SO2 CO2 CO2-SO2 CO2 CO2-SO2 

Shale BIbm 0.1313 0.1313 0.1314-0.1315 0.1314-0.1315 0.1105-0.1232 0.1105-0.1231 

Impure 
limestone 

BIbm 0.5097 0.5097 0.5097 0.5062-0.5097 0.5097 0.5060-0.5097 

Pure 
limestone 

BIbm 0.5100 0.5100 0.5100 0.4771-0.5100 0.5100 0.4966-0.5100 
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co-injection cases. The brittleness index of the rocks at different times of the sequestration are 

shown in Table 4.6. There is no significant change in the brittleness index of the carbonate and 

shale rocks for the CO2 alone and CO2-H2S co-injection cases. Furthermore, for the CO2-SO2 co-

injection case, there is no significant decrease in the brittleness of shale caprock. However, the 

brittleness of the carbonate rocks decreased significantly in the CO2-SO2 co-injection case. The 

decrease in brittleness in the carbonate rocks is due to precipitation of anhydrite. Anhydrite did 

not precipitate in the shale caprock, hence the slight decrease in brittleness of the shale formation 

is similar in all the cases considered.  

Table 4.6: Brittleness index of the formation at different times of CO2 geosequestration at 
temperature and pressure of 400C and 100 bar, respectively (Strategy 1). 

 

Overall, the brittleness of the shale caprock decreased slightly during CO2 geosequestration (with 

or without impurities), while the brittleness of carbonate rocks is relatively constant for CO2 alone 

and CO2-H2S co-injection cases. However, the brittleness of carbonate rocks decreased 

significantly for the CO2-SO2 co-injection case. These results imply that shale formations 

considered in the present study are preferable for cap rocks, as their brittleness decreases during 

CO2 geosequestration. Carbonate formations can also be suitable as cap rocks during co-injection 

of CO2 with SO2 gas in depleted petroleum reservoirs or aquifers, as the brittleness of the 

carbonate rocks decreases in this case. During CO2 geosequestration (with or without H2S), 

carbonate formations are suitable reservoir rocks as their brittleness is relatively constant (easier 

to fracture when needed, for enhanced fluid recovery or production activity), and CO2 injection 

and storage capacity of the carbonate reservoirs are maintained as the porosity and permeability 

of the formation remains constant or increases slightly.  

4.1.5 Impact of impurities on brittleness of reservoir and cap rocks during CO2     

geosequestration (Strategy 2) 

The brittleness of carbonate, sandstone, and shale formations was evaluated at temperature and 

pressure conditions of 400C and 100 bar, respectively. Table 4.7 shows that the brittleness index 

Formation 
type 

Brittleness 
index 

Before sequestration, t=0 During sequestration, t=90 
days 

After sequestration, t=100 
years 

CO2 CO2-
H2S 

CO2-
SO2 

CO2 CO2-
H2S 

CO2-
SO2 

CO2 CO2-
H2S 

CO2-SO2 

Shale BIbm 0.1313 0.1313 0.1313 0.1312-
0.1313 

0.1312-
0.1313 

0.1312-
0.1313 

0.1308-
0.1311 

0.1308-
0.1311 

0.1308-
0.1311 

Impure 
limestone 

BIbm 0.5097 0.5097 0.5097 0.5097 0.5097 0.5097 0.5097 0.5097 0.5045-
0.5097 

Pure 
limestone 

BIbm 0.5100 0.5100 0.5100 0.5100 0.5100 0.5002-
0.5100 

0.5100 0.5100 0.4997-
0.5100 
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of the sandstone formation (0.5892) is higher than that of the carbonate formation (0.4671) before 

CO2 sequestration; while the brittleness of the shale formation is relatively very low (0.1073). The 

relatively higher brittleness index of sandstone formation before CO2 sequestration is due to the 

high amount of the initial quartz and feldspar minerals, and some amount of calcite. The CO2 gas 

(with or without impurities) was injected for 10 years. SO2 (or H2S) gas hardly contacted the shale 

caprock (very low mole fraction, as higher concentration of SO2 or H2S is in the reservoir due to 

preferential dissolution of SO2 (or H2S) gas in the formation water. Thus, the brittleness of the 

shale caprock is largely dependent on the reaction of CO2 with the rock minerals. Hence, the 

brittleness of the shale caprock for all the injection cases are similar and decreased slightly during 

the period of CO2 geosequestration.  

Table 4.7: Brittleness index of the formation before and after CO2 geosequestration at 
temperature and pressure of 400C and 100 bar, respectively (Strategy 2). 

 

Meanwhile, the change in the brittleness index of the sandstone formation is negligible for the 

CO2 only and CO2-H2S injection cases, while the brittleness index of the sandstone formation 

decreased significantly for the CO2-SO2 co-injection case, due to the dissolution of most of the 

brittle minerals (calcite, albite, and K-feldspar) and precipitation of more non-brittle and clay 

minerals such as illite, smectite-Ca, smectite-Na, and anhydrite (for the CO2-SO2 co-injection 

case). However, the brittleness of the carbonate reservoir increased for the CO2 only and CO2-

H2S injection cases as more dolomite dissolved and triggered calcite precipitation. Considering 

the relative brittleness of different brittle minerals, the weighting coefficient of calcite is higher than 

that of dolomite (coefficient applied in the developed mineralogical brittleness index model in the 

present study, to account for the relative brittleness of the minerals) and the amount of magnesite 

that precipitated is too low (its effect on the brittleness index is negligible), resulting in increased 

brittleness of the carbonate formation during CO2 geosequestration (with or without H2S). 

Surprisingly, for the CO2-SO2 co-injection case, brittleness increased in the upper part of the 

carbonate reservoir and decreased in its lower part. This is because calcite precipitated in the 

upper part of the reservoir (no anhydrite), while anhydrite precipitated in the lower part of the 

Formation 
type 

Brittleness 
index 

Before sequestration, t=0 After sequestration, t=100 years 

CO2 CO2-H2S CO2-SO2 CO2 CO2-H2S CO2-SO2 

Shale BIbm 0.1073 0.1073 0.1073 0.1071-0.1073 0.1071-0.1073 0.1068-0.1073 

Sandstone BIbm 0.5892 0.5892 0.5892 0.5891-0.5893 0.5891-0.5892 0.5775-0.5892 

Carbonate BIbm 0.4671 0.4671 0.4671 0.4667-0.4678 0.4667-0.4683 0.4625-0.4680 
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carbonate reservoir in the region where the concentration of dissolved SO2 is high (as calcite and 

dolomite dissolved). Therefore, in the regions with very little or no dissolved SO2 in formation 

water, the brittleness of the carbonate reservoir increases. 

4.1.6 Impact of impurities on brittleness of reservoir and cap rocks during CO2     

geosequestration (Strategy 3) 

The brittleness of sandstone and shale formations was evaluated at temperature and pressure 

conditions of 400C and 100 bar, respectively. The brittleness index of the rocks, considering the 

relative level of the brittleness of brittle minerals is presented in Table 4.8. Table 4.8 shows that 

the brittleness index of the sandstone formation is significantly higher than that of the shale 

formation. Applying the brittleness index equation developed in the present study (and 

incorporating the different molecular weight and molar volume corresponding to each mineral in 

the rock), the initial brittleness index (BIbm) of the shale caprock is 0.1073, while the initial 

brittleness index (BIbm) of the sandstone reservoir is 0.5892. The relatively higher brittleness index 

of the sandstone formation before CO2 sequestration is due to the high amount of the initial quartz 

and feldspar minerals, and some amount of calcite.  

The CO2 gas (with or without impurities) was injected and withdrawn in cycles (up to seven cycles) 

for 87.5 years. SO2 (or H2S) gas hardly contacted the shale caprock up to 2-4 m vertical thickness 

from the reservoir  (very low mole fraction, as a higher concentration of SO2 or H2S is in the 

reservoir due to preferential dissolution of SO2 (or H2S) gas in the formation water. Thus, the 

brittleness index of the shale caprock is largely dependent on the reaction of CO2 with the rock 

minerals. Hence, the brittleness index of the shale caprock for all the injection cases is similar 

and decreased slightly during the period of CO2 geosequestration.  

In the CO2 alone and CO2-H2S co-injection cases, after the first cycle of fluid injection and 

withdrawal, the brittleness index of the shale caprock decreased to about 0.1072; while in the 

CO2-SO2 co-injection case, after the first cycle of injection and withdrawal, the brittleness index 

of the shale caprock decreased to about 0.1071. After seven cycles of injection and withdrawal, 

the brittleness index of the shale caprock decreased to about 0.1071 for the CO2 alone and CO2-

H2S cases and decreased to about 0.1063 for the CO2-SO2 case.  

In most part of the sandstone reservoir, after the first cycle of fluid injection and withdrawal, the 

brittleness index of the formation decreased to about 0.5887 for the CO2 alone and CO2-H2S 

cases, and decreased to about 0.5705 (and exceptionally, decreased to 0.3872 at the lowest 
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production perforation) for the CO2-SO2 case. After seven cycles of fluid injection and withdrawal, 

the brittleness index of the sandstone reservoir decreased to about 0.5885 for the CO2 alone and 

CO2-H2S cases and decreased to about 0.5575 for the CO2-SO2 case. Thus, the percentage 

decrease in brittleness index (BIbm) in the sandstone reservoir and shale caprock after seven 

cycles of injection and withdrawal for the CO2-SO2 case is 5.38% and 0.93%, respectively. At the 

perforations in the sandstone reservoir, for all the geosequestration cases (with or without 

impurities), BIbm increased. After seven cycles of fluid injection and withdrawal, the brittleness 

index of the sandstone reservoir at the perforations increased to about 0.5917 for the CO2 alone 

and CO2-H2S cases and increased to about 0.5933 for the CO2-SO2 case due to severe 

dissolution of minerals at the perforations.  

For all the geosequestration cases, in the regions in the sandstone reservoir where it appears 

that minerals are deposited or precipitated minerals might be unconsolidated (a few layers below 

the perforation interval and close to the well), BIbm decreased. However, mineralogical brittleness 

index models might not be accurate at the perforations and regions where minerals deposited or 

precipitated might be unconsolidated. Therefore, XRD analyses and mechanical tests on the 

change in the mineralogical and geomechanical properties of sandstone rock samples and their 

fracture behaviour upon treatment with pure CO2 or CO2 mixture would be required to evaluate 

the correlation between the mineralogical brittleness index and mechanical brittleness index of 

the rock samples.  

