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Abstract 

Geologic carbon storage projects aim to permanently trap large volumes of CO2 in reservoir 

rock sealed with low permeability layers. As high-pressure supercritical or liquid CO2 is 

injected, hydromechanical and chemical processes caused by the reaction between the rock 

and acidic mixture of brine and CO2 are initiated. The compressibility of reservoir rock needs 

to be properly characterized in order to assess the deformation and stability of the host 

formations, and there are a number of factors to be considered, including the matrix structure, 

solid, pores, and fluid. This study triggers from a fundamental question of whether CO2 

treatment affects the compressibility of the rock matrix and its dominant composing solid 
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minerals. Three different reservoir representatives are selected: Berea sandstone for silica-

rich rock, and Apulian limestone and Indiana limestone for calcite-rich rock. Quartz and 

calcite are the main composing minerals of the reservoir rock, and their crystals are 

separately examined. Experimental methods are introduced for high-pressure CO2 treatment 

of water-saturated materials, and measurements of the unjacketed and solid compressibilities 

are conducted. No change in the solid compressibility of the sandstone and quartz after CO2 

treatment is observed, whereas it increases by 18-21% for the limestones and by 15% for 

calcite. The latter observation is inconsistent with the ultrasonic wave velocities 

measurements and is believed to be due to the local dissolution of the calcite crystal surface. 

The results show that only the solid matrix of the limestones becomes more compressible 

after CO2 treatment. Consequent microimaging and mercury intrusion porosimetry analyses 

allowed observations of dissolution and precipitation of calcite, and new connected and non-

connected pores, respectively. Finally, the changes in limestone solid compressibilities and 

pore structure could significantly affect the rock properties and behavior during and after CO2 

injection and should be accounted for in the reservoir models.  

1. Introduction 

The increasing global demand for energy has been elevating the inevitable consumption of 

fossil fuels that generates an enormous amount of greenhouse gases such as CO2.
1
 The 

emission of these byproducts into the atmosphere has been reported for their negative effects 

on the environment, particularly focused on the climate change.
2
 As an effort to reduce the 

atmospheric emission of the anthropogenic CO2, geologic carbon storage (GCS) has been 

introduced as a promising method by permanently isolating CO2 in the subsurface reservoirs.
3
 

The reservoirs should be relatively highly porous and permeable and be confined by the low-
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permeable sealing layers on the top (caprock) and bottom (basement rock) to permanently 

trap the CO2 underground.
4
 

As high-pressure CO2 is injected into the reservoir, usually in the liquid or supercritical state, 

it induces the changes of the stress state, pore pressure, and temperature.
5
 These coupled 

processes result in the deformation of the host formation and may affect its compressibility.
6,7

 

The deformation of porous media is dependent on the compressibilities of its elements, such 

as the bulk framework, pores, solid matrix, and pore fluid.
8,9

 Therefore, evaluation of these 

parameters becomes essential for successful implementation of geo-engineering projects. 

For porous rock, the compressibility of the rock matrix is peculiarly important, since it solely 

provides an understanding of the volume response of the rock frame.
10

 This pressure-

independent material property can be measured under the unjacketed boundary condition, 

where the change in the total mean stress P is equal to the change in the pore pressure p
f
 (P 

= p
f
).

11
 With the measurements of the volume response, the unjacketed bulk modulus Ks' 

can be defined as: 

f
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where V is the volume of the representative element volume. Also, for the solid components 

of the porous rock occupying the volume Vs, the bulk modulus Ks can be written as: 
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Ideal porous medium is introduced as a microscopically isotropic and homogeneous material 

with all the pore spaces interconnected.
12

 Considering that a porous medium consists of solid 

grains that form the rock matrix, these two components deform in an identical proportion, 

thus resulting in equal bulk responses (Ks = Ks').
13

 However, the bulk moduli of the solid and 

the matrix can differ under conditions where the material is microscopically inhomogeneous 

(e.g., consisting of several minerals with different compressibilities) or contains non-

connected or occluded pores.
10

 Additionally, while it was sometimes reported that the 

unjacketed bulk modulus could be a function of applied stress
14-16

, it is generally accepted 

that if the tested rock is fully saturated and the appropriate diffusion times for pore fluid 

pressure are considered, Ks' should not depend on the level of the applied total and effective 

mean stress
10,17-19

. 

Besides the poroelastic response, a chemical interaction between the rock, brine, and CO2 

may occur, which has long been generating a considerable interest for researchers related to 

its effect on the hydromechanical behavior of geomaterials. The geological formations 

targeted for GCS are usually deep saline aquifers with capacities of thousands of megatons 

that are mostly composed of silica-rich (sandstone) or calcite-rich (dolomite and limestone) 

rock.
20

 The previous laboratory studies on the effect of CO2 treatment on reservoir rock were 

usually limited in time (days to weeks) and mainly focused on observing and describing 

carbonate dissolution.
4,21,22

 A number of measurements of geomechanical properties and the 

ultrasonic wave velocities showed that for carbonate-rich rock, the acidic mixture of CO2 and 

brine would affect the internal structure in terms of strength and compressibility, also 

increasing the materials’ porosity and permeability.
23-28

 Some other tests reported minor 

influences on rock properties due to the carbonate buffering effect on the pH – dissolved 

calcite in positively charged pore fluid that stabilized its acidity.
29,30

 Many studies on silica-

rich rock also rindicated minor to no effect on compressibility and porosity when scCO2 or 
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CO2-rich water were injected.
31-34

