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Abstract 

Using different phaseCO2-brine, the effect of stress corrosion on the micro-fabric, topology of 
the minerals and the elemental composition of saline rock was evaluated, to understand how 
this affect transport properties of rocks. Image analysis was used to evaluate changes in micro-
fabric, topology of mineral and elemental composition from SEM images. The micro-fabric of 
all the CO2 bearing samples changed significantly according to the different phaseCO2-brine. 
Grain roundness, grain smoothness, and pore smoothness increased after compression while 
the roundness of pores reduced. There was a significant change in the weight percentage of 
silicon, carbon and oxygen in the CO2-bearing samples compared to the brine sample. Change 
in the shape, solidity and roundness of the pores led to a change in permeability of rocks by 
altering the tortuosity of the pores.This study provides an understanding of changes in micro-
fabric and elemental changes occurring in saline CO2 storage sites under different possible 
phaseCO2-brine and highlights their implication for storage and properties of the rock.  
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1 Introduction 
 

Saline rocks contain minerals and pores of different shapes and sizes in the form of grains and 

voids. These pores contain fluids that exert pressure on the grains. The pressure leads to 

alteration in the rock’s fabric, mineral topology, mineral composition and consequently, the 

bulk and transport properties of the rock (Pearce et al., 2019; Rathnaweera, Ranjith, & Perera, 

2016; Vanorio, Nur, & Ebert, 2011). The magnitude of this pore pressure and the consequent 

alteration in the fabric, topology and composition of the rock depends on the nature of the pore 

fluid amongst other factors. Al-Zaidi, Fan, and Edlmann (2018) showed that the pore pressure 

due to CO2 injection into porous rock depends on the phase of the CO2. Given the variation in 

pressure-temperature (P-T) conditions of reservoirs as shown by thousands of borehole bottom 

hole data  (KGS, 2003), the thermodynamics and phase behavior (Ricketts, 2016), as well as 
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the solubility of CO2 in brine (Rumpf, Nicolaisen, Öcal, & Maurer, 1994), there will be 

undissolved CO2 and the undissolved CO2 will exist in different phases alongside brine in the 

reservoir for a long time (Bachu, 2000; Holloway et al., 2006; Peter et al., 2020; Plug & 

Bruining, 2007; Xie et al., 2016). Ennis-King and Paterson (2001; 2003) and Blunt et al. (2013) 

predicted this time to be in thousands of years. 

The resident undissolved portion of the CO2 injected for storage will undergo changes in phase 

during storage at different depth and times in the storage history in the reservoir (Acevedo & 

Chopra, 2017; Zhang et al., 2019). It is even more likely that the common range of P-T for CO2 

sequestration is around the critical point where there is the high possibility for a phase 

transition. Therefore, there is a need to understand the effect of different phaseCO2-brine on 

the micro-fabric, mineral topology and elemental composition of minerals in the rock. This will 

enable a better understanding and prediction of reservoir properties. Additionally, evaluation 

and modeling of CO2 reservoir would be improved if the alteration in fabric, topology of 

minerals and composition are incorporated into such models. Arson (2020) had pointed that 

there is a need to include fabric-enriched models in rock damage modelling to improve their 

capability of capturing the effect of microstructural changes on both mechanical and flow 

properties. 

The mechanism by which pore fluid and pore pressure influence the micro-fabric, topology of 

minerals, composition and other properties of the rock is by stress corrosion (Suppe, 2014; Wu 

et al., 2018). This form of stress corrosion is a progressive chemo-mechanical reduction in the 

surface energy and strength of the saline rocks (Kvashnin et al., 2019). The reduction in surface 

energy and strength of saline rocks has been explained as a consequence of the absorption of 

pore fluids at the grain surface causing breakage in the crystal boundaries (Azadi Tabar & 

Ghazanfari, 2019), this has been called Rehbinder effect in literature. The exposed bond in 

contact with the fluid breaks and accepts a new atom into the bridging bond. This is followed 

by bond lengthening and weakening, then newer surfaces are exposed and the crack grows 

deeper.  

Sub-surface CO2-brine-rock reaction results in change in chemical composition and other 

properties of rocks. Vanorio et al. (2011) explained that change in chemical composition 

control the change in fabric and strength as well as other changes in rock’s properties. This is 

true for both the reservoir rock that contains the CO2 and the Caprock that seals the reservoir 

rock and prevent the CO2 from escaping. The sealing integrity of the Caprock is a critical 
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parameter during CO2 storage as much as the integrity of the reservoir rocks. The Caprock 

should be devoid of any fault or fracture that can allow leakage. It should be dense, intact and 

thick, relatively impermeable, be composed of minerals with proven sealing capability and 

should possess high compressive strength. Olabode and Radonjic (2013) explained that 

Caprock with smaller pore throat size makes better seal. It therefore means that any reaction or 

process that increase the pore throat size of the caprock will be detrimental to the sealing 

integrity of the caprock. Similarly, any reaction that leads to reduction in the strength of the 

Caprock, formation of new micropores or fractures, increase in permeability, and degradation 

of the mineral composition of the Caprock will detrimental to sealing integrity of the Caprock 

and the CO2 storage, and vice versa. 

Fabric in this study refers to the description of size, roundness, and solidity of the pores and 

grains in the rock. Topology has been described as the property of space that remains 

unchanged during deformation, such as overlap, adjacent, disjoint, inside or equals etc. 

(Crossley, 2006; Egenhofer & Herring, 1990; Thiele et al., 2016). In this study, topology of 

minerals refer to the spatial relationship (such as overlap, adjacent, disjoint, inside, covered, 

equal, meets or contains) between the grains that make up the rock.   

CO2 sequestration in underground is the injection and storage of CO2 in saline reservoirs and 

it is the most promising way of reducing anthropogenic CO2 (Quale & Rohling, 2016). The 

stored CO2 is contained in the pore spaces and will change the pore pressure and the effective 

stress (Peter et al., 2020; Rutqvist, 2012; Zhang, 2017) and furthermore, cause unique changes 

in the transport, petrophysical and geomechanical properties of the rocks depending on the 

phase of the CO2 (Al-Zaidi et al., 2018). However, there has been little attention to evaluating 

the micro-fabric and mineral topology in saline CO2 reservoir rocks under the different possible 

phaseCO2-brine conditions, which controls those properties. 

This research evaluates the micro-fabric, topology of minerals, and elemental composition of 

minerals in the rock under the different phaseCO2-brine conditions. This is necessary because 

the micro-fabric, topology of grains, and mineral composition of the rock controls the transport, 

petrophysical properties and geomechanical properties of the rocks. 

From this research, the effect of the different phaseCO2-brine on the topology of minerals, 

micro-fabric as well as elemental composition of rock minerals under reservoir conditions will 

be understood.  The relationship between the micro-fabric/mineral topology and transport 
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properties of the rocks will be examined. The output of this research will be useful in CO2 

reservoir evaluation, monitoring and modeling.  

2 Previous work 

Most researches that studied change in rock properties as a result of progressive chemo-

mechanical action of pore fluid in rocks have used water as the pore fluid. A comprehensive 

review has been presented by Feng et al.,(2004) and more recent works include Heggheim et 

al., (2005); Jeong et al., (2007); Potyondy (2007). The frequent use of water as pore fluid in 

these researches is due to the assumption that pores contain mostly water. However, it is known 

that brine and hydrocarbon (when present) are contained in pores. With CO2 sequestration, the 

stored CO2 will also be contained in pores and will form a more complex mix (Chen et al., 

2020). Some researchers have studied the effect of CO2 on different properties of rocks. 

However, majority of such studies have used supercritical CO2 and/or brine as pore fluid.  