Table 4.8: Brittleness index of the formations before and after the first and seventh cycles of 
CO2 injection and withdrawal (Strategy 3). 

To quantify the reliable change between the brittleness index of rocks for the CO2 alone and CO2-

SO2 co-injection cases, the reliable change index was computed using brittleness index results 

(assuming all the minerals have the same molar volume and eliminating the molar volume 

parameter) from the CO2 alone and CO2-SO2 co-injection cases at 87.5 years. The first column 

contains brittleness index for the CO2 alone case, while the second column contains the 

brittleness index of rocks for the CO2-SO2 co-injection case (a total of 1120 rows or observations). 

The Pearson’s correlation coefficient (reliability coefficient, r) is 0.999747  (representing excellent 

Formation 
type 

Brittleness 
index 

Before sequestration, t=0 After cycle 1 After cycle 7 

CO2 CO2-
H2S 

CO2-
SO2 

CO2 CO2-
H2S 

CO2-
SO2 

CO2 CO2-
H2S 

CO2-SO2 

Shale 
caprock 

BIbm 0.1073 0.1073 0.1073 0.1072-
0.1073 

0.1072-
0.1073 

0.1071-
0.1073 

0.1071-
0.1073 

0.1071-
0.1073 

0.1063-
0.1073 

Sandstone 
Reservoir 

BIbm 0.5892 0.5892 0.5892 0.5887-
0.5917 

0.5887-
0.5917 

0.3672-
0.5919 

0.5885-
0.5917 

0.5885-
0.5917 

0.5575-
0.5933 
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reliability of the brittleness index), and the calculated standard deviation () of the distribution of 

the brittleness index for the CO2 alone case is 0.220965. Therefore, the reliable change index 

(with 95% confidence) is 0.009745. Hence, the absolute change in brittleness index between the 

CO2 alone case and the CO2-SO2 co-injection case greater than 0.009745 Is considered 

significant. Therefore, in the present study, the change in the brittleness index of the sandstone 

reservoir for the CO2-SO2 co-injection case is significant.  

4.1.7 Selection of suitable reservoir and cap rocks for CO2 geosequestration  

The changes in the properties of the formations are compared for the different CO2 

geosequestration strategies and cases. In Strategy 1, there is a slight increase in porosity and 

permeability of the pure and impure limestone formations for the CO2 alone case, and a slight 

decrease in the porosity and permeability of the formations for the CO2-SO2 case. In the shale 

formation, there is a significant decrease in the porosity and permeability at 1000C and 137 bar 

(at a high salinity of 0.21), while the porosity and permeability increased slightly at 400C and 100 

bar (at a low salinity of 0.06). Furthermore, there is no noticeable change in the brittleness index 

of the pure and impure limestone formations for the CO2 alone case, and their brittleness index 

decreased slightly for the CO2-SO2 both temperature and pressure conditions. However, for the 

CO2 alone and the CO2-SO2 cases, the brittleness index of the shale formation decreased 

significantly at 1000C and 137 bar, while the brittleness index of the shale formation only 

decreased slightly at 400C and 100 bar. The significant change in the porosity, permeability, and 

brittleness index of the shale caprock at 1000C and 137 bar makes it a suitable caprock during 

CO2 geosequestration at that condition compared to the increase in porosity and permeability of 

the shale caprock and only a slight decrease in the brittleness index at 400C and 100 bar. CO2 

geosequestration at high temperature and pressure conditions may promote the self-sealing 

potential of the shale caprock and enhance its ductility. The summary of the results is shown in 

Table 4.9. 
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Table 4.9: Summary of results in the present study (Strategy 1). 

Strategies Strategy 1 

In situ conditions T= 1000C, P=137 bar T= 400C, P=100 bar 

Rock type Pure limestone Impure 
limestone 

Shale Pure limestone Impure 
limestone 

Shale 

Initial 
mineralogical 
composition 

Illite 0 0.01 65.30 0 0.01 65.30 

Kaolinite 0 0.01 1.11 0 0.01 1.11 

Smectite-Ca 0 0.01 6.90 0 0.01 6.90 

Chlorite 0 0.01 6.40 0 0.01 6.40 

Quartz 0 0.01 8.00 0 0.01 8.00 

K-feldspar 0 0.01 2.80 0 0.01 2.80 

Albite 0 0.01 3.20 0 0.01 3.20 

Calcite 100.00 99.91 0.83 100.00 99.91 0.83 

Pyrite 0 0.01 0.40 0 0.01 0.40 

Dolomite 0 0.01 5.00 0 0.01 5.00 

Anhydrite 0 0 0 0 0 0 

       

Percentage 
change in 
porosity  

CO2 0.01 – 0.06 0.008 – 0.01 -ve (0.64 - 7.44) 0.12 - 0.16 0.10 - 0.11 0.63 - 0.89 

CO2-H2S - - - 0.12 - 0.17 0.11 - 0.12 0.63 - 0.91 

CO2-SO2 -ve (0.63 - 1.27) -ve (0.04 – 0.33) -ve (0.64 - 7.44) -ve (0.35 - 0.50) -ve (0.48 - 0.58) 0.63 - 1.21 

 

Percentage 
change in 
permeability 

CO2 0.05 – 0.22 0.03 – 0.05 -ve (2.02 - 21.58) 0.48 - 0.66 0.36 - 0.39 1.97 - 2.81 

CO2-H2S - - - 0.49 - 0.69 0.36 - 0.40 2.01 - 2.93 

CO2-SO2 -ve (2.33 - 4.60) -ve (0.14 – 1.21) -ve (2.02 - 21.60) -ve (1.42 – 2.00) -ve (1.67 - 2.01) 2.01 - 3.86 

 

Percentage 
change in 
brittleness 
index 

CO2 0.00 0.00 -ve (6.17 -15.84) 0.00 0.00 -ve (0.15 – 0.38) 

CO2-H2S - - - 0.00 0.00 -ve (0.15 – 0.38) 

CO2-SO2 -2.63-0.00 -0.73-0.00 -ve (6.24 -15.84) -2.02 – 0.00 -1.02 – 0.00 -ve (0.15 – 0.38) 

 

At the same temperature and pressure conditions of 400C and 100 bar, the changes in the 

properties of the formations in Strategy 1 and Strategy 2 are compared. The porosity and 

permeability of the carbonate formations (pure and impure limestone) in Strategy 1 increased 

slightly for the CO2 alone and CO2-H2S case, and decreased slightly for the CO2-SO2 case. In 

Strategy 2, the porosity and permeability of the carbonate formation increased slightly, but higher 

than the increase in the carbonate formations in Strategy 1. In contrast to Strategy 1, the porosity 

and permeability of the carbonate formation in Strategy 2 increased slightly for the CO2-SO2 case 

due to severe dolomite dissolution in the formation. In Strategy 1, the porosity and permeability 

of shale formation increased significantly for all the geosequestration cases compared to Strategy 

2 where the porosity and permeability of the shale formation only increased slightly. In Strategy 

2, the slight decrease in the porosity and permeability of the shale caprock occurred at a layer 

close to the reservoir rock. The difference in the porosity and permeability of the shale caprock in 

Strategy 1 and Strategy 2, may be attributed to the mineralogical composition of the formations 

overlain by the shale caprock, the molecular diffusion coefficient of the gas species, and the initial 

petrophysical properties of the formations. In Strategy 1, there is no noticeable change in the 

brittleness index of the carbonate formations for the CO2 alone and CO2-H2S case, while the 

brittleness index of the formations decreased for the CO2-SO2 case due to anhydrite precipitation. 

In Strategy 2, the brittleness index of the carbonate formation decreased in some part of the 

reservoir and increased in other parts of the reservoir due to selective dissolution and precipitation 
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of calcite in the reservoir. Calcite precipitated mainly at the top part of the reservoir, and dissolved 

in the lower part of the reservoir close to the injection well. In both Strategy 1 and Strategy 2, the 

brittleness index of the shale caprock decreased slightly for all the geosequestration cases. The 

very small change in the porosity, permeability, and brittleness index of the shale caprock in 

Strategy 2, implies that the integrity of the caprock is more preserved compared to Strategy 1. 

Also, the increase in porosity and permeability of the carbonate formation in Strategy 2, as well 

as the slight increase in the brittleness index in some part of the formation, makes the carbonate 

formation (with initial calcite and dolomite content) a more suitable reservoir compared to the 

carbonate formations in Strategy 1.  The summary of the results is shown in Table 4.10. 

Table 4.10: Summary of results in the present study (Strategy 1 and Strategy 2). 

Strategies Strategy 1 Strategy 2 

In situ conditions T= 400C, P=100 bar T= 400C, P=100 bar 

Rock type Pure limestone Impure 
limestone 

Shale Carbonate Shale 

Initial 
mineralogical 
composition 

Illite 0 0.01 65.30 0 65.30 

Kaolinite 0 0.01 1.11 0 1.11 

Smectite-Ca 0 0.01 6.90 0 6.96 

Chlorite 0 0.01 6.40 0 6.40 

Quartz 0 0.01 8.00 0 8.00 

K-feldspar 0 0.01 2.80 0 2.80 

Albite 0 0.01 3.20 0 3.20 

Calcite 100.00 99.91 0.83 40.00 0.80 

Pyrite 0 0.01 0.40 0 1.43 

Dolomite 0 0.01 5.00 60.00 0 

Anhydrite 0 0 0 0 4.00 

      

Percentage 
change in 
porosity 

CO2 0.12 - 0.16 0.10 - 0.11 0.63 - 0.89 0.21 – 0.76 -0.07 - 0.13 

CO2-H2S 0.12 - 0.17 0.11 - 0.12 0.63 - 0.91 0.15 – 1.00 -0.07 – 0.16 

CO2-SO2 -ve (0.35 - 0.50) -ve (0.48 - 0.58) 0.63 - 1.21 0.08 – 1.38 -0.49 – 0.11 

 

Percentage 
change in 
permeability  

CO2 0.48 - 0.66 0.36 - 0.39 1.97 - 2.81 0.84 -3.11 -0.20 - 0.39 

CO2-H2S 0.49 - 0.69 0.36 - 0.40 2.01 - 2.93 0.59 – 4.10 -0.20 – 0.47 

CO2-SO2 -ve (1.42 – 2.00) -ve (1.67 - 2.01) 2.01 - 3.86 0.32 – 5.68 -1.50 – 0.34 

 