 However, there were examples of (mainly carbonate-

cemented) sandstones where the material properties altered
35,36

 or enhanced
37

 after the CO2 

treatment. The mineralogical composition and testing conditions influenced the results of 

CO2 treatment and showed that these could significantly differ from those observed in the 

field considering the time and length scales of large-scale projects.
22

 

Understanding the effect of chemical reactions on the solid mineral properties could also be 

essential for the assessment of the impact of CO2 treatment. Putnis
38,39

 came to a conclusion 

that the mineral replacement reaction mechanisms are ruled by the equilibrium energy, and 

the re-equilibrium induces dissolution or precipitation. Moreover, it was shown that the 

reaction highly depends on the existence of the fluid phase with free energy. Nakamura and 

Watson
40

 introduced the recrystallization and coarsening of minerals with silica-saturated 

fluid by adopting the dissolution-precipitation mechanism. The study showed that a new 

porosity can be generated by dissolution of silica in the fluid phase, and that it highly depends 

on its pressure and temperature. The dissolution and precipitation on calcite surfaces from 

calcareous solutions involve the CO2-water system and can be characterized by rate-

dependent processes for the conversion of CO2 into HCO3
-
, that are a function of CO2 

pressure, temperature, and pH.
41

 Plummer et al.
42

 conducted various experiments on the 

dissolution of calcite and presented that under constant CO2 pressure and temperature, the 

dissolution rate decreased gradually until it reached equilibrium and the pH of the fluid 

became constant. 

Several studies were conducted on assessing the compressibility of the minerals constituting 

the reservoir rock.
43-50

 Bridgman
44

 proposed a method to measure the deformation of solid 

minerals by applying hydrostatic pressure to the specimens in the piston-cylinder apparatus. 

The bulk moduli for quartz and calcite were calculated as 35.7 GPa and 75.2 GPa, 
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respectively.
45

 Advanced technologies provided innovative methods to measure the 

compressibilities of these minerals, using dynamic ultrasonic waves or X-ray diffraction.
46

 

McSkimin et al.
47

 reported the ultrasonic wave velocities of single-crystal quartz adopting the 

pulse superposition method and calculated the bulk modulus as 37.1 GPa. Kaga
48

 utilized the 

improved pulse-superposition method for sound velocities and evaluated the bulk modulus of 

calcite as 71.6 GPa at room temperature. The mechanical response of calcite at elevated 

pressures was also studied by Redfern and Angel
49

 with the X-ray diffraction technique, 

reporting the bulk modulus as 73.5 GPa from the linear and volume compressibilities. In 

summary, the bulk moduli for quartz and calcite are reported to be 37 GPa and 64-77 GPa, 

respectively, and they are generally recognized as material properties that are assumed to be 

constant 
50-52

. 

An essential question then arises on how the compressibilities of the rock matrix and the 

composing minerals are affected by CO2 injection into water-saturated media. In this study, 

we measure the compressibilities of water-saturated reservoir rocks and their constituent solid 

minerals with different approaches to observe the influence of CO2 treatment. Berea 

sandstone, Apulian limestone, and Indiana limestone are selected as the representative 

reservoir materials, while quartz and calcite crystals are tested as the dominant minerals 

forming sandstones and limestones, respectively (Fig 1). Hydrostatic compression tests are 

conducted to characterize the bulk response of the rocks and minerals, P- and S-wave 

velocities are measured to observe the dynamic material properties, and by using the 

environmental scanning electron microscope (ESEM), high-resolution images of the reservoir 

rock and the composing solid minerals are obtained for both pristine and CO2 treated 

samples. Also, changes in the pore structure of the rocks are accurately examined using the 

mercury intrusion porosimetry (MIP) technique. 
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Figure 1. Schematic illustration of the geologic carbon storage system (GCS) and the types of 

reservoir rocks with their dominantly composing minerals. 

 

2. Experimental methods 

2.1 Material 

Sandstone (silica-rich rock) and limestone (carbonate-rich rock) are the two common types of 

sedimentary formations that can possibly serve as the reservoir material for CO2 storage. In 

this study, three different rock formations are considered: Berea sandstone, Apulian 

limestone, and Indiana limestone. 

Berea sandstone is a light gray colored, fine-grained sandstone, formed in the late Devonian 

period. Located between the Bedford/Ohio shale and Sunbury shale, Berea sandstone served 

as a host rock for oil and natural gas
53 

with the permeability reported to be on the order of 10
-

13
 m

2
.
31

 The material tested is mainly composed of quartz (~85%), with small inclusions of 

kaolinite, K-feldspar, and muscovite. 
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Apulian limestone is a pale orange-colored, glauconitic fossiliferous limestone that consists 

of mostly calcite (95-98%), with minor portions of plagioclase, glauconite, and iron oxide. 