For instance, Rathnaweera et al., (2016) investigated the effect of scCO2 on the mineralogy and 

flow characteristics of saline rocks and reported that there was a drop in pH of the pore fluid 

due to carbonic acid. There was dissolution and alteration of the mineralogical structure of 

minerals such as calcite, siderite, barite and quartz and a significant change in the permeability 

of the rock. Zou et al., (2018) studied the effect of CO2-brine-rock interaction on porosity, 

permeability, and mechanical properties of shale reservoir using scCO2 and concluded that the 

effect is dependent on the mineralogy and physical properties of the rocks as strong reactions 

were seen in carbonate rich rocks with relatively high porosity and permeability. Liu et al. 

(2012) studied CO2-brine-caprock interaction using Eau Claire shale and indicated minor 

dissolution of K-feldspar and anhydrite with the precipitation of pore-filling and pore-bridging 

illite and/or smectite, and siderite in the vicinity of pyrite. Pearce et al. (2019) studied porosity 

changes, mineral dissolution and migration of fines due to CO2 reactivity in reservoir and 

caprock samples from Surat basin. They found that feldspar rich and clay rich caprock 

maintained their integrity, and reported low reactivity of reservoir sandstones as well as 

increase in porosity and formation of channels in calcite cemented samples. They opined that 

movement of kaolinites in sandstones may alter the permeability. Seyyedi et al. (2020) 

explained that multiphase flow of CO2-brine in carbonate rocks led to a decrease in the sweep 

efficiency of the non-wetting phase during primary drainage, an increase in the relative 

permeability of the non-wetting phase, a decrease in the relative permeability of the wetting 

phase, and a reduction in the residual trapping potential of the non-wetting phase. Vanorio et 
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al. (2011) showed that injecting CO2 into brine-rock system induced chemo-mechanical 

processes that permanently alters the rock’s framework, and observed precipitation at grain 

contacts that led to a reduction in porosity and permeability and an increase in elastic moduli 

in sandstone. Meanwhile, in carbonate rocks, dissolution of micritic carbonates was seen to 

lead to increase in porosity and decrease in elastic moduli. Delle and Sarout (2016) and 

Pimienta et al. (2017) studied the effect of supercritical CO2-brine on the strength of rocks. 

Other similar studies include (Espinoza et al., 2018; Heap, 2009; Keshavarz et al., 2019; 

Meredith et al., 2017; Zheng et al., 2015). The use of supercritical CO2 in most studies is 

because most CO2 storage sites inject CO2 at supercritical state. However, reservoir conditions 

and phase behavior of CO2 is such that phase evolution will occur. Previous studies by Delle 

and Sarout (2016) and Al-Zaidi et al. (2018) have suggested that the alteration in rock’s 

properties caused by CO2 in a CO2-brine-rock interaction is sensitive to the phase of the CO2 

and that the change in pressure (stress) due to CO2 is dependent on the phase of the CO2 that 

dissolved in the brine. There is a need to understand how the different phases of CO2-brine 

affect the properties of saline rocks.  

CO2 dissolves in water and brine to form weak carbonic acid. Temperature and pressure affects 

the solubility of CO2 in brine, and the solubility of CO2 in brine affects CO2-brine-rock 

interaction and rate.  Enick and Klara (1990) presented solubility data of CO2 in brine under 

different temperature and pressure conditions. However, Jeon and Lee (2021) reported that the 

solubility of CO2 in CO2-saturated brine is different from the solubility of CO2 in pure brine. 

This implies that as CO2 dissolves in the brine, the solubility of CO2 in a saline reservoir is 

constantly evolving. Shiflett et al., (2008) observed that the solubility of CO2 in ionic rich liquid 

shows unusual behaviors as CO2 dissolves in ionic liquid with no vapor pressure at low CO2 

concentration but at high CO2 concentration there was immiscible layer (vapor-liquid 

equilibria). Mosavat and Torabi (2014) presented that increase in pressure leads to increase in 

the solubility of CO2 while increase in temperature leads to decrease in the solubility of CO2 in 

a CO2-brine system. 

As this research seeks to evaluate the effect of different phaseCO2-brine on the micro-fabric, 

topology of minerals and composition of the rocks, it is necessary to determine the exposure 

time needed for the different phaseCO2-brine to have a marked impact on the fabric, topology 

and composition. Li et al. (2019) reported that the effect of CO2 on the properties of rocks 

increase with longer exposure time. Results from  Peter et al. (2020); Pimienta et al. (2017); 
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Zou et al. (2018)  and Olabode and Radonjic (2013) showed that CO2-brine causes marked 

effects on rock properties even within a short contact period and the severity increases over 

time.   Pimienta et al. (2017) had used 2 and 4 hours exposure time; Zou et al. (2018) had used 

0.5 hour exposure time and  Li et al. (2019) had used a maximum of 168 hours. They all had 

significant changes in properties. Peter et al. (2020), reported that excess of 5 days is good 

enough for CO2-brine to affect the properties of the rocks.   Therefore, it was decided that for 

this experiment, more than of 5 days would be good enough for the phaseCO2 saturated-brine 

to have an effect on the properties of the rocks. The samples were flooded in the different 

phaseCO2-brine for 7 days.  

Rock image analysis is an analytical process that involves the use of high-resolution images of 

rocks and advanced algorithms to create digital model of the pore and grains of the rock for the 

purpose of evaluating properties of rocks. This process involves processing the rock’s SEM or 

micro-CT image and segmenting it into relevant phases. Segmentation is a very crucial step in 

rock image analysis (Niu et al., 2020). Aside the use of these digital models as input for 

simulation of transport properties, models from rock image analysis can be used to provide 

information such as grain and pore size distribution, mineralogy and clay content (Berg et al., 

2017). The application of rock image analysis in rock characterisation is wide and becoming 

popular as seen in (Cheng & Song, 2018; Erdogan, 2000; Faisal et al., 2019; Krinsley et al., 

2005; Lesueur et al., 2017; Shan & Lai, 2019; Vanorio et al., 2011; Zhang et al., 2020).     

In rock image analysis, representative element area (REA) is the minimum domain size where 

material properties have little or no variance and is representative of a heterogeneous scale 

(Hurley et al., 2012).  The concept of REA was proposed in an attempt to present a systematic 

method for evaluating spatial variability in measured properties as functions of scale (Fan & 

Bras, 1995). It has been used in several fields of research for property evaluation (Cosenza et 

al., 2019; Garbrecht, 1991; Peter Indelman, 1993; Indelman & Dagan, 1993a, 1993b; Oliveira 

et al., 2014).  Like representative element volume (REV), REA can be found for an entire rock 

type or for a phase of the rock where a phase is a mineral or fabric component of the rock 

(Mehmani et al., 2020). 

3 Thermodynamics and the phase behavior of CO2 

The phase diagram for CO2 shows the phase behavior of CO2 with temperature and pressure. 

The phase diagram of carbon-dioxide can be found in  Ricketts (2016). Prominent in the CO2 

phase diagram is the triple point and the critical point. Above the critical point, CO2 is in 
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supercritical phase and there is no change in phase when pressure or heat is increased.  At 

pressures below the critical point, CO2 can exist in either gaseous or liquid phases depending 

on the temperature. At temperatures below the triple point down to -73.15oC, changes in 

pressure transforms CO2 to solid phase. Given that CO2 is thermodynamically unstable, various 

equation of states and theories have been proposed to solve the pressure-temperature phase 

equilibrium problem (Colina,2 005; Sahimi et al.,1985; Shin & Wu, 2010). The 

thermodynamics and phase behavior of CO2 under pressure affects CO2 underground storage 

as temperature and pressure conditions of reservoirs are variable. 