Percentage 
change in 
brittleness index 

CO2 0.00 0.00 -ve (0.15 – 0.38) -0.09 – 0.15 -0.19 – 0.00 

CO2-H2S 0.00 0.00 -ve (0.15 – 0.38) -0.09 – 0.26 -0.19 – 0.00 

CO2-SO2 -2.02 – 0.00 -1.02 – 0.00 -ve (0.15 – 0.38) -0.98 – 0.19 -0.47 – 0.00 

 

At the same temperature and pressure conditions of 400C and 100 bar, the changes in the 

properties of the formations in Strategy 2 and Strategy 3 are compared. A non-cyclic approach of 

CO2 geosequestration was adopted in Strategy 2, while a cyclic approach of CO2 

geosequestration was adopted in Strategy 3. In Strategy 2, the porosity and permeability of the 

sandstone reservoir increased slightly for the CO2 alone and CO2-H2S case, and decreased for 

the CO2-SO2 case, mainly due to anhydrite precipitation. In Strategy 3, the porosity and 

permeability of the sandstone reservoir increased significantly in some parts of the reservoir and 

decreased significantly in other parts of the reservoir for all the geosequestration cases. The 
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significant increase in the porosity and permeability of the sandstone reservoir in Strategy 3 

occurred at the production perforations close to the well compared to the increase in porosity and 

permeability in other part of the reservoir. In Strategy 3, the decrease in porosity and permeability 

occurred in a few layers in the reservoir below the production or withdrawal zone, due to 

deposition or precipitation of minerals in that region. However, for the CO2-SO2 case in Strategy 

3, the porosity and permeability of the sandstone reservoir decreased everywhere in the reservoir 

where SO2 gas dissolved except at the production perforations in the reservoir. In both Strategy 

2 and Strategy 3, the brittleness index of the shale caprock decreased slightly for all the 

geosequestration cases. However the decrease in the brittleness index of the shale caprock is 

higher in Strategy 3 compared to Strategy 2, as more SO2 gas dissolved in the brine in the shale 

caprock during the cyclic approach of CO2 geosequestration. Therefore, the shale caprock 

became more ductile for the CO2-SO2 case during the cyclic approach of CO2 geosequestration. 

The summary of the results is shown in Table 4.11. 

Table 4.11: Summary of results in the present study (Strategy 2 and Strategy 3). 

Strategies Strategy 2 Strategy 3 

In situ conditions T= 400C, P=100 bar T= 400C, P=100 bar 

Rock type Sandstone Shale Sandstone Shale 

Initial 
mineralogical 
composition 

Illite 2.80 65.30 2.80 65.30 

Kaolinite 0.90 1.11 0.90 1.11 

Smectite-Ca 0 6.96 0 6.96 

Chlorite 2.70 6.40 2.70 6.40 

Quartz 25.80 8.00 25.80 8.00 

K-feldspar 23.30 2.80 23.30 2.80 

Albite 41.50 3.20 41.50 3.20 

Calcite 3.00 0.80 3.00 0.80 

Pyrite 0 1.43 0 1.43 

Dolomite 0 0 0 0 

Anhydrite 0 4.00 0 4.00 

     

Percentage 
change in 
porosity (%) 

CO2 0.07 – 0.27 -0.07 - 0.13 -1.56-5.98 -0.03-0.19 

CO2-H2S 0.06 – 0.25 -0.07 – 0.16 -1.54-5.97 -0.03-0.21 

CO2-SO2 -ve (0.29 - 0.61) -0.49 – 0.11 -4.42-7.86 -0.3-0.13 

 

Percentage 
change in 
permeability (%) 

CO2 0.28 – 1.09 -0.20 - 0.39 -6.12-26.70 -0.10-0.59 

CO2-H2S 0.23 – 1.02 -0.20 – 0.47 -6.06-26.68 -0.10-0.66 

CO2-SO2 -ve (1.18 - 2.40) -1.50 – 0.34 -16.54-36.29 -0.92-0.40 

 

Percentage 
change in 
brittleness index 
(%) 

CO2 -0.02-0.02 -0.19 – 0.00 -0.12 – 0.42 -0.19 – 0.00 

CO2-H2S -0.02-0.00 -0.19 – 0.00 -0.12 – 0.42 -0.19 – 0.00 

CO2-SO2 -1.99 – 0.00 -0.47 – 0.00 -5.38 – 0.70 -0.93 – 0.00 
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4.1.8 Evaluation of the impact of CO2 geosequestration on the brittleness index of rocks 

based on mineralogical data from previous studies 

The brittleness of rocks can be evaluated by their brittleness index. In the present study, the 

mechanical brittleness of the Pink Desert limestone was determined using data from the study 

conducted by AL-Ameri et al. (2016). The mechanical brittleness index was determined by 

applying different models including the ratio of unconfined compressive strength to the Brazilian 

tensile strength (BI2), the ratio of the difference to the sum of the unconfined compressive strength 

and the Brazilian tensile strength (BI3), and the ratio of static Young’s modulus to static Poisson’s 

ratio of the rock (BI4). The mechanical brittleness index of the pure limestone formation before 

and after CO2 geosequestration, evaluated at temperature and pressure condition of 1000C and 

137 bar ( 2000 psi), respectively (based on mechanical data from AL-Ameri et al., 2016), is 

presented in Table 4.12. The percentage increase in brittleness index of the pure limestone using 

BI2, BI3, and BI4 is 1.71%, 0.28%, and 31.09%, respectively. 

Table 4.12: Mechanical brittleness index of pure limestone evaluated at 1000C and 137 bar. 

 

The mineralogical brittleness index mainly corresponds to the mechanical brittleness index (BI3), 

as there is no significant increase in the brittleness of the pure limestone before and after CO2 

geosequestration. The slight increase in the brittleness index (BI3) may be attributed to the 

presence of trace amount of feldspar mineral in the Pink Desert Limestone (pure limestone) which 

could not be quantified from XRD analysis. Dissolution of feldspar minerals might have resulted 

in the precipitation of a more brittle mineral such as quartz, thereby increasing its brittleness index 

slightly. In the numerical simulation, a small amount of quartz precipitated (as feldspar minerals 

dissolved in the impure limestone layer) only at the top layers in the pure limestone reservoir, 

which can be attributed to the zonal interaction between the impure limestone and pure limestone 

formations. Also, the Pink Desert limestone might have had some amount of dolomite (Eliebid et 

al., 2018), as dolomite dissolution could result in the precipitation of calcite (which is relatively 

more brittle than dolomite), thereby increasing the brittleness index of the rock. However, the 

Brittleness index Before CO2 
sequestration 

After CO2 sequestration 
(90 days) 

Increase in 
brittleness 
index (%) 

BI2 = 
𝝈𝒄

𝝈𝒕
 12.3816 12.5939 1.71 

BI3 = 
𝝈𝒄−𝝈𝒕

𝝈𝒄+𝝈𝒕
 0.8505 0.8529 0.28 

BI4 = 𝑬/𝒗 45.8357 60.0858 31.09 

BIbm (in the present study) 0.5100 0.5100 0.00 
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increase in the brittleness index of the pure limestone calculated using the mineralogical 

brittleness index model developed in the present study is negligible. BI2 and BI4 models of 

estimating the mechanical brittleness index of the pure limestone exaggerate their brittleness. 

The mechanical brittleness index of the pure limestone, evaluated using the ratio of the difference 

to the sum of the unconfined compressive strength and the Brazilian tensile strength of the rock 

(BI3), appears more accurate. 

Furthermore, experimental data on the mineral composition of rock samples before and after CO2  

sequestration from previous studies were used to evaluate the mineralogical brittleness index of 

rocks. Li et al. (2022) conducted an experimental study to investigate the mineralogical changes 

in carbonate-rich shale rock samples during CO2-brine-rock interactions. The carbonate-rich rock 

samples tested include limestone, dolomitic shale, and silty dolomite. The soaking fluid is brine 

(fully saturated with CO2), and the CO2-brine soaking experiment was conducted at 900C and 35 

MPa for 168 hours. The brittleness index based on the model developed by Kang et al. (2020) is 

shown in Table 4.13. The brittleness index of the dolomitic shale before the CO2-brine soaking 

experiment is 0.6082, while the brittleness index of the limestone and silty dolomite is 0.5054 and 

0.4970, respectively. The relatively higher brittleness index of the dolomitic shale is due to the 

significantly high amount of quartz in the rock sample. After the CO2-brine-rock soaking 

experiment, the brittleness index of the dolomitic shale, limestone, and silty dolomite increased 

by 0.10%, 0.49%, and 1.35%, respectively. The significant increase in the brittleness index of the 

silty dolomite could be attributed to the severe dissolution of calcite and dolomite, and the 

precipitation of quartz and feldspar minerals (K-feldspar and albite). Overall, the brittleness index 

of the carbonate-rich shale increased during the period of CO2 sequestration. Therefore, the 

brittleness index of carbonate reservoirs and carbonate-rich shale caprock might increase during 

CO2 geosequestration (pure CO2-brine-rock interactions). 
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Table 4.13: Brittleness index of carbonate-rich shale rock samples during CO2 sequestration, 
based on mineralogical composition data from Li et al. (2022). 