Allochems, which are fragmental calcitic foraminifera in the size of 0.05-1 mm, support the 

matrix of the limestone with cementation of calcitic mud (micrite). The permeability is 

measured to be on the order of 10
-15

 m
2
.
24

 

Indiana limestone is a gray and buff-colored, Mississippian age rock. Like most of the 

limestones, it is dominantly formed with calcite (97%), with small traces of quartz, aluminum 

oxide, and sulfur. Its permeability is ~10
-14

 m
2
.
10

 Indiana limestone is also known as a 

freestone, which indicates that no preferential splitting direction exists, providing an 

advantage in utilizing the material for buildings and public structures.
54

 

Quartz and calcite are selected for this study as the major minerals forming the considered 

two types of reservoir rock. Quartz is the most abundant mineral found on the Earth’s 

surface, also the major component of sandstone, where the chemical compound consists of 

one part of silicon and two parts of oxygen (SiO2) with a hexagonal crystal system.
55

 It is 

well known for its high resistance to both mechanical and chemical weathering and makes it 

a durable material that can be used for countless applications.
56,57

 Calcite is the most stable 

polymorph of calcium carbonate (CaCO3), which is the principal constituent of limestones. 

The structure can be described as a rhombohedral system with cleavages in three directions. 

Calcite can be disintegrated by acid generated from the dissolution of CO2 in water (H2O).
58

  

2.2 CO2 treatment 

2.2.1 Core flooding experiments 

For reservoir rock, a core flooding device is used to simulate high-pressure conditions and 

inject liquid CO2 into the water-saturated cylindrical specimens with a diameter of 50.8 mm 
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(2 inch) and length of 101.6 mm (4 inch). With the viton rubber sleeve covering the specimen 

and two pore pressure platens at each end, the sample is installed in the steel core holder and 

fixed in the axial direction with steel spacers. Stigma 500/700 controller from Sanchez 

Technologies (70 MPa capacity) is utilized for application of the confining pressure with 

silicon oil on the rubber sleeve in the circumferential direction of the specimen. For 

application of the pore pressure, Teledyne Isco syringe pumps with a capacity of 37.5 MPa 

are installed at the upstream and downstream channels, while another Teledyne Isco pump is 

connected to the upstream for CO2 injection. De-ionized water is selected as the pore fluid to 

solely observe the chemical effect of the mixture of CO2 and water on the rock response. Two 

external Honeywell pressure transducers with a capacity of 34.5 MPa are installed between 

the specimen and the valves that are connected to the pumps, which allow measurements of 

the pore pressure during the flow tests and under the undrained condition when the valves are 

closed. Teledyne Isco syringe pumps and Stigma controller have an accuracy of 0.5% of their 

capacity, while the pressure transducers perform with a 0.1% accuracy.  

Biot poroelasticity
8
 assumes full saturation of a porous media, which also needs to be assured 

before any CO2 injection. It is achieved using the back-pressure saturation technique, where 

the applied back pressure is gradually increased and the changes in pore pressure due to the 

applied mean stress are measured at each step under the undrained condition.
7,59

 If the 

effective mean stress P' (P' = P – p
f
) is maintained to be constant during the process, the full 

saturation is assumed when the value of the undrained pore pressure increment becomes 

constant at a few constitutive back pressure steps.
 

After reaching full saturation with only water, CO2 is injected into the reservoir rock 

specimens in a liquid state at ambient temperature (22 °C). Under 12 MPa total mean stress 

and 6.7 MPa pore pressure, 40-50mL of liquid CO2 at 7 MPa are injected from the upstream, 
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whereas the downstream valve is kept closed. After that, the upstream valve is closed and the 

pore pressure readings from the transducers show that the pore pressure gradually drops to 

that of the boundary state of liquid and gaseous CO2 (6.2 MPa). Therefore, to maintain the 

CO2 in the liquid state, supplementary CO2 is injected daily from the upstream at a pressure 

of 7 MPa. The continuous flow experiments are not possible with the setup; however, it 

allows observing different effects at upstream and downstream sides of the tested specimens. 

Few studies showed that as the treatment time for CO2 increases, its effect on different 

properties of rock also enhances.
60,61

 For consistency, we select 21 days as a sufficient time 

for CO2 treatment. However, for Apulian limestone the treatment time is reduced to 3 days in 

order to avoid excessive chemical degradation and introduce a controlled process, 

considering the materials’ high reactivity with the acidic water-CO2 mixture.
24,25

 The main 

advantage of utilizing the core flooding device for CO2 treatment is the possibility of testing 

rock under elevated effective mean stress in contrast to experiments where specimens are just 

submerged into a mixture of CO2 and water. 

 

2.2.2 High-pressure CO2 treatment 

Preparation of perfectly shaped cylinders from the mineral samples is a complicated and 

expensive procedure, so they were not tested in the core flooding device. Instead, a high-

pressure vessel is utilized for the CO2 treatment of quartz and calcite crystals. It consists of a 

steel chamber with a pressure gauge and a plastic beaker that fits in the vessel where the 

specimen of any shape is located. The specimen is then submerged in de-ionized water and 

consequently, CO2 is injected into the perfectly sealed steel vessel at a pressure of 7 MPa and 

temperature of 22 °C. The injection is conducted until equilibration of the pressure is reached, 

considering the dissolution of CO2 in water. The specimens are submerged in 150 mL of de-
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ionized water located in the inner liner beaker (D = 57 mm and L = 140 mm) of the vessel. 

Considering the solubility of CO2 in water (the ratio of the solute mass to the solvent mass) 

being 0.06 at adopted pressure and temperature
62,63

, the dissolved mass of CO2 is 

approximately 9 g or 11.7 mL of liquid CO2 at 7 MPa. It is to be noted that only the dissolved 

amount of CO2 can be estimated, while the total injected volume was not recorded but is 

expected to be larger. 