In a CO2 storage system, once CO2 mixes with and dissolves into the brine, there is a change 

in the solubility, density, and chemical composition of the brine and the CO2. Chemically, the 

brine becomes weakly acidified and the pH increases. The change in pH of brine is an 

indication of the solubility of CO2 in the brine. It is necessary to understand the change in the 

density, solubility and composition, because such changes affect the CO2-brine-rock 

interaction. It is known that such changes are affected by the temperature, pressure and salinity 

of the reservoir.  

 Mohammadian et al. (2015) provided solubility data of CO2 in brine for low salinity, at 

temperature range of 60-100oC and pressure up to 25MPa. It is seen that solubility of CO2 in 

brine increases with pressure and decreases with temperature. Ratnakar et al. (2020) presented 

that the solubility of CO2 decreases with increase salt content in single ion brines, while the 

solubility of CO2 in multi-ion brine depends on the salts present. Similarly, Li et al., (2021) 

presented that increase in salinity reduces the solubility of CO2 in saline rocks. These shows 

that the ionic composition of brine affects the solubility of CO2. Lamy-Chappuis (2015) 

provided estimate of the changes in density of CO2 at depths >800m. The density of CO2 was 

seen to reduce with distance from the well. This implies that mobility and tendency of CO2 to 

change phase and density increases as the CO2 moves further away from the injection well.  Li 

et al. (2021) investigated the impact of pH on solubility of CO2 in brine, and found that ions 

from brines have higher affinity for silica pore surfaces as the pH increases. Therefore, the 

solubility of CO2 in brine reduces as the pH increases. 

Higher density CO2 promotes density-settling, convection current and fingering; these 

processes are more favorable for CO2 storage by dissolution.  Higher solubility of CO2 in brine 

promotes storage of CO2 by dissolution trapping and then, mineralization trapping. Increase in 



8 
 

solubility of CO2 in brine implies increase in the pH, which can reduce CO2 dissolution in 

brine, consequently retarding mineralization trapping and CO2 storage. 

CO2 storage in reservoir is achieved by trapping mechanisms. Trapping mechanism include 

solubility trapping, residual trapping, mineralization trapping, structural trapping and 

hydrodynamic trapping. In a saline reservoir, solubility trapping is the most popular form of 

trap, and it leads to mineralization. However, it takes a long time for all the CO2 to dissolve 

into the brine, hence other forms of traps such as structural, hydrodynamic and residual traps 

can serve to trap the CO2 until dissolution can commence. In solubility trapping, the CO2 exist 

as CO2-brine. In the later forms of trapping, CO2 can be trapped as single phase CO2 (like 

gCO2) or two phase (like gCO2-br or scCO2-br). Therefore, this study evaluates changes from 

both single phase and two phase CO2-br scenarios. 

4 Materials and Methodology 

4.1 Material 

Core samples of Captain Sandstone collected from well 13/24a-6 at a depth of 5375.6-5381.4 

ft in a proposed site for CO2 sequestration in the UK (Ekofisk CO2 storage site) were used.  The 

samples were collected from the same core run and then sub-sampled. The porosity of each of 

the sub-sample was measured (Table 1) and it is seen that the core sample is largely 

homogenous. Therefore, all the core samples used for the experiment are homogenous, i.e. 

same starting material. The initial porosity shown for each sample (Table 1) is the average 

porosities calculated from the weight difference between the dry and wet core sample. The 

porosity was measured by weighing the samples in dry and water-wet states, measuring the 

grain volume and pore volume by submerging the samples in distilled water, and determining 

the bulk volume from measuring the dimensions of the samples. The samples used in this study 

can be described as weak, structureless, stained whitish, sub-rounded, fairly sorted quartz 

arenites with an average grain size measured from image analysis as 223 μm.  

Mineralogical analysis of the sample by XRD method showed that the sample contained the 

following by weight %: quartz (79.5%), K-feldspar (orthoclase (0.66%), microcline (4.57%), 

Plagioclase feldspar (Anorthite (0.72%) and Clay minerals (illite (1.7%), kaolinite (4.34%), 

chlorite (1.73%) and dickite 6.83%). The permeability of the dry natural sample was measured 

using  the method proposed by Lenormand et al. (2010). The permeability was found to be 

1.13e-12 m2 (1.14 Darcy). This compares with the permeability of Captain sandstone measured 
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by Shell (2011), Jin et al. (2012), and  Hangx et al. (2013). Analysis of different Captain 

Sandstone samples by different workers has shown that the Captain sandstone is similar in 

terms of petrophysical, lithological, and mineralogical properties. For instance, the 

mineralogical characterisation of captain sandstone conducted by workers such as Hangx et al. 

(2013) and  Rice-Birchall (2018)  showed a similar composition with quartz and feldspar being 

the major minerals alongside some amount of clay and calcite.  

   Table 1: Initial porosity of core samples 
Sample ID br gCO2-br scCO2-br gCO2 
Porosity (%) 27 26 27 27 
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4.2 Methodology 

 Experimental setup  

The experimental setup consist of a vacuum pump, 300mL Parr pressure vessel to hold the 

sample, brine, and CO2 in desired pressure conditions, and an oven to keep the temperature at 

the desired level during the saturation and flooding stages. A 250 KN triaxial machine (MAND 

testing machines Ltd) and a 3-70 MPa confining pressure pump was used for delivering triaxial 

compressive stress to the samples in step 2. An illustration of this setup can be seen in Peter et 

al. (2020). 

One sample was used to represent each phaseCO2-brine state of the reservoir. In this research, 

the different possible phaseCO2-brine states of the reservoir that is investigated include; br 

saturated sample i.e reservoir saturated with brine; gCO2-br saturated sample i.e reservoir 

saturated with brine and gaseous CO2; scCO2-br saturated sample i.e reservoir saturated with 
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brine and supercritical CO2 and gCO2 saturated sample i.e reservoir saturated with gaseous 

CO2.  The gCO2-br and the scCO2-br reservoir conditions represent a scenario where gaseous 

and supercritical CO2 exist with the brine respectively. The gCO2 saturated reservoir represents 

when gaseousCO2 migrates into a dry reservoir while the br saturated reservoir represents the 

normal saline reservoir before saturation with CO2. 

 Procedure 

This experiments were carried out in two steps. In the first step, samples of the rock were 

initially vacuum-saturated with brine, a Vacuubrang GMBH model MZ 2D NT vacuum pump 

was used to remove trapped gases from the samples and ensure complete saturation of brine in 

the samples, with occasional vacuum pumping, the core samples were allowed to soak in brine 

(60600ppm NaCl solution) for seven days in a vacuum (except the gCO2 saturated sample). 

After the cores had been saturated with brine, a sample was then flooded with a given phaseCO2 

for further seven days under conditions described in Table 2. The core sample was fixed in the 

pressure vessel. Then, 50 mL brine was poured into it. CO2 was then flooded into the pressure 

vessel under the desired temperature and pressure. During the CO2 flooding, pressure and 

temperature conditions were held at 50 bars and 27 oC for the gCO2 bearing samples, and 100 

bars and 36 oC for the scCO2 bearing sample to maintain the CO2 in their desired phases. By 

following the procedure described, the rock samples were prepared to represent the different 

phaseCO2-brine reservoirs as explained in 4.2.1. Under the experimental conditions, the 

maximum CO2 solubility in the brine was approximately 0.469 mol/kg (Rumpf et al., 1994), 

and the total volume of CO2 flooded into each sample was 300 mL. 

In the second step, multiple triaxial compressive tests were carried out on each sample. 