Rock type Mineral Before 
soaking 

After 
soaking 

(168 hours) 

Before 
soaking 

After 
soaking 

(168 hours) 

Percentage 
increase in 

BIbm 

Wt.% Wt.% BIbm BIbm 

Limestone 

Quartz 5.0 6.9 

0.5054 0.5079 0.49 

K-feldspar 0.2 0.4 

Albite 4.9 5.7 

Calcite 84.4 80.2 

Siderite 1.1 1.6 

Clay 4.4 5.2 

    

Dolomitic 
shale 

Quartz 35.5 38.6 

0.6082 0.6088 0.10 

K-feldspar 3.7 3.3 

Albite 13.0 15.3 

Calcite 12.8 7.1 

Dolomite 24.1 21.7 

Siderite 5.4 7.2 

Clay 5.5 6.8 

    

Silty 
dolomite 

Quartz 14.5 17.6 

0.4970 0.5037 1.35 

K-feldspar 1.8 2.1 

Albite 6.1 7.6 

Calcite 5.1 3.0 

Dolomite 65.3 60.2 

Siderite 1.7 2.6 

Clay 5.5 6.9 

The change in brittleness index of different sandstone rock samples (Cenomanian Sandstone, 

ZG and Siltstone lateral seal Aptian Sandstone, ZC) were also evaluated using experimental data 

obtained from a study conducted by Mavhengere et al. (2022) at CO2 (with and without SO2) 

geosequestration conditions of 17.5 MPa and 346 K for the ZC core samples, and 10 MPa and 

316K for the ZG core samples for 2 months (Table 4.14). The initial brittleness index of the ZC 

rock sample (BIbm = 0.6779) is higher than the initial brittleness index of the ZG rock sample 

(0.5246), due to the relatively higher amount of quartz in the ZC sandstone rock sample. For pure 

CO2, the brittleness index of both ZC and ZG changed slightly but changed significantly with the 

CO2-SO2 mixture. For the ZC rock sample (initial calcite content up to 3.5 wt.%), its brittleness 

index increased slightly from 0.6779 to 0.6912 for the pure CO2-brine-rock interactions, while the 

brittleness index of the ZG rock sample (no initial calcite content) decreased slightly from 0.5246 

to 0.5175. In the ZC rock sample, the dissolution of plagioclase (feldspar) might have resulted in 

the relatively higher precipitation of quartz (a more brittle mineral) compared to the ZG rock 

sample. For the CO2-SO2 mixture, the significant decrease in the brittleness index (from 0.6779 

to 0.6311) of the ZC rock sample might be attributed to the significant dissolution of plagioclase 

and calcite (brittle minerals), and the significant precipitation of smectite (clay mineral); while the 

significant increase in the brittleness index (from 0.5246 to 0.6015) of the ZG rock sample might 
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be attributed to the precipitation of plagioclase and brittle secondary minerals (calcite and 

orthoclase) and the severe dissolution of smectite. 

Table 4.14: Brittleness index of ZC and ZG sandstone rock samples during CO2 sequestration, 
based on mineralogical composition data from Mavhengere et al. (2022). 

 

Unlike ZC, for ZG rock samples, smectite (clay mineral) and stilbite dissolution was observed, 

while plagioclase and calcite precipitated, thereby inhibiting the precipitation of gypsum and 

increasing the brittleness index in the CO2-SO2 mixture case. The difference in the chemical 

reaction in the ZC and ZG sandstones is due to their mineralogical composition. For example, ZG 

rock sample does not have calcite, pyrite and diopside as primary minerals; whereas those are 

some of the primary minerals in ZC rock sample. Hence, only gypsum precipitated as secondary 

mineral in ZC rock sample, while calcite precipitated as secondary minerals in ZG rock sample. 

Therefore, the impact of contaminants on brittleness index of rocks depends on their (rocks’) 

mineralogical composition. Furthermore, although the samples (sandstone samples from 

Zululand Basin in South Africa) were held in the reactors in the CO2 and gas mixture only for 2 

months, this analysis confirms that the change in the brittleness index of rocks during the storage 

of pure CO2 is negligible compared to how much CO2-SO2 mixture alters the brittleness of rocks.  

Similarly, the brittleness index of sandstone rock samples (no initial calcite content) was evaluated 

using experimental data obtained from a study conducted by Hedayati et al. (2018) at CO2 (with 

and without SO2) geosequestration conditions of 600C and 14.5 MPa (Table 4.15). The model 

derived in the present study was applied to evaluate the brittleness index of the rock samples 

before and after CO2 sequestration. Both the existing model developed by Kang et al. (2020) and 

the model derived in the present study (based on the molecular weight, molar volume, and volume 

fraction of minerals) should give the same results, as the new parameters introduced replace the 

weight or weight fractions of the minerals. The initial brittleness index of the sandstone rock 

sample is high at 0.8304, due to the significantly large amount of quartz and K-feldspar. After pure 

CO2-brine-rock interactions for 62 days, the brittleness index of the sandstone rock sample 

decreased to 0.8193 (1.34% decrease in brittleness index); while the brittleness index of the rock 

sample increased to 0.8636 (4.00% increase in brittleness index) after CO2-SO2-brine-rock 

Sample Quartz 
(wt. %) 

Plagioclase 
(wt. %) 

Smectite 
(wt. %) 

Calcite 
(wt. %) 

Pyrite 
(wt. %) 

Stilbite 
(wt. %) 

Diopside 
(wt. %) 

Gypsum 
(wt. %) 

Orthoclase 
(wt. %) 

BIbm 

ZC untreated 44.1 44.7 1.0 3.5 0.4 3.6 2.7 0.0 0.0 0.6779 

ZC CO2 treated 47.5 42.5 2.5 1.7 0.4 2.7 2.8 0.0 0.0 0.6912 

ZC CO2-SO2 treated 49.1 28.6 11.8 0.0 0.8 4.9 2.3 2.5 0.0 0.6311 

ZG untreated 21.5 46.0 22.2 0.0 0.0 2.0 0.0 0.0 8.3 0.5246 

ZG CO2 treated 22.3 50.5 16.3 2.9 0.0 4.8 0.0 0.0 3.2 0.5175 

ZG CO2-SO2 treated 26.1 53.4 12.1 2.3 0.0 0.0 0.0 0.0 6.2 0.6015 
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interactions for 36 days. The decrease in brittleness index for the pure CO2 case might be 

attributed to the significant decrease in dolomite and feldspar (K-feldspar and plagioclase) 

content, while the significant increase in the brittleness index might be attributed to the significant 

increase in the quartz content and a smaller decrease in the feldspar mineral content for the CO2-

SO2 case compared to the pure CO2 case.   

Table 4.15: Brittleness index of sandstone rock samples during CO2 sequestration, based on 
mineralogical composition data from Hedayati et al. (2018). 

Mineral Molecular 
weight 
(g/mol) 

Molar 
volume 

(cm3/mol) 

Before 
treatment 

After treatment 
with pure CO2 

(62 days) 

After treatment with 
CO2+1.5 mol% SO2 

(36 days) 

Vol. % Vol. % Vol. % 

Quartz 60.084 22.688 75.05 77.78 81.86 

K-feldspar 278.330 108.900 12.94 7.66 8.90 

Ankerite 206.480 69.522 6.08 4.08 2.86 

Anatase/brookite 79.900 19.980 0.52 0.451 0.32 

Pyrite 119.980 23.940 0.26 0.21 0.63 

Plagioclase 262.222 100.070 3.34 1.21 2.43 

Dolomite 184.401 64.341 1.49 0 0 

Halite 58.448 27.020 0 0.74 2.08 

Clinochlore 634.648 210.260 0 0 1.40 

Calcite 100.087 36.934 0 1.37 0 

Siderite 115.856 29.378 0 0.40 0 

Muscovite 398.306 140.710 0 2.54 0 

Magnetite 231.550 44.530 0 0.10 0 

Phlogopite 496.950 149.660 0 1.28 0 

Kaolinite 258.159 99.520 0 1.84 0 

 

Brittleness Index (BIbm) 0.8304 0.8193 0.8636 

Therefore, the change in the brittleness index of rocks depends on their mineralogical composition 

before CO2 sequestration and the impurity co-injected with CO2. In the cases considered in the 

present study and the data from previous studies analysed, the co-injection of CO2 with a small 

amount of SO2 significantly alters the brittleness index of the rocks compared to the pure CO2 

case.  

4.1.9 Prediction of brittleness index of rocks using machine learning approach  

 To investigate the performance of the ANN model in predicting brittleness of rocks, the data set 

was divided into training set (63%), validation set (27%), and testing set (10%). The testing set 

was reserved to avoid data leakage and measure the performance of the model. The computed 

analysis of the final ANN model is shown in Table 4.16, where the model performance on the 

training, validation, and testing sets are presented. The R2 value is over 99.98%, MAPE is less 

than 0.69%, MAE is 0.001, RMSE is about 0.002, and MSE is about  0.000004. The performance 
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of the model on all the data sets is similar, indicating that the model is not overfitting. Thus, the 

model predicts the brittleness index of rocks with high accuracy. 

Table 4.16: Performance measurements of the final ANN model. 

 

The actual brittleness index (based on the testing data set) is plotted against the predicted 

brittleness index (R2 = 1.0) as shown in Figure 4.41. The brittleness index basically forms two 

clusters: low (indicating shale rocks) and high (indicating carbonate or sandstone rocks). 

 
Figure 4.41: A plot of predicted and actual brittleness index from the testing data set. 

The final ANN model predicts the brittleness index with high accuracy. The significance of the 

input features (independent variables) in developing the model, referred to as feature importance, 

was evaluated based on the sum of the absolute weights of each input feature in the neurons of 

the first hidden layer (in the final model). The features with higher sum of absolute weights 

contribute more to the final predictions of the ANN model. The significance of the input features 

in predicting brittleness index using the final ANN model is shown in Figure 4.42. Based on the 

ANN model, SiO2 (aq), formation temperature (T), pH, Mg2+, K+, and SO4
2- are the most important 

Data set Performance measures 

Brittleness index 

R2 MAPE 
(%) 

MAE RMSE MSE 

Training set (63%) 0.999856 0.660224 0.000982 0.002045 0.000004 

Validation set (27%) 0.999840 0.686556 0.001023 0.002162 0.000005 

Testing set (10%) 0.999850 0.677038 0.001009 0.002084 0.000004 
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factors affecting the brittleness index prediction, while salt saturation least affected the brittleness 

index.  

 
Figure 4.42: Feature importance using the final ANN model. 