After the injection, the valve to the vessel is closed and CO2 treatment is conducted for 21 

days, an identical time for treatment of the reservoir rocks in the core flooding device. 

Previous studies showed that the dissolution of CO2 into water occurs rapidly at the 

beginning of the injection process under the tested pressure conditions, while the process 

slows down and stops after reaching the maximum solubility within 2-3 hours.
62

 Thus, it 

assumed for the tests perfomed in both devices that the solubility of 0.06 has been reached 

and represented a similar testing condition, while the only difference is the non-zero effective 

mean stress applied in the core flooding device. Besides the mineral crystals, another 

prismatic Berea sandstone specimen is treated in the high-pressure vessel. By comparing the 

two CO2 treatment methods, the effect of the testing condition (confined vs unconfined) on 

the rock properties is investigated. 

 

2.3 Hydrostatic compression test 

The hydrostatic compression cell is adopted in this study to measure the unjacketed and solid 

bulk response of the reservoir rock and minerals, respectively. Teledyne Isco syringe pump 

with a 51.7 MPa capacity is connected to the hydrostatic cell and utilizes hydraulic oil as the 

pressurizing fluid for rock specimens located inside the cell. As pressure increases, the 

deformation of the specimen is measured by the resistive strain gauges installed on the 
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surface of the sample. For the unjacketed condition, no membrane is sealing the specimens, 

and the increase in the confining pressure eventually becomes equal to the increase in the 

pore pressure as the fluid intrudes into the pores (P = p
f
). On the other hand, the mineral 

crystals do not have any internal pores and the solid bulk response can be measured with the 

same procedure as the hydrostatic unjacketed modulus. 

For each reservoir rock representative, two prismatic specimens (approximately 50 × 40 × 40 

mm) are prepared from the cylindrical samples: one pristine and another one after CO2 

treatment in the core flooding device. Considering the high reactivity of calcite-rich rock, the 

upstream and downstream parts of the CO2 treated limestones are separately tested to observe 

if the different boundary conditions during the treatment process affected its compressibility. 

A few sets of mutually perpendicular strain gauges (CEA-06-250 UN-120, Micro 

Measurements, USA) are installed on the surface of the reservoir rock specimens with epoxy 

adhesive M-bond AE-10 (Micro measurements, USA), and the bulk volume strain can be 

calculated as the sum of the three normal strains (v = xx + yy + zz). The axes directions are 

chosen in no preferential direction for the limestones that appeared to be isotropic, and the 

direction of the z-axis is perpendicular to the apparent bedding planes for Berea sandstone. 

For minerals, specimens containing smooth surfaces are selected for strain gauge installation 

for both pristine and CO2 treated samples, with their shape not being perfectly prismatic. 

Thus, the installed strain gauges are positioned in three different directions that are not 

exactly perpendicular to each other. For quartz, the strain gauges are installed at (0˚, 0˚, 0˚), 

(30˚, 0˚, 30˚), and (60˚, 30˚, 0˚) degrees, with the relative angles (a,b,c) measured 

from each strain gauges that are aligned with a, b, c axes, respectively. For calcite, due to the 

clear cleavage of the specimen where the angle is 78˚/102˚, the strain gauges are installed 

parallel to the cleavage direction (x', y', z'). The strain gauge responses for minerals under 

hydrostatic compression show that all strain measurements are almost identical for each 
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material, indicating that the tested minerals are isotropic. Therefore, the solid volume strain is 

calculated by adding three strain gauge values measured in different directions (v = a + b + 

c or v = x' + y' + z'). 

For all materials, the loading-unloading cycle is conducted up to 50 MPa, and the data is 

recorded at every 2 MPa step. At every step, the equilibration between the confining pressure 

and the pore pressure (P = p
f
) is required to guarantee the unjacketed boundary condition. 

The equilibration time depends on the diffusivity of the material, which is a function of 

permeability, fluid viscosity, and the compressibility of the rock and the pore fluid. The 

diffusion coefficient c of the oil-saturated reservoir rock is estimated to be on the order of 10
-

2
 m

2
/s for Berea sandstone, 10

-4
 m

2
/s for Apulian limestone, and 10

-3
 m

2
/s for Indiana 

limestone.
10

 Considering the drainage distance in the specimens being Hdr = 20 mm, the 

characteristic time tchar for the pore fluid diffusion is on the order of Hdr
 2

/c meaning that it 

does not exceed 10 seconds for any of the tested rock. To guarantee the efficient drainage of 

the pore fluid, 10 minutes were taken between each stage of unjacketed loading and 

unloading. Based on the pore size distribution, full saturation with oil in the hydrostatic 

compression tests is guaranteed to be achieved at 15 MPa for Berea sandstone, 20 MPa for 

Apulian limestone, and 50 MPa for Indiana limestone.
10

 As the volume strain and the 

hydrostatic pressure are recorded during the experiment, the unjacketed bulk modulus Ks' and 

solid bulk modulus Ks can be calculated. 

 

2.4 Ultrasonic wave velocities 

Measurements of compressional (P-wave) and shear (S-wave) velocities (Vp and Vs) are 

conducted for reservoir rock specimens and mineral crystals before and after CO2 treatment. 