Confining stresses of 16, 26, 36, and 46 MPa were applied to each sample. For each confining 

stress, axial stress was increased until shear-enhanced compaction ends. In this experiment, the 

end of shear enhanced compaction is taken as the point where the stress-strain curve just begins 

to deflect and it marks the point where the increased or sustained stiffness due to compaction 

stops. The test was stopped at the endpoint of shear enhanced compaction to avoid the rock 

deformation to advance into macro-failure/shearing. The range of confining stresses used are 

representative of the stress conditions at depths greater than 800 m in the field. The lithostatic 

pressure at the shallowest depth suitable for CO2 storage (800 m) in the locality where the 

sample was collected is 15-16 MPa and the minimum confining stress is 15 MPa.  More details 

on this and other storage units can be found in CO2 stored database (NERC, 2019). 
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After each step, bulk-portion were collected from each of the sample. To evaluate the topology 

of minerals, the bulk-samples collected after steps 1 and 2 were gold-coated (Figure 1) and 

examined with Jeol IT-100 SEM. Gold-coating is commonly used to reduce charging effect 

(Belz & Auchterlonie, 1995; Leslie & Mitchell, 2007). Beam voltage of 8kv and probe current 

of 30pA was applied and the image was displayed using InTouchScope software.  To get 

information on the elemental composition of the minerals in the rock after saturation, standard 

thin-section procedure were followed to prepare polished thin section slices off  the bulk- 

samples collected after step 1 and scanning electron microscopy-energy dispersive 

spectroscopy (SEM-EDS) examination was conducted on five different regions of interest 

(ROI) of each of the thin section slice using a Zeiss Gemini crossbeam 550 FIB-SEM. Polished 

thin sections were used because a flat and polished surface is ideal for SEM-EDS analysis 

because a smooth surface is required for good detection of ions in microscopy. Because a 

change in stress does not change the elemental composition of the mineral, no SEM-EDS was 

done for samples after step 2. The slices for SEM-EDS were not coated, a secondary electron 

secondary ion (SESI) detector was used, and a beam voltage of 8kv, beam current at 500pA 

and 100% charge compensation was applied. This approach is to have high detection sensitivity 

without contamination. The image was pixel averaged and displayed using the Aztec software 

and the entire image was mapped for elements. To evaluate the micro-fabric descriptors, all 

thin section slices prepared from all samples were gold-coated and imaged using the Jeol IT-

100 SEM. Polished thin sections were used here because it allows for proper visualisation of 

individual pores and grains and gold-coating was done to reduce charging effect.  Micro-fabric 

descriptors such as area, roundness, and solidity of pores and grains were evaluated using 

ImageJ software. To achieve this, five different 2D SEM images collected from five different 

ROI of each of the thin section slices were processed into the REA size of the SEM image. One 

ROI was taken from each of the four corners and one from the centre of the thin section slice 

to make the five ROIs.  
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Figure 1: Gold-coated samples for SEM 

The REA size for the SEM images was determined using the method described in section 5.3.  

The median filter was applied and segmentation was performed on the REA size by setting 

greyscale threshold that segments the rock into pore and grain materials in each SEM image 

before the micro-fabric descriptors were evaluated. Note that ROI refers to the SEM image of 

a given field of view.  The REA is the representative size of the ROIs that have the least 

variation in the distribution of pores and grains. Five ROIs were taken from each sample and 

one REA size was taken from each ROI for analysis of micro-fabric. Therefore, evaluation of 

micro-fabric descriptors for each sample in section 5.4 is from a combination of micro-fabric 

descriptors obtained from five different REA sizes taken from the five different ROIs of the 

sample.  

5 Results and Discussion 
 

In this research, the evaluation of the topology of minerals from the SEM image of bulk 

samples at microscale is from two different stages. The first stage is the evaluation of the 

topology of the samples after saturation with the different phaseCO2-brine and is hereafter 

referred to as “pre-compression topology of mineral” (Note that “after saturation” and “pre-

compression” refer to the same stage). The second stage is the evaluation of the mineral 

topology after the saturated samples have been subjected to triaxial compression. This shows 

the response of the topology of the different saturated samples to stresses after been compressed 

and is hereafter referred to as “post compression topology of minerals”. 

5.1 Effect of the different phaseCO2-brine on the topology of minerals 

In this section, stress corrosion is evaluated in terms of topology of mineral in the rocks due to 

the influence of the different phaseCO2-brine at pre-compression and post-compression. Here, 

the topology of mineral refers to the spatial relationship (such as overlap, adjacent, disjoint, 

inside, covered, equal, meets or contains) between grains that make up the rock at microscale. 

The SEM images are adequate to describe the topology of the mineral grains.  Firstly, the effect 

of the different phaseCO2-brine on the topology of mineral is described qualitatively by 

comparing the pre-compression topology of the brine saturated sample to pre-compression 

topology of the other CO2-bearing samples (Figure 2a-d). Secondly, the effect of stress on the 

topology of the different samples is described qualitatively by comparing the post-compression 

topology of the minerals of the different saturated samples (Figure 2e-h) to the pre-compression 
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topology of minerals of the respective samples. Images of the topology of mineral scale features 

were shown in two scales (i.e., 10 µm and100 µm), allowing good visualisation of the changes 

at different scales.  

Figure 2(a-d) shows an example of the pre-compression topology of mineral-scale features in 

all the samples with the different phaseCO2-brine. The topology of minerals in the brine 

saturated sample (Figure 2a) represents the topology of minerals in a natural brine saturated 

reservoir. Here, the grains are seen to be covered by a clayey layer. The clayey layer may be a 

product of dissolution of feldspars. The alteration of feldspars to form clay and the coating of 

other minerals by the clay has been reported by Daneshvar and Worden (2018); Yuan et al. 

(2015a); Yuan et al. (2015b); Yuan et al. (2019). The pores contains fines that clogs it and the 

edges of the grain appear rough and disjointed. From the higher resolution image of the brine 

sample (Figure 2a), the surface of the brine saturated sample shows dissolution channels similar 

to a splash erosion surface. In the gCO2 saturated sample (Figure 2b), the higher resolution 

image of the gCO2 sample (Figure 2b) shows the grains to be ridged and overlapping but with 

considerably lower relief compared to the brine saturated sample. Edges of grains are more 

disjointed compared to the brine’s. The gCO2-br saturated sample (Figure 2c) shows the grains 

as flat surface. The relief of the grains are seen to have been levelled into a plain. Pores were 

seen to contain fines. The scCO2-br saturated sample (Figure 2d) shows a thin covering on the 

grains. Edges are more disjointed compared to the brine saturated samples. A close-up view of 

the scCO2-br saturated sample (Figure 2d) reveals the creation of intragranular pores that may 

be the product of stress corrosion on the grain surface. Li et al. (2019) reported stress corrosion 

in the form of spatially dispersed fractures in sandstones due to sc-CO2. Also,  He et al., (2019) 

showed that scCO2 creates dense and complex fractures and micro-cracks. Furthermore, Hu et 

al., (2017) and Li et al., (2019) showed that this microcracks leads to increase in permeability. 

The images of all the CO2 bearing samples (Figure 2b-d) show differences in topology 

compared to the brine saturated sample. The difference is seen to be at surfaces and this 

supports the fact that stress corrosion weakens exposed bonds at the surface and consequently 

facilitates progressive rupture, exposing newer surfaces while the rupture deepens. Carroll et 

al., (2016) explained stress corrosion as a consequence of bond breakage and ion exchange. 

Qualitatively, the topology of minerals in scCO2-br saturated sample appears to be the most 

altered before compression compared to the others. 



14 
 

 

Figure 2: SEM images of pre-compression topology of minerals (a-d) and post-compression 
topology of minerals (e-h) at 10 µm scales. Insets are at 100 µm. 