4.2  Discussion of Key Findings 

4.2.1 The impact of CO2 geosequestration on the geochemical composition of reservoir 

and cap rocks 

The findings of the study revealed that after injection, some mass of CO2 gas is trapped in the 

reservoir rocks with higher porosity and permeability, and a certain amount of CO2 gas begins to 

dissolve in the formation water; while the mobile CO2 gas continues to migrate into the shale 

caprock (with lower porosity and permeability) by buoyancy forces. Meanwhile, the fronts of SO2 

(or H2S) gas is behind that of CO2 as these gases preferentially dissolve in formation water 

compared to CO2. The preferential dissolution of SO2 and H2S in the formation water can be 

attributed to the closeness of their net dipole moments to that of water compared to CO2 (López-

Rendón and Alejandre, 2008; Miri et al., 2014; Wang et al., 2020). This finding is consistent with 
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a numerical modelling study conducted by Zhang et al. (2011) on the fate and transport of co-

injection of H2S with CO2 in deep saline formations. They found that the mass fraction of CO2 at 

the advancing gas front was higher than that of the H2S gas. However, they did not consider SO2 

gas and the migration of injected gas to the low-permeability caprock. The findings of the present 

study showed that SO2 gas front is far behind that of H2S and CO2 gas fronts, and the mole 

fractions of the impurities (for the co-injection cases) in CO2 decrease as the injected gas migrates 

vertically and horizontally in the formations up to the caprock zone. In fact, at higher temperature 

and pressure (and salinity up to 0.21) conditions, SO2 gas completely dissolved in the formation 

water after 100 years of sequestration (when injection period was only 90 days). In addition, the 

concentration of total dissolved carbon in the co-injection cases is lower than that in the CO2 alone 

case, which is also in line with the findings of Zhang et al. (2011). In the CO2-SO2 co-injection 

case, after 100 years of sequestration, the TDC near the injection well is relatively low compared 

to the CO2 alone and CO2-H2S co-injection cases. This is due to rapid dissolution of SO2 gas in 

formation water. Thus, as soon as SO2 comes into contact with formation water during injection, 

it begins to dissolve near the injection well and go into the aqueous phase, inhibiting the 

dissolution of CO2 gas in that region. Therefore, H2S gas is able to migrate more laterally and 

vertically with the CO2 gas, as H2S gas dissolution is less rapid relative to SO2 gas. However, in 

the cyclic injection-withdrawal process of CO2 geosequestration, no notable difference in the total 

dissolved carbon (TDC) was observed even after seven (7) cycles. This could be attributed to the 

convective mixing of CO2 (with or without H2S/SO2) with the formation water during the gas 

(supercritical fluid) withdrawal process, as additional pressure to produce the gas through the 

perforations in the production zone comes from the formation water. Thus, residually trapped CO2 

might have reconnected with the injected CO2 in subsequent injection cycles (Lysyy et al., 2023), 

and water in rock pores containing dissolved H2S or SO2 might be flooded with water from different 

zones in the reservoir, enabling more CO2 to be dissolved and resulting in a similar TDC for all 

the injection cases. 

Furthermore, dissolution of chlorite, albite, dolomite, and K-feldspar was observed in the shale 

and impure limestone formations; while quartz, illite, smectite-Ca, and smectite-Na precipitated in 

those formations (Strategy 1). The mineral reactions are consistent with the findings in the study 

conducted (up to 5000 years of sequestration) by Ma et al. (2019). However, in the present study, 

calcite did not dissolve in the shale caprock during the geosequestration period (100 years) for 

the pure CO2 case. Anhydrite, and illite dissolved (in the shale caprock) in Strategy 2 of the 

simulation, to provide enough Ca2+ and Mg2+ for ankerite precipitation as no dolomite mineral was 
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initially in the shale caprock (Strategies 2 and 3). At higher temperature (1000C) and salinity (Xs 

= 0.21), calcite precipitated in the shale and impure limestone formations (Strategy 1) during CO2 

alone injection case. The precipitation of calcite in the impure limestone formation attenuated the 

Ca2+ concentration, triggering rapid dissolution of dolomite and precipitation of clay minerals 

(especially, illite and smectite-Na).  

The findings of the study revealed that in the CO2-H2S co-injection case (Strategy 1), no ankerite 

and siderite precipitation in the carbonate rocks. Only little amount of ankerite was observed in 

the shale caprock in the region where dissolved H2S in the formation water is low in concentration. 

But, significant amount of ankerite precipitated in the shale caprock in Strategies 2 and 3 of the 

simulations, due to adequate amount of Ca2+ and Mg2+ from calcite, anhydrite and illite dissolution. 

Pyrite precipitation was observed in all the formations considered, in  the regions where H2S 

dissolved in the formation water. This result is in line with the findings of Zhang et al. (2011), and 

can be attributed to the fact that precipitation of ankerite and siderite requires Fe2+ which can be 

supplied by the dissolution of iron-bearing minerals such as chlorite. Thus, as CO2 is co-injected 

with H2S, pyrite precipitates (using up most of the Fe2+ concentration as H2S preferentially 

dissolves in the formation water, delaying CO2 gas dissolution), inhibiting the precipitation of 

ankerite and siderite.  Furthermore, in the CO2-SO2 co-injection case, after 100 years of 

sequestration, ankerite, magnesite, and pyrite precipitated in the shale caprock; while anhydrite 

and pyrite mainly precipitated in the carbonate rocks, in the region where SO2 gas dissolved in 

formation water. Meanwhile, outside this region, ankerite, siderite, and magnesite precipitation 

were observed in the shale and impure limestone formations. Therefore, CO2-SO2 co-injection 

creates a better environment for ankerite and siderite precipitation in the formations. Moreover, in 

the CO2 alone case, ankerite precipitation was observed in the shale caprock and impure 

limestone (from the injection well) formations as precipitation and dissolution of pyrite was 

negligible (without CO2 co-injection with SO2 or H2S). But no ankerite precipitation (mainly pyrite 

precipitation) in the carbonate and sandstone formations in Strategy 2 of the simulation. This 

confirms that precipitation of pyrite inhibits ankerite precipitation during CO2 co-injection with H2S 

or SO2 (Zhang et al., 2011). Dawsonite precipitation was observed in CO2-SO2 and CO2-H2S co-

injection cases in the carbonate formation. This submission is in line with the findings of Li et al. 

(2016) that the concentrations of Na+ and K+ in sandstone formations in the case of CO2 co-

injection with H2S is greater than CO2 alone case. However, this effect was observed in the CO2-

SO2 and CO2-H2S cases in carbonate formation (impure limestone) and shale caprock instead, in 

the present study. Therefore, the increase in Na+ concentration resulted in the precipitation of 

more dawsonite in these cases. More dawsonite precipitated in the regions where anhydrite 
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precipitated, which also represents regions where more SO2 dissolved. In the sandstone 

reservoir, dawsonite precipitation was observed only in the cyclic CO2-SO2 co-injection case. 

Therefore, it is possible that SO2 co-injection with CO2 yields more dawsonite compared to H2S 

co-injection with CO2. This also confirms that SO2 dissolves more in formation water in sandstone 

reservoirs compared to H2S during CO2 co-injection cases of geosequestration. Hence, having 

Fe-bearing minerals in a formation enhances the SO2 and H2S dissolution through precipitation 

of sulphide (for example, pyrite) and sulphate (for example, anhydrite) minerals.  

During the 100 years of CO2 geosequestration, minerals such as quartz and smectite-Na 

precipitated in some layers of the pure limestone formation (Strategy 1). This is due to the fluid 

interaction between different formations in the CO2 gas storage field. A ‘fingering’ flow pattern 

exists near the bottom of the CO2 plume as density of the aqueous-phase increases due to CO2 

dissolution (Xu et al., 2011). Thus, there is advection in the aqueous-phase, enabling fluids in one 

formation (vertically above) to mix with fluids in another formation (relatively, vertically below). 

Therefore, fluids in the shale caprock contact fluids in the impure limestone, and fluids in the 

impure limestone contact fluids in the pure limestone formation during the CO2 geosequestration. 

Hence, the petrophysical and geochemical properties of the formations are altered by the fluid-

rock interactions, such that these formations exhibit unusual characteristics that could not have 

been possible if the formations or layers were vertically homogeneous.   

4.2.2 The impact of CO2 geosequestration (non-cyclic) on the porosity, permeability, and 

brittleness index of rocks  

The findings of the study revealed that in Strategy 1, porosity and permeability increase in the 

shale and carbonate rocks, in the CO2 alone and CO2-H2S co-injections cases; while in the CO2-

SO2 co-injection case, porosity and permeability increase only in the shale rock, and decrease in 

the carbonate rocks due to anhydrite precipitation. However, beyond the regions where SO2 

dissolved in the formation water in the carbonate rocks, an increase in porosity and permeability 

was observed. Meanwhile, in Strategy 2 of the simulation, porosity and permeability increase in 

the carbonate formation for all the injection cases; while porosity and permeability increase in the 

sandstone reservoir for the CO2 only and CO2-H2S injection cases, but decreased for the CO2-

SO2 injection case (in the regions where SO2 dissolved in the formation water). In Strategy 2, the 

increase in porosity and permeability of the carbonate rock for the CO2-SO2 injection case is due 

to the severe dolomite dissolution compared to anhydrite and pyrite precipitation. These findings 
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are consistent with the results in previous studies (Alam et al., 2014, Bolourinejad and Herber, 

2014; Pearce et al., 2016; Aminu et al., 2018).  

Furthermore, the porosity and permeability of the shale caprock decreased during CO2 

geosequestration (with or without SO2) at higher temperature (1000C) and salinity (0.21) in 

Strategy 1. This finding is in agreement with the results of Ma et al. (2019), as increase in salinity 

results in increase in the concentration of ions in the caprock and reduce the dissolution effect of 

the shale caprock. Ma et al. (2019) also found that at a lower salinity, an increase in temperature 

from 470C to 570C enhanced dissolution of the caprock (in 5000 years), and mineral dissolution-

domination in the mineralization reaction further increases the permeability of the caprock. 

Therefore, the decrease in porosity and permeability in the present study, when temperature and 

salinity were up to 1000C and 0.21, respectively, was mainly impacted by the high salinity of the 

formation. However, temperature might have had some level of impact on the decrease in the 

porosity and permeability of the rock (even though not as much as the impact of the formation 

salinity), as Davila et al. (2017) found that porosity of crushed marl caprock increased more at 

lower temperature, while porosity reduced as temperature increased.  

In Strategy 2, the porosity and permeability of the shale caprock increased especially at the 

bottom of the caprock (the lowest layer of the shale caprock immediately before the top layer of 

the sandstone reservoir) when the sandstone reservoir is overlain by the shale caprock during 

pure CO2 geosequestration. A similar effect was experienced at the bottom of the caprock in the 

study conducted by Ma et al. (2019), which is attributed to strong mineral dissolution in that region. 