The data acquisition system is comprised of the ultrasound pulse receiver (Olympus 
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5077PR), the digital oscilloscope (Tektronix TBS1064), and ultrasonic transducers 

generating P- and S-waves (General Electric Alpha 2.25 MHz and Panametrics V154 2.25 

MHz). The transducers are located on the smooth sample surfaces, and a couplant is applied 

between the sample and the transducer.  An ultrasonic pulse is generated from the 

transmitting transducer by a negative step function excitation (200V) and is received at the 

other transducer. The signal is then digitized with 8-bit dynamic range resolution with a 

frequency of 10 MHz and signal duration of 0.25 ms. Consequently, depending on the 

arriving signal, it is amplified with a gain level of 20-30 dB. Ultrasonic velocity 

measurements are repeated for 2-3 samples several times to assure their accuracy and 

consistency, and the results are reported based on the first arrival time of the signal and the 

shortest wave path length. 

Measurements of the P- and S-wave velocities (Vp and Vs) allow determination of the 

dynamic properties assuming that the material is linearly elastic and homogeneous. The bulk 

modulus K can then be calculated with the knowledge of the bulk density of the material 

bulk:
50

 

 2 24 3bulk p sK V V                                                                                                                                              

(3) 

 

2.5 Mercury intrusion porosimetry 

Measurements of porosity and evaluation of the pore size distribution are conducted with 

Quantachrome Poremaster 60 using the mercury intrusion porosimetry (MIP) technique. With 

the low- and high-pressure chambers, the device allows for pressure generation up to 413.7 

MPa and forces mercury to penetrate the rock pores while accurately measuring the injected 
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volume. As the pressure increases, the interconnected pores from larger to smaller sizes get 

intruded and then the extrusion is performed during the unloading procedure. Due to the high 

cohesive forces within liquid mercury, it does not spontaneously enter the pores until it is 

forced up to a certain pressure, which can be expressed as a function of the pore throat 

diameter d, contact angle , and the surface tension  of liquid mercury in contact with its 

own vapor, adopting the Young-Laplace equation: 

4 cosHgp
d

 
                                                                                                                                   

(4) 

As the increase in the volume of the intruded mercury is measured with each applied step in 

pressure, the pore size distribution can be assessed. For this study, the intrusion data is 

selected. Measuring the weight of the dry sample and the sample in the cell filled with 

mercury at ambient pressure allows accurate determination of its bulk volume Vbulk.  Then, 

with the recorded volume of intruded mercury into the pores, the interconnected porosity  

can be accurately calculated using the measured values of the rock’s bulk density bulk. 

The specimens for this study are prepared to be approximately 1.0 gram in mass that would 

fit into the sample cell. Considering the potential inhomogeneity of the samples and 

measurement errors, several pieces of each material are tested together, and each test is 

duplicated. The mercury has a contact angle of 140°, a surface tension of 480.0 erg/cm
2
, and 

a density of 13.54 g/cm
3
 at room temperature (22 °C). All experimental methods utilized in 

this study are illustrated in Figure 2, including the scanning electron microscopy (ESEM) that 

is introduced in the discussion session. 
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Figure 2. Sketch of the experimental methods and the samples instrumented for this study.  

 

3. Results 

3.1 Reservoir rock – unjacketed bulk response 

Unjacketed hydrostatic compression tests are conducted on the reservoir rock to accurately 

measure the properties of its matrix before and after CO2 injection. Additionally, for Berea 

sandstone, the effect of CO2 treatment method is compared for the confined specimens tested 

in the core flooding device and the unconfined specimens tested in the high-pressure vessel. 

Considering the high reactivity of limestones with acidic fluid and how the CO2 injection 

process is performed, limestone specimens are prepared from each side (upstream and 

downstream) of the treated cores. The loading-unloading procedure to 50 MPa hydrostatic 

pressure is repeated twice to assure reproducibility of the results. For all materials, the test 

results from the unjacketed hydrostatic compression tests in terms of the directional (normal) 

strains exhibit a linear response, and the unloading data is selected to be presented (Figs 3-5). 
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The data for Berea sandstone indicates an anisotropy in the solid matrix, where the normal 

strain in the z-direction (perpendicular to the bedding planes) is 15-20% larger than these in 

the other two directions for pristine and two CO2 treated specimens. These three specimens 

appear to have the same unjacketed compressibility, implying the effect of CO2 treatment and 

the method how it is performed do not affect the matrix response. For Apulian limestone, 

small differences exist in the initial slopes of the normal strains, but eventually become 

identical implying isotropy. The CO2 treatment causes 20% increase in the normal strains for 

both the upstream and downstream specimens. Indiana limestone also shows an isotropic 

response for both pristine and CO2 treated specimens, where for the latter the normal strains 

are 18% larger meaning the increased compressibilities for both the upstream and 

downstream parts. 
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Figure 3. Results of the unjacketed hydrostatic compression tests for Berea sandstone 

specimens: a) pristine, b) CO2 core flooding treated, and c) CO2 batch treated. 
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Figure 4. Results of the unjacketed hydrostatic compression tests for Apulian limestone 

specimens: a) pristine, b) CO2 treated - upstream, and c) CO2 treated – downstream. 
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Figure 5. Results of the unjacketed hydrostatic compression tests for Indiana limestone 

specimens: a) pristine, b) CO2 treated - upstream, and c) CO2 treated – downstream. 