Figure 2(e-h) shows the post-compression topology of minerals in all the samples saturated 

with the different phaseCO2-brine. The topological features as seen in the sample images in 

Figure 2e-h are widespread in each sample and is representative as can also be seen from Figure 

3. The brine saturated sample shows fissile overlapping sheets with tendency to exfoliate. The 

gCO2 saturated sample appears more fissile with overlapping sheets. The gCO2-br saturated 

sample appears flaky and disjointed with a thin covering layer while the scCO2-br saturated 
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sample appears fibrous and disjointed. All the samples (Figures 2e-h) show differences in 

topology of minerals compared to their respective pre-compression topology. This shows that 

stress induces changes in topology during stress corrosion.  Hu et al. (2017) indicated that such 

stress-induced changes could cause increase or decrease in permeability by creation of micro-

cracks or compaction of pores respectively. Furthermore, the change between pre and post-

compression topology of all the CO2 bearing samples is different from the change seen between 

the pre and post-compression topology of brine saturated sample. Samples that contain CO2 

and brine (Figures 2g-h) had the more intense change in pre-compression topology after 

compression.  This suggests that CO2 increases the stress corrosion that a brine saturated 

reservoir would experience. Qualitatively, the most altered topology of minerals after 

compression is seen in the gCO2-br saturated sample. 

Figure 3 presents the minerals in thin section. It is seen that the samples are composed mainly 

of quartz, feldspar and clay minerals. Alteration of the minerals is seen in all the samples, 

however, the alteration was more intense in samples that contain both brine and CO2. In the 

brine sample (3a) there is dissolution of feldspar to leave the pore. In the gCO2-br sample, 

feldspars are dissolved and micro-cracks are also seen on the feldspar grains. The scCO2-br 

sample appears to be the most altered as feldspars are dissolved and micro-cracks are seen in 

quartz and feldspar grains.  
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Figure 3: Sample photomicrographs for each of the samples showing the minerals in thin 
section. Two images are shown per sample to populate the result. (a & b) brine sample, (c & 
d) gCO2 sample, (e & f) gCO2-br sample, (g & h) scCO2-br sample. (Qtz=Quartz, Fld=Feldspar, 
Cm=Clay material). 
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5.2 Effect of different phaseCO2-brine on the elemental composition of minerals 

In this section, stress corrosion is evaluated as the change in weight percent of elements in the 

minerals of the rocks due to the reaction of the minerals with different phaseCO2-brine. 

Usually, sandstone is composed principally of quartz, feldspars and some small amount of 

accessory minerals with cementing agent that can either be silica or calcite. XRD analysis of 

the mineralogy of the original rock sample before saturation have been presented in section 4. 

Results from the mineral analysis serves as a guide for the elements captured in the SEM-EDS 

elemental map shown in Figure 4 and listed in Table 3. Figure 4 gives an idea of how the weight 

percent of elements changes due to different phaseCO2-brine. The entire ROI for the EDS was 

pixel averaged and mapped for elements.  

Table 3: Percentage weight of constituent element mapped from EDS-spectra off the entire 
image of five different ROI from each sample. 

Sample ROI C O Si Ca Na Al Cl K Mg 
Brine  1 26.5 49.7 23.8 - - - - - - 

 2 28.0 45.0 15.8 - - 6.5 4.7 - - 
 3 37.9 44.2 12.0 - 0.4 - - 2.5 - 
 4 30.7 46.9 21.3 - - 7.5 - 4.8 - 
 5 37.9 42.0 12.7 - 0.4 3.9 - 1.6 - 

Range  11.4 7.7 11.1  0 3.6 4.7 3.2  
gCO2  1 57.8 32.0 9.8 - - 0.4 - - - 

 2 57.8 30.1 11.1 -  0.7 0.5 - - 
 3 55.2 27.4 14.7 - 0.4 1.6 0.6 - - 
 4 57.2 32.1 10.0 - - 0.7 - - - 
 5 10.5 46.9 26.9 3.6 8.7 2.4 - - 4.4 

Range  47.3 19.5 17.1 3.6 8.3 2.0 0.1  4.4 
gCO2-br  1 57.5 32.2 6.1 - 0.6 3.2 - - 0.4 

 2 50.2 35.6 7.3 - 0.5 4.8 - 1.0 0.5 
 3 19.8 53.7 16.4 - 7.6 0.7 - - 1.8 
 4 27.4 47.3 15.6 - 6.3 - - - 1.6 
 5 60.9 27.1 8.3 - 0.7 2.3 - 0.7 - 

Range  41.1 26.6 10.3  7.1 4.1  0.3 1.4 
ScCO2-br  1 53.6 36.3 9.1 - - 1.0 - - - 

 2 55.5 36.3 7.5  0.7 - - - - 
 3 51.0 42.9 4.4 - - - - - - 
 4 37.8 45.8 13.0 0.9 - 1.4 - - 1.1 
 5 41.5 43.6 13.8  0.5 0.7 - - - 

Range  17.7 9.5 9.4 0.9 0.2 0.7   1.1 
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Figure 4: Sample EDS map for elements in all the samples after saturation. (a) Brine sample 
(b) gCO2 sample (c) gCO2-br sample (d) scCO2-br sample. There is difference in the 
concentration and distribution of the major elements across the different samples. Using the 
brine sample as the control, the difference in the distribution and concentration of the different 
elements in the other samples is an indication of the effect of the different phaseCO2-brine on 
the elemental composition of saline rocks. 
  

From Table 3, carbon, oxygen, and silicon are classified as major elements because they are 

present in all the ROI of all the samples in high weight percentages. This shows that the 

dominant mineral in the rock is Quartz. Therefore, Quartz is the index mineral for evaluating 

elemental change due to the different phases of CO2. It is seen that there is a difference in the 

distribution of the various major elements in the different samples. 

 
The range in Table 3 indicate the difference in the weight percent of elements in different ROI’s 

of a sample, this gives the sample-representative range of the elements in each sample. From 

the range of weight percentages, the weight percentage of carbon, oxygen and silicon varies in 

the different CO2-bearing samples compared to the brine's. The range of the weight percentage 

     
Si Al Na O C 

a b 

d c 

scCO2 –br 
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of carbon in the CO2 bearing samples are higher compared to the brine saturated sample. This 

means the weight percent of carbon increased in ROI’s of the CO2-bearing samples but 

increased the most in the gCO2 saturated sample. The high weight percent of carbon in the 

gCO2 sample compared to the gCO2-br and scCO2-br samples may be due to the absence of 

brine that accelerates CO2-rock reactions. This is because presence of brine cause dissolution 

of CO2 to form carbonic acid that is more reactive with the rock minerals (Rathnaweera et al., 

2016).  Similarly, the range of weight percent of oxygen in the CO2 bearing samples are higher 

compared to the brine. This implies that the weight percent of oxygen increased in most ROI’s 

of the CO2-bearing samples. This may be due to the fact that reaction (oxidation) was higher 

in the CO2 bearing samples compared to the brine’s. The range of the weight percent of Si in 

the CO2-bearing samples relative to the brine sample increased in gCO2 but reduced in the 

gCO2-br and scCO2-br saturated samples. This suggests that combination of CO2-brine reduces 

the weight percent of silicon. This is consistent with the  EDS result  from Lyu at al., (2016) 

which showed that CO2-water-rock interactions decreased the percentages of metals on the 

surface of saturated samples when compared to samples without saturation. The increase in the 

weight percent of silicon in the gCO2 sample is due to the especially low reactivity of silicon 

relative to the other metals in a dry rock. This means that silicon, howbeit is more reactive to 

CO2-brine (carbonic acid) than gaseous CO2. The changes in weight percentage of elements 

can be seen as an effect of stress corrosion because stress corrosion involves exchange of ions 

resulting in change of elemental composition of minerals (Heap, 2009; Vanorio et al., 2011).  

Heap (2009) reported that stress corrosion occurs as a result of the chemical action of the fluid 

which facilitates the exchange of ions and weakens exposed bonds at the surface and 

consequently, facilitate progressive crack propagation depending on the nature of the pore 

fluid. Table 5 shows changes in bulk modulus of the CO2-containing samples compared to the 

brine sample, this suggests that there is a direct relationship between compositional changes 

and the modulus of rocks. Vanorio et al. (2011) had suggested that compositional changes 

control the change in fabric and strength as well as other changes in rock’s properties. 