However, in the present study, this effect was not experienced at the bottom of the caprock (the 

lowest layer of the shale caprock immediately before the top layer of the carbonate reservoir) 

when the carbonate reservoir is overlain by the shale caprock during pure CO2 geosequestration, 

instead the porosity and permeability decreased at the bottom of the shale caprock but increased 

in the other layers of the shale caprock.  The contrasting change in the porosity and permeability 

at the bottom of the shale caprock might be attributed to the mineralogical compositions of the 

reservoir formations. The sandstone reservoir has Fe-bearing and carbonate minerals, while the 

carbonate reservoir has only carbonate minerals. Therefore, more CO2 dissolved in the sandstone 

formation compared to the carbonate formation. Hence, more CO2 migrates to the shale caprock 

from the carbonate reservoir, resulting in significant dissolution of anhydrite and significant 

precipitation of calcite and ankerite at the bottom of the shale caprock. Hence, the porosity and 

permeability at the bottom of the shale caprock decreased for the carbonate reservoir-shale 

caprock system. 
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The fluid-rock interactions during CO2 geosequestration, impact the mineralogical composition of 

the rocks and alter their brittleness. In the present study, the mechanical brittleness index 

(determined based on ratio of the difference to the sum of unconfined compressive strength and 

Brazilian tensile strength of the rock) of the pure limestone, analysed based on the experimental 

data from AL-Ameri et al. (2016) indicates a slight increase in the brittleness index after CO2 

sequestration. The increase in brittleness index might be attributed to small amount of dolomite 

content in the Pink Desert limestone, which was not detected in the XRD analysis (Eliebid et al., 

2018), as dolomite dissolution during CO2 sequestration could result in the precipitation of calcite 

(which is relatively more brittle than dolomite), thereby increasing the brittleness index of the rock. 

As expected, the mineralogical brittleness index of the pure limestone formation remained 

constant during CO2 alone sequestration (no significant increase in the brittleness index before 

and after CO2 sequestration) at 1000C and 137 bar (and salinity up to 0.21). This is because no 

mineral precipitated in the pure limestone formation during the period of geosequestration (0 - 

100 years), except in a layer of the pure limestone reservoir at the top (before the impure 

limestone layer) where quartz (a more brittle mineral) precipitated. Therefore, mechanical 

brittleness index of rocks evaluated using the simple ratio of unconfined compressive strength to 

tensile strength and the ratio of Young’s modulus to Poisson’s ratio tend to overestimate the 

brittleness or ductility of the rocks. Meng et al. (2015) and Zhang et al. (2016) confirm the failure 

of these approaches of evaluating mechanical brittleness index of rocks, as the evaluation of 

brittleness index of rocks based on strength ratio or product, or ratio of elastic modulus to 

Poisson’s ratio cannot properly describe their brittleness. They believe that the brittleness of rocks 

depends on other factors including bulk modulus, pore pressure, and stress-state of the rock. 

Thus,  the mechanical brittleness index determined based on ratio of the difference to the sum of 

unconfined compressive strength and Brazilian tensile strength of the rock is more accurate.  

The mineralogical brittleness index model derived in the present study are extended to evaluate 

the impact of impurities on the brittleness of shale and carbonate rocks during CO2 

geosequestration. In Strategy 1, at 1000C and 137 bar (and salinity of 0.21), after 100 years of 

geosequestration (in the CO2 alone case), no notable increase in the brittleness index of the pure 

and impure limestone formations was observed. But their brittleness index decreased for the CO2-

SO2 co-injection case. Meanwhile, the brittleness of the shale formation decreased significantly 

for all the injection cases at 1000C and 137 bar (and salinity of 0.21). However, the reduction in 

brittleness of the shale caprock was mainly due to the upward migration of CO2 by buoyant forces 

and precipitation of more clay minerals, as SO2 did not migrate to the shale caprock, due to the 

preferential dissolution of SO2 gas in the carbonate formation water. Moreover, during CO2 
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geosequestration condition of 400C and 100 bar, CO2 gas reached the shale caprock and some 

amount of SO2 (or H2S) gas. In Strategy 1 of the simulations, the brittleness index of the shale 

caprock decreased slightly during CO2 geosequestration (with or without SO2/H2S impurities); 

while the brittleness index of the carbonate (pure and impure limestone) formations remained 

relatively constant for the CO2 alone and CO2-H2S co-injection cases, but decreased for the CO2-

SO2 co-injection case. 

Meanwhile, in Strategy 2 of the simulations, the brittleness index of the shale caprock and 

sandstone reservoir decreased slightly during the period of CO2 geosequestration for all the 

injection cases; while the brittleness index of the carbonate reservoir increased for the CO2 only 

and CO2-H2S injection cases, but varies (decreased or increased) vertically (at the same radial 

distance) for the CO2-SO2 injection case. In the CO2-SO2 injection case, the upper part of the 

reservoir is more brittle compared to the lower part of the same carbonate reservoir (Strategy 2). 

This is because the injected CO2 (with or without SO2/H2S) in shale and sandstone formations 

result in dissolution of key brittle minerals and precipitation of more non-brittle and clay minerals, 

while the brittleness index of the carbonate rocks is influenced mainly by calcite precipitation (or 

dissolution). Significant calcite and dolomite dissolution, corresponds decreased brittleness; while 

notable calcite precipitation while dolomite dissolves corresponds to increased brittleness index 

of the carbonate rock in the present study.  

4.2.3 The impact of CO2 geosequestration (cyclic) on the porosity, permeability, and 

brittleness index of rocks  

In Strategy 3, for all the injection cases, the porosity and permeability of the sandstone reservoir 

at the perforations in the production zone increased due to severe dissolution of calcite and 

dissolution of some of the primary minerals, creating more flow paths for the gas production. The 

porosity and permeability of the sandstone reservoir decreased in a few layers (and small lateral 

distance in the reservoir) directly below the perforation interval in the production zone for all the 

injection cases. This decrease in porosity and permeability could be attributed to deposition of 

dissolved (or eroded) minerals (especially calcite) or fines from the production zone in those 

layers. In other regions in the reservoir, the porosity and permeability increased for the CO2 alone 

and CO2-H2S co-injection cases, and decreased for the CO2-SO2 co-injection case (Strategy 3). 

This finding is in line with the submission of Saeedi et al. (2011) that rocks susceptible to formation 

damage (including fines migration) may experience reduced injectivity during cyclic CO2-brine 

injection, even though the level of damage would stabilize after several cycles of injection.  
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In Strategy 3 (gas cyclic injection and withdrawal), the brittleness index of the sandstone reservoir 

and shale caprock decreased for all the injection cases, except at the production perforations in 

the sandstone reservoir where the brittleness index increased. The increase in brittleness index 

at the production perforations may be attributed to the severe dissolution of minerals (resulting in 

significant increase in porosity) in that region, making the contribution of the brittle minerals 

(compared to other minerals) to the mineralogical brittleness index more pronounced. In other 

words, porosity of a formation might impact its brittleness index. For the CO2 alone and CO2-H2S 

geosequestration cases, the decrease in brittleness index in the sandstone reservoir was higher 

in the few layers directly below the production perforations interval over a small lateral distance 

in the reservoir, due to deposition of fines or precipitation of minerals in that region. Overall, a 

significant change (increase at the production perforations in the sandstone reservoir and 

decrease in other parts of the reservoir where SO2 dissolved in the formation water) in brittleness 

index of the formations was observed for the CO2-SO2 co-injection case due to significant amount 

of anhydrite precipitation.  

The decrease in brittleness of the shale caprock is consistent with the results of Lyu et al. (2018). 

Lyu et al. (2018) adopted the energy-balance method together with the Weibull distribution-based 

constitutive model to calculate the brittleness values of shale rock samples with or without [CO2-

brine] soaking conditions. They found that the intact shale sample (without soaking with CO2-

brine) has the highest brittleness index value (more brittle), which is in accordance with the high 

percentage of brittle minerals of the shale sample. They also found that CO2-brine-shale rock 

interactions decrease the brittleness values of the shale rock as well as its peak axial strength 

and Young’s modulus. In addition, Lyu et al. (2018) found that CO2-NaCl-shale interaction has 

more effect on strength and Young’s modulus than brittleness of the shale rock, as the low-clay 

shale still keeps good fracture performance after CO2 sequestration. CO2-brine-rock interactions 

decrease the unconfined compressive strength and Brazilian tensile strength of carbonate, 

sandstone, and shale formations (AL-Ameri et al., 2014; Lyu et al., 2018; Heidari et al., 2020). 

So, even though the strength of the rocks decrease during CO2 geosequestration, the relative 

change in their unconfined compressive strength and Brazilian tensile strength impacts their 

mechanical brittleness index and potential to withstand tensile fracturing. According to Gong and 

Zhao (2007), a rock mass with low tensile strength is easily subjected to tensile fracture, and a 

high unconfined compressive strength assists in resisting the closure of natural and induced 

fractures. Therefore, it is imperative that while the strengths of the caprock decrease during CO2 

geosequestration, the relative decrease in the tensile strength is less than that of the compressive 

strength, to decrease brittleness of the rock and increase its potential to withstand tensile 
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fracturing. Furthermore, ductility of caprock would allow it to deform without developing high 

permeability pathways that can enable CO2 leakage (Espinoza and Santamarina, 2017). So, 

instead of developing a higher permeability, the permeability is maintained or decreases to reduce 

the chance of CO2 leakage to the earth surface. Thus, the shale caprock at high formation 

temperature and pressure (and high salinity) conditions may be preferable as its porosity and 

permeability decreased, as well as its brittleness index during CO2 geosequestration. 