3.2 Minerals – solid bulk response 

The same experimental procedure utilized to determine the unjacketed bulk response of the 

reservoir rock also provides measurements of the solid bulk moduli of quartz and calcite. The 

hydrostatic loading-unloading procedures up to 50 MPa are performed twice to ensure the 

repeatability of the test data.The results from the hydrostatic compression tests on the pristine 

and CO2 treated minerals are introduced in Figs 6 and 7. The directions of the installed strain 

gauges are considered, where the angles to the coordinate system (x, y, z) are 0°, 40°, 20° for 
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quartz and 0°, 15°, 15° for calcite, though it does not affect the results since for both quartz 

and calcite, the three different strain measurements show an identical (isotropic) response 

before and after CO2 treatment. The effect of CO2 treatment is negligible for quartz, while for 

calcite, the directional strains measured on the surface of the crystal appear to increase by 

15% compared to the pristine case. 

  

Figure 6. Hydrostatic compression data for quartz crystals: a) pristine and b) CO2 treated. 

  

Figure 7. Hydrostatic compression data for calcite crystals: a) pristine and b) CO2 treated. 

 

3.3 Ultrasonic wave velocities 
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Measurements of the P- and S-wave velocities are conducted before and after CO2 treatment 

on dry mineral samples. For quartz, the P- and S-wave velocities are measured to be similar 

(within ±0.02 km/s) before and after the treatment (Vp = 5.72 km/s and Vs = 3.68 km/s) 

meaning that the solid bulk modulus (dynamic) remains unchaned: K = 39 GPa. For calcite, 

both P- and S- wave velocities are measured to slightly decrease after CO2 treatment: Vp = 

6.64 km/s and Vs = 3.56 km/s for pristine specimen and Vp = 6.62 km/s and Vs = 3.54 km/s for 

CO2 treated specimen. This results in a small decrease in calcite bulk modulus from 73.7 GPa 

to 73.5 GPa, indicating that no significant effect of CO2 treatment is observed for both 

mineral crystals.  

 

4. Discussion 

The matrix and solid deformations of reservoir rocks and its main composing minerals are 

measured in the hydrostatic compression tests. Observed linear responses indicated constant 

unjacketed moduli for the rock and constant solid moduli for the minerals (Figs 8 and 9). 

Three different specimens of Berea sandstone are examined: pristine, CO2 treated in the core 

flooding device (confined), and CO2 treated in the high-pressure vessel (unconfined) samples. 

For all three silica-rich rock samples, the unjacketed bulk moduli are measured to be 30 GPa, 

indicating no observable effect from the CO2 treatment (Figure 8a), as well as from the 

applied confinement.  

For Apulian limestone, the pristine and CO2 treated specimens are compared, where two 

specimens are prepared from the treated core: one from the upstream side and another one 

from the downstream side. The unjacketed bulk modulus Ks' for pristine Apulian limestone is 

calculated as 42.7 GPa. For the treated specimens, the Ks' values are evaluated as 33.7 GPa 

and 34.7 GPa for the upstream and downstream parts, respectively, meaning that CO2 
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injection decreases the unjacketed bulk modulus of the upstream part by 21% and the 

downstream part by 19% (Figure 8b).  

The values of Ks' for Indiana limestone are measured to be the highest among the tested 

rocks. The CO2 treatment causes a decrease in the unjacketed bulk modulus of the limestone 

from 65.9 GPa to 54.0/55.8 GPa or by 18/15% respectively for the upstream/downstream 

parts (Figure 8c). Hence, despite the difference in the boundary conditions for CO2 injection, 

both the upstream and downstream parts of the limestones become more compressible. Even 

though the compressibility of the upstream part becomes a few percent higher, it can be stated 

that significant amounts of the dissolved CO2 reach the downstream part, and by the end of 

the treatment, dissolved CO2 becomes almost evenly distributed within the specimen. 
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Figure 8. Unjacketed compression test results for pristine and CO2 treated a) Berea sandstone, 

b) Apulian limestone, and c) Indiana limestone. 

The solid bulk moduli are calculated for quartz and calcite, also examining the effect of CO2 

treatment on the compressibility of these minerals. Ks of quartz is measured to be 37.0 GPa 

(Figure 9a), which is in a good agreement with other studies.
10,64,65

 The solid bulk modulus of 

the CO2 treated quartz demonstrates an identical response to the pristine material, meaning 

that the treatment does not affect its compressibility. Alternatively, the surface strain based 

calculation of the bulk moduli of the pristine and CO2 treated calcite specimens showed that 

Ks decreased from 74.0 GPa to 63.2 GPa (Figure 9b), approximately by 15%.  
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Figure 9. Hydrostatic compression test results for pristine and CO2 treated a) quartz and b) 

calcite. 

A possible explanation for the discrepancy between the elastic parameters of the calcite 

calculated from the ultrasonic tests and retrieved from the local strain measurements is the 

effect of acidic CO2-water mixture on the mineral surface, since there are no pores in the 

mineral crystals. We believe that the compressibility of the CO2 treated calcite calculated 

from the hydrostatic compression test is affected by the local chemical effect on the surface 

of the mineral, but the global elastic parameters do not change, which is confirmed by 

ultrasonic velocities measurements.  