5.3 Determination of representative element area (REA) and evaluation of micro-
fabric descriptors 

The SEM images taken from five different ROI of each thin section were processed with Image 

J software (Figure 5). The edge of the image were cropped and median filter was applied. The 

total area of the SEM image is equal to 4224.42 µm × 3168.32 µm. A sub-area of the SEM 

image is a portion of the total area of image. The cropped and filtered SEM images of each of 
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the ROI was divided into sub-areas and then segmented into pore and grain domain to create 

the digital model of pore and grains. 

Due to the variations in the size and distribution of the grains and pore areas across the images 

and the fact that same size of image must be used for all the analysis, REA needs to be 

established. REA has been described by Hurley et al. (2012) as “the smallest area that can be 

modelled to yield consistent results, within acceptable limits of variance of the modelled 

property”. Pore and grain areas are examples of such properties. In this research, the REA is 

taken as the sub-area size of the digital model of pore and grain in which  variability of a given 

property (pore and grain) in  repeated measurement from the different ROI is minimum 

(Figures 6-7). This is to ensure that material properties such as pore and grain areas measured 

from the REA are continuous and representative of the heterogeneous scale.  

To determine the REA size, areas occupied by pores and grains in the sub-area sizes of the 

SEM images (sub-area sizes are shown in Table 4) were measured from the five different SEM 

images taken from the different ROI. The plot of the measured pore and grain areas from the 

different sub-areas are presented in Figures 6-7. The sub-area sizes were selected to allow for 

successive increment in sub-areas until the largest possible sub-area size was obtained as shown 

in Table 4 and Figure 5b. This method is similar to the method for determination of  REA and 

REV in porous media  proposed by Hurley et al. (2012). The REA size for grain and pore area 

was found to be 2000.73 µm2 × 2000.73 µm2
, i.e. sub-area C in Figures 6-7.  
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REA (C) 

a 
b c 

d 

Figure 5: Schematic for making REA for digital model of pores and grains from SEM image (a). Thin section slice with the red circle showing a 
very thin slice of the rock pasted on glass. The red rectangles representations of the imaged region of interest on the slice. (b). SEM image of one 
of the ROI showing the different sub-area sizes (A, B,C,D) used for the measurement of pore and grain areas. (c). REA size (C) of SEM image 
made from ROI 2 (d).  Segmented pore and grain areas of the SEM image REA (grain area in grey, the pore is red).              
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Figure 6: REA for grain domain 

 

Figure 7: REA for pore domain 
 

From Figures 6 and 7, sizes corresponding to A and B show high variability due to dominance 

of micro-scale effect. Sizes corresponding to C show little or no variability due to integration 

of both macro and micro-scale effect. It is seen that C will be representative of macro and micro 

effect in the rock and thus would be the ideal REA size. Sub-area D shows a return of variability 

in measured pore and grain area due to dominance of macro-scale effect. Sub-area C is 

therefore taken as the REA. 
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                Table 4: Sub-area sizes 
Sub-area Area size (µm2) 
A 1000.78 ×1000.78 
B 1500.75 ×1500.75 
C 2000.73 ×2000.73 
D 2500.70 ×2500.70 

 

Quantitative evaluation of probability density function of the micro-fabric descriptors was done 

from the REA size of the digital model of SEM images and shown as Figures 10-15. The REA 

is adequate for describing the micro-fabric just as the SEM images also served to describe the 

topology of the mineral grains. However, describing the texture from the topology and micro-

fabric can be achieved by stitching a number of REA sizes of SEM images together. 

 

Description of the micro-fabric of rocks was achieved by describing fabric descriptors such as 

the shape and size of the grains and pores. Shape descriptors  include roundness and solidity 

(Cox & Budhu, 2008; Wirth, 2001). Solidity is the measure of the density of the feature (pore 

or grain) and is used to describe the smoothness of the surface of the pore and grain. It is a 

useful index for tracking the impact of shear stress on the surface of grains and pores of rocks. 

With an increase in shear stress, irregular surfaces will smoothen-out and more pores and grains 

will have their solidity approaching 1. A solidity value approaching 1 signifies  high 

smoothness, and a value approaching 0 signifies poor smoothness (Wirth, 2001).  

Mathematically, it is expressed as Equation 1 (Ferreira & Rasband, 2012; Wirth, 2001). i.e., 

the ratio of the area of the feature (pore or grain) to the area of an imaginary convex hull around 

and it is illustrated as Figure 8.  

𝑆𝑜𝑙𝑖𝑑𝑖𝑡𝑦 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑒𝑎𝑡𝑢𝑟𝑒

  𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙
                                                                      (1) 

  

Area of the 
convex hull 

Area of the feature 
(pore or grain) 

Major axis 

  

 

Pore Grain 

  
 

 
 

 
 
 
 

 
 

 
 
 
           Figure 8:  Illustrating solidity of shape of pore or grain in a mass of porous material. 
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Furthermore, roundness is illustrated in Figure 9 and is calculated using equation 2 (Ferreira & 

Rasband, 2012), where the area refers to the area occupied by the pore or grain. Value of 

roundness approaching 1 implies high rounding while values approaching 0 implies poor 

rounding.  Description of roundness can be found in Takashimizu and Iiyoshi (2016). On the 

other hand, the description of the size of grains and pores in rocks is commonly by area 

occupied by a feature in square pixels or a given square unit.  

 

𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 = 4 ×
 [Area]

𝜋 × [𝑀𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠]2
                                                     (2) 

 
 
 
 
                                                                                                                     

 Minor axis 
 

Major axis 

 
 
 
               
                 Figure 9: Illustrating roundness of pore or grain of a porous material.  
 
 

5.4 Probability density functions of micro-fabric descriptors from SEM images  

In this research, the cumulative percent distribution of roundness, solidity, and area of the pores 

and grains are used to characterize the fabric of rocks at the pore scale. Roundness characterises 

the shape of the grains and pores, the solidity characterises the irregularity or smoothness in 

the surface of the grains and pores while the area is used to characterise the size of the pores 

and grains. Changes in these set of micro-fabric descriptors in the different phaseCO2-br rock 

samples when subjected to stress are evaluated to track the changes under stress. 

3.4.1   Pore and grain area size distribution  

The percentage distribution of the different classes of pore and grains sizes are presented as 

percentage cumulative curves for all the samples (Figures 10-13).  
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Figure 10: Cumulative percentage contribution of different sizes to total pore and grain for the 
br saturated sample before and after compression with an illustration of changes in pore and 
grains after compression. 
 

From Figure 10, there was movement of both the grain and pore distribution curves downward 

after compression. This indicates that there is a decrease in the percentage of grains in each 

size class, and is attributable to shear enhanced compaction through the agglomeration of small 

grains to create larger grains. There is complete closure of some of the pores (compaction) after 

compression with creation of new micro-pores. Such increase in size of grains have been called 

static grain growth by Evans et al., (2001) and explained that it is a simple transformation in 

which grain size increases depending on pore fluid  among other factors.  A similar 

agglomeration of smaller nano-sized grains to form bigger size due to charge clustering has 

been reported by Rawat et al. (2008) and that the agglomeration increased with temperature.  
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Figure 11: Cumulative percentage contribution of different sizes to total pore and grain for the 
gCO2 saturated sample before and after compression with an illustration of changes in pore and 
grains after compression.  
 