4.2.4 Selection of suitable reservoir and cap rocks for CO2 geosequestration  

Findings of this study and the analyses of mineralogical composition experimental data obtained 

from the study conducted by Li et al. (2022) show that the brittleness index of carbonate-rich rocks 

with very low clay content increases during CO2 geosequestration, while the brittleness index of 

rocks with very low carbonate content and high clay content decreases during CO2 

geosequestration. Therefore, the brittleness index of a carbonate reservoir or carbonate-rich 

shale caprock increases during pure CO2 geosequestration, while the brittleness index of clay-

rich shale caprock (like in the present study with very low carbonate content) decreases during 

pure CO2 geosequestration. This result of the carbonate-rich formations is in line with the study 

conducted by Elwegaa et al. (2019) to evaluate the brittleness index of carbonate-rich shale rock 

samples during cold CO2 sequestration (cyclic temperature conditions). They found that the 

brittleness index of the rock samples at injection pressures of 1000 psi, 2000 psi, and 4000 psi 

increased after CO2 sequestration.  The brittleness index of rocks in the extreme mineralogical 

compositions (carbonate, carbonate-rich shale, and clay-rich shale) might be different from the 

intermediate cases, which is common with sandstone rocks. For instance, the analyses of the 

mineralogical composition data obtained from the study conducted by Mavhengere et al. (2022) 

using Cenomanian Sandstone (initial mineralogical compositions: 21.5 wt.% quartz, 46.0 wt.% 

plagioclase, 22.2 wt.% smectite, 8.3 wt.% orthoclase, and 2.0 wt.% stilbite) and Siltstone lateral 

seal Aptian Sandstone (initial mineralogical compositions: 44.1 wt.% quartz, 44.7 wt.% 

plagioclase, 3.5 wt.% calcite, 1.0 wt.% smectite, and other minerals) revealed that the brittleness 

index of sandstone rocks with different initial mineralogical compositions in these intermediate 

cases is different. The brittleness index of the Cenomanian Sandstone (ZG) decreased during 

pure CO2 sequestration, while the brittleness index of the Siltstone lateral seal Aptian Sandstone 

(ZC) increased during pure CO2 sequestration. Therefore, the brittleness index of sandstone 

reservoirs changes (increases or decreases) during pure CO2 geosequestration based on their 

initial mineralogical compositions. However, the brittleness index of the carbonate, sandstone, 

and shale formations change slightly during pure CO2 (or CO2-H2S) geosequestration, compared 
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to the significant change in the brittleness index of the formations during CO2 geosequestration 

with a small amount of SO2 gas.  

The brittleness index of the shale caprock decreased for the CO2-SO2 case; while the brittleness 

index of the carbonate formations and sandstone formations changed (increased or decreased) 

for the CO2-SO2 case, depending on the initial mineralogical compositions of the rocks. In the 

carbonate formations (with over 90 wt.% calcite content) in Strategy 1, the brittleness index of the 

formations decreased for the CO2-SO2 case; while in the carbonate formation (with 40 wt.% calcite 

and 60 wt.% dolomite content) in Strategy 2, the brittleness index decreased in the lower part of 

the reservoir where a higher concentration of SO2 gas dissolved in the formations water, and 

increased in the upper part of the reservoir and other parts of the reservoir (few metres laterally 

away from the well) with lower concentration of dissolved SO2. The brittleness index of the 

sandstone formation in Strategy 2 and Strategy 3, decreased for the CO2-SO2 case, except at the 

production perforations in Strategy 3 (due to severe erosion and dissolution of minerals in that 

part of the reservoir).  However, based on the analyses of the mineralogical experimental data 

obtained from the studies conducted by  Hedayati et al. (2018) and Mavhengere et al. (2022), the 

brittleness index of sandstone formations could increase or decrease for the CO2-SO2 case, 

depending on their initial mineralogical compositions.  

The findings of the study suggest that shale formations with high clay content are preferable for 

cap rocks, as they have low brittleness index and their brittleness index decreases during CO2 

geosequestration for all injection cases and formation conditions considered in the present study. 

Carbonate or carbonate-rich formations are not suitable cap rocks during CO2 geosequestration, 

as they are very brittle and their brittleness index increases or decreases depending on the 

formation temperature, pressure, salinity, and impurities co-injected with supercritical CO2. 

Carbonate rocks composed of more than one carbonate mineral (for instance, calcite and 

dolomite) may be suitable reservoir rocks for cyclic injection of CO2 (with or without SO2/H2S), as 

their porosity and permeability increase during CO2 geosequestration (enabling injectivity) and 

carbonate formation may become more brittle in the CO2 production or withdrawal zone 

(enhancing productivity). During the cyclic injection and withdrawal process, CO2 would be stored 

mainly by residual and solubility trapping, as mineral trapping of CO2 may not be effective in 

carbonate formations (Zhang et al., 2011). Sandstone formation would be suitable for cyclic 

injection-withdrawal and long-term storage of CO2 as the change in porosity and permeability 

during injection is minimal, but may increase or decrease significantly after several years of 

storage. In addition, the change in brittleness is negligible; thus, the injected CO2 would have little 
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or no impact on the flow pathways (in terms of creating more paths to enhance fluid flow). Also, 

sandstone formations have been reported to be more favourable for CO2 mineral trapping than 

carbonate formations (Zhang et al., 2011). Thus, CO2 can be stored (long-term) in the sandstone 

formation by mineral, solubility, and residual trapping mechanisms. Overall, based on the 

mineralogical compositions of the formations in this study, clay-rich shale formations are 

preferrable cap rocks to carbonate-rich shale formations for short- and long-term storage of CO2; 

carbonate rocks may be suitable reservoirs for non-cyclic and cyclic CO2 geosequestration, 

except that mineral trapping of CO2 in carbonate formations is lower compared to sandstone 

formations; while sandstone formations are suitable reservoirs for non-cyclic and cyclic injection 

and withdrawal of CO2 for sustainable energy development, as well as for long-term underground 

storage of CO2. 

4.2.5 Prediction of the brittleness index of rocks based on their formation fluid 

geochemical properties using a machine learning approach 

The machine learning model developed in the present study, predicts the brittleness index of the 

formations with a Mean Absolute Percentage Error (MAPE) of less than 0.7%. Based on the 

model, the more important features include SiO2 (aq) concentration, formation temperature, pH, 

Mg2+ concentration, K+ concentration, SO4
2- concentration, density of the formation fluid, Na+ 

concentration, and Ca2+ concentration. These features significantly impact the brittleness of rocks 

as they reflect minerals, in situ, and operating conditions that influence the brittleness index of 

rocks. For instance, high SO4
2- concentration relates to the volume fraction of anhydrite (Hedayati 

et al., 2018), which negatively correlated (r = -0.74) with the brittleness index; Ca2+  concentration 

relates to calcite and dolomite minerals, while Mg2+  concentration relates to dolomite, smectite, 

illite, and chlorite minerals; SiO2 (aq) concentration relates to quartz and other silicon oxide-based 

minerals; K+ concentration relates to K-feldspar and illite; pH and density of the formation fluid 

relate to the ionic composition of the formation fluid while temperature relates to in situ and 

operating condition (low or high temperature). Therefore, the geochemical composition of the 

formation fluid, and in situ and operating conditions during CO2 geosequestration impact the 

prediction of brittleness index of the formation using machine learning model. The dissolution of 

one mineral might result in the precipitation of another mineral having a common ion. For example, 

dissolution of dolomite might result in the precipitation of calcite (having Ca2+ as a common ion). 

Proper training of the machine learning model, makes it possible for the model to learn the 

concentration changes (as well as their rates of change) as some minerals dissolve or precipitate.  



154 
 

CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this study, a 2-D reactive transport model was developed for geosequestration of CO2 in 

reservoir formations overlain by shale caprock. Numerical simulations were performed by 

adopting three strategies: Strategy 1, Strategy 2, and Strategy 3. Strategies 1 and 2 are non-

cyclic approach of CO2 geosequestration, while Strategy 3 is a model of cyclic injection-withdrawal 

technology during CO2 geosequestration. Strategy 1 involves numerical simulations using pure 

limestone formation (as reservoir), impure limestone formation (to evaluate carbonate rock as a 

possible caprock), and shale caprock; Strategy 2 involves numerical simulations using sandstone 

or carbonate rock as a reservoir, and shale caprock; while Strategy 3 involves numerical 

simulations using sandstone formation as reservoir and shale formation as caprock, to model the 

process of cyclic injection-withdrawal of CO2 in the reservoir. Furthermore, mathematical models 

were derived for evaluating mineralogical brittleness index of the formations before and after CO2 

sequestration (with or without SO2 or H2S). The mineralogical brittleness index model that take 

into consideration the relative level of brittleness of different brittle minerals based on their bulk 

modulus was applied in the analyses of the brittleness index of the formations, using the volume 

fraction, molecular weight, and molar volume of the minerals. In addition, a machine learning 

model was developed to evaluate the brittleness index of reservoir and cap rocks using the 

geochemical properties of the formation fluid, and in situ and operating conditions of the 

formations. Based on the key findings in this study, the conclusions from the numerical 

simulations, mathematical and machine learning models, and analyses of secondary 

experimental data from previous studies are summarized based on the objectives of the study. 

1. Based on the impact of CO2 impurities on porosity, permeability, and geochemical composition 

of reservoir and cap rocks during injection, withdrawal, and storage of CO2 gas stream, the 

following conclusions are made: 

•     Co-injection of CO2 with H2S does not result in significant delay in solubility trapping of CO2 

in formations with low amount of Fe2+ concentration. In this case, the porosity and 

permeability of the reservoir increases slightly during CO2 geosequestration. In a thick 

reservoir, the amount (mole fraction) of H2S in the moving [CO2] gas front is relatively low, 

and may not alter the brittleness of the caprock should the moving gas front breakthrough 

or enters the shale caprock formation during injection. This is because CO2 reduced the 



155 
 

brittleness index of the clay-rich shale caprock, with or without impurities. Therefore, CO2 

co-injection with H2S in formations with low amount of Fe2+ will maintain the porosity and 

permeability of the reservoir and the integrity of the shale caprock. Similarly, CO2 co-

injection with SO2 will maintain the integrity of the shale caprock. However, the porosity 

and permeability of the sandstone rock (relatively few distance from the injection well 

compared to H2S co-injection, due to rapid dissolution of SO2 in formation water) will 

decrease, reducing the storage capacity of the reservoir. Therefore, CO2-SO2 injection 

should be over a shorter period compared to CO2-H2S injection, to reduce the reservoir 

radial distance contacted by SO2. 

•     Formations with high amount of Mg2+ concentration will attenuate the inhibitive effect of 

precipitation of pyrite on ankerite during CO2 co-injection with H2S or SO2. This information 

would help control the precipitation of pyrite (brittle mineral) as required in the reservoir and 

caprock formations. 

•    Geosequestration of CO2 in a homogeneous reservoir (in terms of mineralogy), will help 

minimize inadvertent precipitation of minerals that could alter the porosity, permeability, 

and brittleness of the reservoir. To adopt the cyclic injection and withdrawal of CO2, proper 

well control measures should be implemented (such as control of gas production rate) to 

combat migration of fines from the production zone into the well or tubing string.  

• Co-injection of CO2 with significant amount (up to 0.025 mole fraction) of SO2 should be 

avoided to maintain the reservoir porosity and permeability during CO2 geosequestration, 

except in carbonate formations with significantly high amount of dolomite. 

•    Dawsonite precipitation was observed in CO2-SO2 and CO2-H2S co-injection cases in the 

carbonate (impure limestone) formation as a result of increase in Na+ concentration. 