Petrographic and microimaging methods have been previously adopted to characterize the 

effect of CO2 injection on the microstructure of subsurface formations.
66-69 

The mineral and 

rock surfaces treated with CO2 indicated the formation of microcracking that increased the 

creep rates in granular aggregates of quartz and feldspar,
67

 salt precipitation and increased 

compressibility in sandstones and carbonates,
68

 and detachment of clay cementation from 

quartz and feldspar grain surfaces in Mt. Simon sandstone and weakening of its rock matrix.
69

 

In order to further explore the effect of CO2 treatment on the reservoir rock and minerals, 
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high-resolution images of the sample surfaces are taken using the environmental scanning 

electron microscope (ESEM) (Figs 9 and 10).  

  

  

  

Figure 10. ESEM images of (a) pristine and (b) CO2 treated Berea sandstone, (c) pristine and 

(d) CO2 treated Apulian limestone, and (e) pristine and (f) CO2 treated Indiana limestone. 
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Figure 11. ESEM images of (a) pristine and (b) CO2 treated quartz and (c) pristine and (d) 

CO2 treated calcite. 

The micro-imaging analysis indicates that for Berea sandstone, no significant effect of CO2 

treatment on the microstructure is observed. However, for Apulian limestone and Indiana 

limestone, there are visible dissolution effects on the surface which result in the generation of 

micropores. Utilization of the EDAX light-element energy-dispersive spectroscopy (EDS) 

allowed for the analysis of more than 10 elements in each image including pores and solid 

matrix. It appears that CO2 treatment decreases the net intensity of Ca by approximately 35% 

but increases the porosity. This implies that the changes in the matrix compressibility of the 

limestones could be due to calcite dissolution and modifications in the matrix structure. 

While the overall increase in Apulian limestone permeability is reported
24

 and the ESEM 

images highlight the increase in porosity, this effect appears to be uniformly distributed 

within the samples and no locally focused wormholes are observed. 
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In addition, no visible pores were created on the mineral surfaces due to CO2 treatment. The 

EDS tests verify that quartz mostly (>99%) consists of SiO2, with minor inclusions of CaCO3 

in a form of small particles that are present on both pristine and treated specimens. Calcite 

specimen is mostly (>99%) CaCO3 with a minor inclusion of SiO2. The treated calcite 

specimen appeared to have the same net intensity of Ca as the pristine one, but indicated 

some signs of surface dissolution without generation of new porosity that supports the 

statement that the compressibility measurements from the strain gauges are affected by the 

local chemical effect, but do not reflect the global bulk behavior of the material.  

For isotropic and homogeneous ideal porous media, it is assumed that the unjacketed bulk 

modulus Ks' is equal to the solid bulk modulus Ks, considering that all pores are fully 

connected. However, despite the dominant proportion of quartz and calcite in sandstones and 

limestones, respectively, measurements of the unjacketed bulk moduli for reservoir rocks 

show a considerable difference between the two moduli (Ks' ≠ Ks): for Berea sandstone, Ks' = 

30.0 GPa and Ks,quartz = 37.0 GPa, while Ks,calcite = 74.0 GPa and Ks' = 42.7 GPa and Ks' = 

65.9 GPa, for Apulian limestone and Indiana limestone, respectively. These differences can 

be explained either by the presence of other minerals with considerably different 

compressibilities (which is not the case for the tested rock) or the presence of 

inhomogeneities such as non-connected or occluded pores.  

The total pore volume consists of the interconnected pore space Vp and the non-connected 

pores Vp'. The total bulk volume V also includes the solid: V = Vs + Vp + Vp'. Thus, the 

interconnected porosity (equation 5) and total porosity (equation 6) can be defined as: 

pV

V
                                                                                                                                                

(5) 
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(6) 

The interconnected porosity  and the bulk density of the sample can be determined from 

MIP. The calculation of the total porosity involves the knowledge of the dry and solid 

densities. Since the dissolution of calcite-rich rock would occur only on the surface that is in 

contact with the acidic fluid, we assume that CO2 treatment does not affect the remaining 

solid density, and refer to the values measured by Tarokh and Makhnenko
10

 (s,Berea = 2.74 

g/cm
3
, s,Apulian = 2.76 g/cm

3
, and s,Indiana = 2.72 g/cm

3
). Therefore, the non-connected 

porosity can be calculated asnt - , where the average values are taken for the measured 

properties. For Berea sandstone, the porosity and density are measured to be almost identical 

for the pristine and CO2 treated samples with  = 21.9% and bulk = 2.05 g/cm
3
. For Apulian 

limestone, the properties of the pristine samples are measured as  = 37.1% and bulk = 1.66 

g/cm
3
, while they changed to  = 39.2% and bulk = 1.58 g/cm

3
 for the treated upstream 

specimen and  = 38.3% and bulk = 1.61 g/cm
3
 for the downstream specimen. The properties 

for Indiana limestone are reported as  = 12.7% and bulk =2.36 g/cm
3
 for pristine samples, 

while it altered after CO2 treatment to  =14.0% and bulk =2.31 g/cm
3
 for upstream specimen 

and  =13.1% and bulk =2.34 g/cm
3
 for the downstream specimen (Table 1).  