From Figure 11, there was downward movement of the grain and pore curves after 

compression.  This means that there is a decrease in the percentage of grains in each size class 

as well as an obliteration of some pores.  This is similar to the behaviour exhibited by the brine 

saturated sample except that in the gCO2 sample the percentage of pore and grains affected is 

almost doubled. 
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Figure 12: Cumulative percentage contribution of different sizes to total pore and grain for the 
gCO2-br saturated sample before and after compression with an illustration of changes in pore 
and grains after compression. 
 
From Figure 12, there was no significant change in the movement of the grain curve after 

compression, but there was downward movement of the pore distribution curve. The movement 

of the pore curves indicate an obliteration of some pores. The mechanism for closure of  pore 

has been shown in Peter et al. (2020) where their CT images of the gCO2-br sample showed 

the greatest quantitative change in pore area compared to other phaseCO2-brine samples.  
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Figure 13: Cumulative percentage contribution of different sizes to total pore and grain for the 
scCO2-br saturated sample before and after compression with an illustration of changes in pore 
and grains after compression.   
 
From Figure 13, there was movement of the grain curve upwards after compression. This 

upward movement indicates an increase in percentage of the grains in each size class. This is 

attributed to grain crushing/fragmentation resulting in smaller grains with new micro-cracks. 

This suggests that scCO2-br reduces the intragranular strength as have been previously reported 

by (He et al., 2016; Liteanu et al, 2013). Bulk modulus of the scCO2 saturated sample (Table 

5) was also seen to be the lowest compared to the others. On the other hand, the pore 

distribution curve changed only slightly after compression. This indicates that the change in 

pore distribution is a cumulative effect of precipitation of fines and compression. Depending 

on the surrounding minerals and the pore size, some pores were affected by precipitation of 

fines while others were closed up due to the impact of compression. 

3.4.2 Roundness and solidity of grains and pores 

The cumulative percentage for each of the class of roundness and solidity for grains, before 

and after compression is shown in Figures 14a–d for all the samples  
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Figure 14: Cumulative percentage for (a). Roundness distribution of grains for all the samples 
before compression; (b). Roundness distribution of grains for all the samples after compression; 
(c). Solidity distribution of grains for all the samples before compression. (d). Solidity 
distribution of grains for all the samples after compression. 
 
The distribution of grain roundness before compression (Figure 14a) shows slight variation in 

the different samples. The difference in roundness in the different samples is due to the action 

of the respective phaseCO2-brine on the grain’s micro-fabric. The distribution of grain 

roundness after compression (Figure 14b) for all the samples shows the overriding role of stress 

in the rounding of the grains. Upon compression, the distribution of the roundness for all the 

samples became similar irrespective of the state of the sample. Generally, as seen from 

Appendix 1, there is an increase in the percentage of rounded grains after compression in the 

samples. For instance, in the brine sample (appendix 1),  10%, 6% and 18% of the grains have 

a roundness index corresponding to the last three roundness class before compression 

compared to the 15%, 13% and 11% after compression.  

 

Figure 14c shows the solidity of the grain surfaces before compression. The distributions of 

solidity in different samples are slightly different. The difference in distribution of solidity 

shows the role of the different phaseCO2-brine-induced stress corrosion in smoothening the 
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micro-fabric of grains. Figure 14d shows the solidity of the grain after compression, while the 

distribution of poorly smooth grains was similar in all the samples, there was a slight variation 

in the percentage of highly smooth grains in the different samples. As seen from Appendix 2, 

there is a general increase in the percentage of smooth grains. For example in the brine sample, 

about 27%  of the total grain had solidity less than 0.83 before compression, and only about of 

22% of the total grain had solidity less than 0.83 after compression. This indicates that stress 

smoothens out irregularities in the surface of the grains and increases smoothness in grains. 

The impact of stress on the roundness and solidity of grains are seen by comparing the pre and 

post-compression solidity and roundness distribution curves for grains in Figures 14a-d.  

    

     

0

20

40

60

80

100

0.1 0.3 0.5 0.7 0.9 1.1

C
u

m
u

la
ti

ve
 c

o
u

n
t 

%

Roundness index

Pore roundness for br sample

Pore roundness for gCO2 sample

Pore roundness for gCO2-br sample

Pore roundness for scCO2-br sample

≤ ≤ ≤ ≤ ≤ ≤
a

0

20

40

60

80

100

0.1 0.3 0.5 0.7 0.9 1.1

C
u

m
u

la
ti

ve
 c

o
u

n
t 

%

Roundness index

Pore roundness for br sample

Pore roundness for gCO2  sample

Pore roundness for gCO2-br sample

Pore roundness for scCO2-br sample

≤ ≤ ≤ ≤ ≤ ≤
b

0

20

40

60

80

100

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

C
u

m
u

la
ti

ve
 c

o
u

n
t 

%

Solidity index

Pore solidity for br sample

Pore solidity for gCO2 sample

Pore solidity for gCO2-br sample

Pore solidity for scCO2-br sample

≤ ≤ ≤ ≤ ≤ ≤ ≤ ≤
c

0

20

40

60

80

100

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

C
u

m
u

la
ti

ve
 c

o
u

n
t 

%

Solidity index

Pore solidity for br sample

Pore solidity for gCO2 sample

Pore solidity for gCO2-br sample

Pore solidity for scCO2-br sample

≤≤≤≤≤≤≤≤
d

 
Figure 15: Cumulative count percentage for (a). Roundness distribution of pores for all the 
samples before compression; (b). Roundness distribution of pores for all the samples after 
compression; (c). Solidity distribution of pores for all the samples before compression; (d). 
Solidity distribution of pores for all the samples after compression. 
 
Figures 15a–d and appendix 3-4 show the cumulative percentage for each of the class of 

roundness and solidity of pores before and after compression for all the samples. Before 

compression (Figure 15a), the distribution of pore roundness for all the samples are similar, 

except in the gCO2 sample where the percentage count of pores with roundness index between 

0.39 and 0.66 was slightly different. After compression (Figure 15b), there was similarity in 
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the distribution of pore roundness irrespective of the nature of the saturating fluid. Distribution 

of solidity of pores (Figures 15c) was similar for all the samples before compression. After 

compression, there was also similarity in the distribution of solidity of pore  except in the gCO2 

sample where there was significantly lower percent count of highly smooth pores. This may be 

due to the absence of brine, and this suggests that brine facilitates the smoothening of pores. 

Presence of the different phaseCO2-brine is thought to alter the rock’s micro-fabric subtly. The 

impact of stresses on the solidity and roundness of pores is seen by comparing the pre and post-

compression solidity distribution curves (Figure 15a-d). In a related research, Berrezueta et al., 

(2015) quantified pore network in sandstones under CO2 injection conditions using image 

analysis, and reported changes in the roughness, roundness of pore edges and pore aspect ratio.  

Changes in the fabric of  porous rocks have implications for bulk and transport properties of 

the rocks. Such implications as seen in this research is summarised in Table 5 and discussed in 

section 6.  

 
6 Implication of change in micro-fabric and topology on rock properties and storage 

integrity  

Here, porosity measured from 2D CT images of the different samples and the bulk modulus 

from Peter et al. (2020) as shown in Table 5 was integrated with the changes evaluated in this 

study, to assess the implication of the changes for bulk and transport properties. The bulk 

modulus of all the samples from Peter et al. (2020) was calculated as : 

                              K= Δσ1

Δεvol
 (𝑤ℎ𝑒𝑟𝑒 Δεvol=Δεa +2ΔεL)                                        (3)  

Where εa is the axial strain, εL is the lateral strain, σ1 is the axial stress and εvol is the volumetric 

strain. It was noted that the strain rate and change in the bulk modulus of rocks is affected by 

the phaseCO2-brine that saturates the rock.  

The absolute permeability of the samples was measured using the method proposed by 

Lenormand et al. (2010) and calculated from Darcy’s law illustrating the relationship between 

the flowrate and differential pressure. 