Therefore, the increase in Na+ concentration resulted in the precipitation of more dawsonite 

in these cases. More dawsonite precipitated in the regions where anhydrite precipitated, 

which also represents regions where more SO2 dissolved. In the sandstone reservoir, 

dawsonite precipitation was observed only in the cyclic CO2-SO2 co-injection case. 

Therefore, it is possible that SO2 co-injection with CO2 yields more dawsonite compared to 

H2S co-injection with CO2. This also confirms that SO2 dissolves more in formation water 

in sandstone reservoirs compared to H2S during CO2 co-injection cases of 

geosequestration. Hence, having Fe-bearing minerals in a formation enhances the SO2 

and H2S dissolution through precipitation of sulphide (for example, pyrite) and sulphate (for 

example, anhydrite) minerals. 
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2. Based on the evaluation of the impact of CO2 impurities on the brittleness of reservoir and 

cap rocks during injection and storage of CO2 gas stream the following conclusions are made: 

• CO2 geosequestration in high salinity and temperature formations will enhance self-

sealing ability of shale caprock, while the carbonate reservoir storage capacity is 

maintained, as the change in brittleness index of the carbonate formations is negligible 

during CO2 geosequestration (except in the CO2-SO2 co-injection case). 

• The brittleness index of clay-rich shale formations decreases during pure CO2 

geosequestration, while the brittleness index of carbonate-rich shale formations increases 

during pure CO2 geosequestration. In addition, the brittleness index of clay-rich shale 

formations decreases during CO2-SO2 co-injection. Therefore, clay-rich shale formations 

are preferable cap rocks during CO2 geosequestration due to their low brittleness index 

(high ductility), and their brittleness index decreases during CO2 geosequestration. 

• The change in the brittleness index of sandstone reservoirs depend on their initial 

mineralogical composition (before CO2 geosequestration). In some sandstone formations, 

the brittleness index increases during pure CO2 geosequestration, while in other 

sandstone formations the brittleness index decreases during pure CO2 geosequestration. 

Similarly, the brittleness index of sandstone reservoirs can increase or decrease during 

CO2 co-injection with SO2, depending on the initial mineralogical composition of the 

formation.  

• Co-injection of CO2 with significant amount (up to 0.025 mole fraction) of SO2 should be 

avoided to maintain the reservoir brittleness during CO2 geosequestration. Nevertheless, 

anhydrite precipitation is negligible in the carbonate reservoir (initially composed of calcite 

and dolomite) during CO2 co-injection with SO2, due to significant dissolution of dolomite 

and precipitation of calcite. The precipitation of calcite limits anhydrite precipitation. Hence 

the change in the brittleness index of the formation is negligible. Therefore, carbonate 

reservoirs with high amount of dolomite might be suitable for the co-injection and storage 

of CO2 with some amount of SO2 gas. 

• Mechanical brittleness index of a rock should be evaluated based on the ratio of the 

difference to the sum of unconfined compressive strength and Brazilian tensile strength of 

the rock, which is more accurate (compared to the simple ratio of unconfined compressive 

strength to Brazilian tensile strength and the ratio of Young’s modulus to Poisson’s ratio 

which overestimates brittleness or ductility of the rock). 
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3. Based on the evaluation of the impact of CO2 impurities on the brittleness of reservoir and 

cap rocks during cyclic injection and withdrawal of CO2 gas stream, the following conclusions 

are made: 

• In the cyclic injection and withdrawal approach of CO2 geosequestration, the brittleness 

index of the sandstone reservoir and shale caprock decreased for all the injection cases, 

except at the production perforations in the reservoir where severe erosion or dissolution 

of minerals occurred.  The change in the brittleness index of the formations is lower for 

the CO2 alone and CO2-H2S co-injection cases, compared to the CO2-SO2 co-injection 

case.  

4. Based on the changes in the porosity, permeability, geochemical composition, and brittleness 

of the reservoir rocks during CO2 geosequestration, conclusions made in the selection of best 

formations for CO2 geosequestration are as follows: 

• Clay-rich shale formations are preferable cap rocks, as their brittleness index is low and 

decreases slightly during CO2 geosequestration at low or high temperature conditions.  

• Carbonate formations might be suitable reservoirs for cyclic injection and withdrawal of 

CO2 due to increased chance of injectivity and productivity at the different zones of the 

reservoir. Carbonate formations with significant amount of dolomite mineral might be 

suitable reservoirs for the storage of some amount of SO2 gas in a CO2 gas stream, as the 

change in the brittleness index is negligible in most part of the reservoir except a few 

metres in the reservoir near the injection well. Also, the porosity and permeability of the 

carbonate reservoir with such mineralogical composition increase during CO2-SO2 

storage. 

• Sandstone formations are suitable for long-term storage of CO2 as they would be more 

favourable for CO2 mineral trapping due to availability of Fe-bearing minerals in the 

sandstone formation. Sandstone formations are also suitable reservoirs for cyclic injection 

and withdrawal of CO2, as their porosity and permeability increase at the injection and 

production zones, and the change in their brittleness index is negligible during the CO2 

geosequestration, except during CO2-SO2 co-injection case where porosity, permeability, 

and brittleness index decrease significantly in most part of the reservoir where SO2 

dissolves in. In some sandstone formations, the brittleness index might increase 

significantly during CO2-SO2 co-injection case, depending on the initial mineralogical 

composition of the formation. 

5. Based on the machine learning model developed to predict the brittleness index of rocks 

before and during CO2 geosequestration, the following conclusions are made: 
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• In terms of feature importance in predicting the brittleness index of rocks, SiO2 (aq) 

concentration, formation temperature, pH, Mg2+ concentration, K+ concentration, SO4
2- 

concentration, density of the formation fluid, Na+ concentration, and Ca2+ concentration 

have stronger impact on the brittleness of rocks considered in the present study. High 

SiO2 concentration could suggest the presence of highly brittle minerals, such as quartz, 

in the rock. In contrast, higher SO4
2- concentration could suggest lower brittleness. Higher 

SO4
2- concentration could also signify the presence of non-brittle minerals such as 

anhydrite or promote the precipitation of such minerals. Besides, oxidation of pyrite in the 

presence of water can increase SO4
2- concentration. So for formations that have pyrite as 

one of their primary minerals, it’s oxidation will increase SO4
2- concentration. 

• Formation fluid geochemical compositions and formation temperature are important 

parameters in predicting brittleness index of rocks; while the amount of dissolved CO2 in 

formation water have little or no effect on the brittleness index of rocks. It appears that 

what matters in terms of the amount of CO2 is that CO2 gas dissolves in the formation 

water up to the amount required to enable fluid-rock chemical reaction. Other extra amount 

of dissolved CO2 subsequently during the period of storage might not impact the 

brittleness of the rocks over a long time.  

5.2 Recommendations for Future Studies 

1. Future studies should consider performing experiments to determine changes in the 

mechanical strengths (compressive and tensile strengths) of rocks and their corresponding 

changes in the mechanical brittleness index of the rocks during CO2 co-injection with H2S or 

SO2 gas.  

2. Future studies should conduct experiments to investigate the fracture behaviour (stress-strain 

relationship) of reservoir and caprock samples before and after pure CO2 injection or CO2 co-

injection with H2S or SO2 gas. The corresponding changes in the mineralogical compositions 

of the rock samples should also be determined through XRD analyses, to validate the 

mineralogical brittleness index with the fracture behaviour of the rock samples for the different 

cases (CO2-brine-rock, CO2-H2S-brine-rock, and CO2-SO2-brine-rock interactions). 

3. Future studies should perform numerical simulations over thousands of years and determine 

the impact of mineral trapping of CO2, as well as the solubility and residual trapping 

mechanisms, on the brittleness of rocks.  
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4. Future studies should consider developing mathematical models to estimate brittleness of 

rocks by incorporating formation fluid chemical compositions, formation temperature, and 

other important parameters that relate to dissolution and precipitation of minerals. 

5.3 Contribution to Practice 

1. The dual tubing string design for cyclic injection and withdrawal of CO2 can be adopted in the 

Carbon Capture, Utilization, and Storage (CCUS) industry to save cost of drilling additional 

CO2 production wells and enhance the production of CO2 with very little chance of producing 

formation water alongside. 

2. The mathematical model for rock brittleness index evaluation derived in this study can be 

adopted in developing numerical simulation software or codes, as majority of the existing 

software (or codes) mainly output volume fraction of minerals. Thus, it would be good to 

implement brittleness index model into the software (or codes) as one of the outputs of the 

numerical simulation. This would save the software (or codes) users’ time in manually 

computing brittleness index, as the results can be outputted automatically during the coupled 

numerical simulation of thermal-hydrological-chemical (THC) interactions of rock and fluids 

in the formations. 

3. The machine learning model developed in this study would serve as a guide to other 

developers in automating the prediction of brittleness index of rocks or similar parameters 

during fluid injection and storage (CO2, hydrogen, methane, etc.) in porous media.   
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APPENDICES 

A1. Cyclic CO2 Injection-Withdrawal Strategy 

 
INJECT (10 years) –> SHUT-IN (3 months) -> PRODUCE (2 years) -> SHUT-IN (3 months) 
 
Time in seconds. 
 
CYCLE 1:  
0              315360000              323244000                386316000    
(beginning of cycle 1)                            
 
CYCLE 2:  
394200000            709560000              717444000                780516000 
(end of cycle 1 & beginning of cycle 2)    
 
CYCLE 3:  
788400000          1103760000            1111644000              1174716000 
(end of cycle 2 & beginning of cycle 3)                   
 
CYCLE 4: 
1182600000          1497960000            1505844000              1568916000 
(end of cycle 3 & beginning of cycle 4)                 
 
CYCLE 5:  
1576800000          1892160000            1900044000              1963116000 
(end of cycle 4 & beginning of cycle 5)                 
 
CYCLE 6:  
1971000000          2286360000            2294244000              2357316000  
(end of cycle 5 & beginning of cycle 6)                 
 
CYCLE 7: 
2365200000          2680560000            2688444000              2751516000 
(end of cycle 6 & beginning of cycle 7)                
 
END OF CYCLE 7: 
2759400000 (87.5 years) 
(end of cycle 7)  
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A2. Dissolution and precipitation of minerals in the formations (Strategy 1) for the CO2 

alone case at 1000C and 137 bar 
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