                             

   𝑄 = −
𝑘

µ 
.
𝐴𝛥𝑝

𝐿
                     (4) 
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𝑘 =
QμL

A(ΔP)
                               (5) 

Where Q represents the flow rate (cm3 /s), μ is the dynamic viscosity (cP) of water at 20° C 

(1.0020 cP), A is the cross sectional area (cm2) of the sample embedded in resin disc, ΔP is the 

differential pressure in the direction of flow (atm/cm), L is the length of the sample in the flow 

direction in cm and k is the permeability (Darcy). 

The tortuosity (τ) of a porous rock is a measure of the connectedness of pores and is defined as 

the ratio of the distance between two points along a streamline to the distance along a straight-

line between those points. Tortuosity as shown in Table 5 was calculated from the Kozeny-

Carman equation (equation 6) relating permeability to tortuosity, grain diameter and porosity 

(Lala, 2018). 

                                              

𝐾 =
Ø3 × 𝑑2

72(1 − Ø)2𝜏2
                    6 

Where the porosity (Ø) is the average porosities calculated from the weight difference between 

the dry and wet core samples for each sample (Table 1), the permeability (K) measured for 

each sample (Table 5) and the diameter of the grain (d) is taken as 0.0223 cm (measured from 

image analysis). 

Table 5: Porosity, Permeability, Tortuosity and Bulk modulus of all the samples measured 
before and after compression. 

Sample ID br gCO2-br scCO2-br gCO2 

Porosity before compression (%) 29.3 27.4 26.3 31.0 

Porosity after compression (%) 26.7 8.2 19.5 27.9 

% change in porosity after compression 8.9 70.1 25.9 10 

Permeability before compression (Darcy) 1.76 1.27 1.24 1.80 

Permeability after compression (Darcy) 0.10 0.10 0.90 1.25 

% Change in permeability after compression 94 92 27 31 

Tortuosity before compression 12.72 9.82 10.66 12.86 

Tortuosity after compression 3.03 2.75 9.09 10.72 

%  change in tortuosity after compression 76.2 72.0 16.6 14.7 

K (GPa) from static fatigue test 1.1 0.9 0.8 0.9 

The variation in the percent weight of silicon, carbon and oxygen in the CO2-containing 

samples compared to the brine sample indicates chemical action of stress corrosion on the rock 

minerals. The transport and geomechanic properties in Table 5 also varies according to 
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samples.  This indicates that stress corrosion leads to change in transport and geomechanic 

properties of rocks  

From Table 5, the porosity of the brine sample before compression was 29.3%, the porosity of 

the gCO2-br and scCO2-br samples are lower. After compression, the porosity of the brine 

sample was 26.7%, the porosity of the gCO2-br and scCO2-br samples are lower. The fact that 

the porosity of all the samples that contains CO2 and brine are lower than the porosity of the 

sample that contains brine demonstrates the effect of the different phaseCO2-brine and stress 

on the porosity of the rocks. Hu et al., (2017) explained that dissolution and precipitation of 

fines are the processes that could lead to change in porosity in fluid-saturated rock materials. 

Therefore, the reduction of porosity in the gCO2-br and scCO2-br samples is seen as a sum total 

of clogging by clay precipitates and compression.  The scCO2-br sample have the most of this 

clogging from precipitates because it had the lowest porosity before compression. This implies 

that a shallow saline reservoir that contains scCO2 will have a higher change in porosity and 

permeability compared to gaseous phase CO2. 

Table 5 shows reduction in porosity of all the samples reduced after compression. However, 

the reduction in porosity after compression is seen to vary with samples. For example, the 

gCO2-br sample has the greatest reduction in porosity (70.1%) while the lowest reduction is 

seen in the brine saturated sample (8.9%). This shows that the effect of the pore fluid on the 

porosity of the rock varies according to the phaseCO2-brine. This effect is seen to be higher 

when CO2 and brine are combined but highest in gCO2-br sample. This implies that a deep 

saline reservoir that contains gCO2 will have a higher change in porosity and permeability 

compared to supercritical phase CO2. 

The changes in topology and micro-fabric affected the permeability of the rocks. Permeability 

of all the samples were seen to increase after saturation (before compression) compared to the 

permeability of the original dry sample.  Agreeably, Li et al., (2019) had observed that micro-

cracks created by fluid-rock interaction alters the permeability of rocks. Also, Hu et al., (2017) 

had reported that stress reduces permeability by pore compaction. Here, the permeability of the 

samples are seen to reduce due to stress, however, the different phaseCO2-brine reaction with 

the rock also affected the reduction in permeability by precipitation of fines that clogs the pores.  

It is known that permeability is dependent on porosity, grain size, and pore network tortuosity. 

From Table 5, the brine sample showed the highest reduction in permeability (94%) despite 

having the lowest reduction in porosity (8.9%). This therefore suggests that the tortuosity of 
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the pores (controlled by shape, solidity, and roundness of the pore) had a greater effect on the 

permeability than the porosity. For instance, in the case of the brine saturated sample, the 

change in shape, solidity and roundness of the pores are thought to be such that compression 

causes the most reduction in the tortuosity of the pores and explains the high reduction in 

permeability compared to other samples. Furthermore, a comparison of alterations in porosity 

and permeability of the different rock samples shows how shape, solidity and roundness of 

pores controls permeability and how the changes in these parameters are sensitive to the 

phaseCO2-brine. These exemplifies the implication of different phaseCO2-brine on the storage 

integrity and transport properties of the reservoir rocks.  

Klein et al. (2001) and Foroutan et al. (2020) explained that factors that affect changes in 

properties of rock in a flooding situation are mineralogy, nature of the fluid, and grain size. 

The scale of change in permeability is affected by grain size amongst others, while the nature 

of change in permeability (whether reduction or increment) is affected by the mineralogy and 

nature of the fluid. In this research, permeability is a dependent variable. This research looks 

at change in properties as a function of phaseCO2-brine and mineralogy. So, if a rock with 

different permeability is used, there will be a change in scale but the nature of the change in 

properties remains the same. 

7 Conclusions   
 

 Microscopic image analysis has been applied to provide evidence of changes in, micro-fabric, 

topology of minerals and elemental composition in saline rocks resulting from different 

phaseCO2-br that can exist in a saline CO2 storage reservoir, highlighting their implication for 

storage and properties of the rock. The following conclusions are made: 

.  

• This research shows that the change in micro-fabrics and topology of saline rocks is 

linked to the composition of the rock. 

• Change in micro-fabric and topology through grain crushing, grain agglomeration, and 

pore compaction is caused by stress, but such change is affected by the nature of the pore 

fluid.  

• After saturation, the topology of mineral scale features is seen to be most altered in the 

scCO2-br sample while the topology of mineral scale features in the gCO2-br saturated 

samples is the most altered after compression.  
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• Alteration of porosity after compression depends on the phaseCO2-brine. gCO2-br 

sample showed the highest reduction of 70.1% after compression. 

• The porosity of the samples after saturation are seen to vary (26.3%-31%). gCO2-br and 

scCO2-br shows lowest porosity and suggests that there was precipitation of clays that 

clogged the pores and reduced porosity in the scCO2-br and gCO2-br samples. The 

reduction in porosity by clogging of pores was highest in the scCO2-br sample.  

• Change in elemental composition in rock minerals in CO2-brine-rock system depends on 

the reactivity of the minerals with CO2 and/or brine. Presence of brine accelerates such 

changes. 

• Carbon, Oxygen and Silicon can be used as index elements for chemical changes in a 

CO2-brine system. 

• Rounding and smoothening of grains as well as smoothening of pores increased after 

compression while the rounding of pores decreased. 

• Longer CO2 exposure time will be conducted in future to evaluate the impact of longer 

time exposure on the rock properties. 
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