With these reported values, the total and non-connected porosities are calculated as t = 

25.1% and n = 3.2% for Berea sandstone, t = 40.0% and n = 2.9% for pristine Apulian 

limestone,t = 42.8 / 41.7% and  n = 3.6 / 3.4% for CO2 treated Apulian limestone 

(upstream/downstream), and t = 13.2% and n = 0.5% for pristine Indiana limestone, which 

changes to t ~ 15.1 / 14.0% and n ~ 1.1 / 0.9% after CO2 treatment. These results indicate 

 21523878, 2021, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ghg.2106 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 
This article is protected by copyright. All rights reserved. 
 

that CO2 treatment does not affect the measured interconnected porosity and the calculated 

total porosity for the sandstone, but causes the increase of those for the limestones (Fig 11). 

Injection of CO2 in water-saturated specimens promotes calcite dissolution and increases the 

fraction of the interconnected pore space, but at the same time generates new non-connected 

pores in the samples due to precipitation. Moreover, the increase in the non-connected 

porosity can also explain the enhanced differences between the solid and unjacketed moduli 

of treated limestones. 

 

 

Figure 12. The total (t), interconnected (), and non-connected (n) porosity changes due to 

CO2 treatment for a) Apulian limestone and b) Indiana limestone. 
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The effective medium models can be utilized to estimate the solid and bulk moduli of the 

tested materials if the properties of composing minerals and pores are known.
70,71

 The 

nonconnected pores can be included in the solid compressibility with the assumption that 

their bulk modulus is equal to the pressure of the air trapped in them (not exceeding 50 MPa) 

and the shear modulus is zero.
10,70

 Without knowing the exact shape of the pores and 

neglecting a slight anisotropy in Berea sandstone’s response, we adopt the isotropic-

generalized Hashin-Shtrikman upper and lower boundaries:
72

 

 ,

max

HS upper

sK G                                                                                                                                             

(7) 

 ,

min

HS lower

sK G                                                                                                                                                           

(8) 

where 

 
 

1

1 4

4 / 3 3s

z z
K r z





 
 

                                                                                                                                  

(9) 

The parenthesis ˂ Q(r) ˃ in equation (9) indicate the volume average of a quantity Q(r). For 

Berea sandstone, the following mineral composition and mineral moduli are utilized for 

calculation:
31,50

 quartz - 87% (Kq = 37.0 GPa, Gq = 31.0 GPa), muscovite - 6% (Km = 58.2 

GPa, Gm = 35.3 GPa), kaolinite – 3% (Kk = 1.5 GPa, Gk = 1.4 GPa), feldspar - 2% (Kf = 56.9 

GPa, Gf = 28.6 GPa), and albite – 2% (Ka = 37.5 GPa, Ga = 15.0 GPa). The upper Hashin-

Shtrikman bound for the solid modulus of the sandstone decreases linearly from 36 GPa with 

the increase in the nonconnected porosity, while the lower boundary decreases drastically 

from 22 GPa and converges to zero (Fig 12a). The measured unjacketed bulk modulus (Ks' = 
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30 GPa) falls within the calculated boundaries, while the “dynamic” bulk modulus calculated 

from the values of P- and S-wave velocities of quartz (Ks,quartz
dyn

 = 39.0 GPa) lies slightly 

above the upper boundary since quartz does not contain the compressible clayey inclusions.  

The following mineral composition and mineral bulk moduli are used for calculating the 

Hashin-Shtrikman boundaries for Apulian limestone:
10

 calcite - 98% (Kc = 74.0 GPa, Gc = 

30.0 GPa), plagioclase -1% (Kp = 56.9 GPa, Gp = 28.6 GPa), and glauconite – 1% (Kg = 59.7 

GPa, Gk = 42.3 GPa) and Indiana limestone:
10

 calcite – 97% and quartz – 3%. The unjacketed 

bulk moduli of pristine and CO2 treated specimens appear to be approximately in the middle 

between the upper and lower boundaries for both limestones (Figs 12b and 12c). The 

dynamic bulk modulus of calcite Ks,calcite
dyn

 = 73.6 GPa is very close to the upper boundary 

for the solid modulus of the limestones since they are dominantly composed (~97-98%) of 

this mineral.  
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Figure 13. The dependence of isotropic-generalized Hashin-Shtrikman bounds for the solid 

bulk moduli from the value of the non-connected porosity and the unjacketed bulk moduli for 

a) Berea sandstone, b) Apulian limestone, and c) Indiana limestone. 

The pore size distribution for the three reservoir rocks is presented in Fig 13. For Berea 

sandstone, it is shown that CO2 treatment has no significant effect on the distribution where 

the dominant pore size is measured as ~ 20 m. For Apulian limestone, the pore size density 

for larger pores (from 2 m to 10 m) increases. The results for Indiana limestone (dominant 

pore size ~1 m) also show that the dominant pore size slightly increases due to CO2 

treatment, but it is less significant compared to Apulian limestone. The tendency of the CO2 

treatment to increase the pore size density in the micron range can be explained by 

dissolution of the calcite-rich rock matrix. These results are in some agreement with the 
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previous studies on carbonates tested under elevated pressures. For different types of 

limestones, the increase in porosity from 2% to 10% due to dissolution caused by high-

pressure CO2 treatment has been reported along with the decrease in elastic moduli from 10 

to 25%.
26,36,73
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Figure 14. Pore size distribution of pristine and CO2 treated a) Berea sandstone, b) Apulian 

limestone, and c) Indiana limestone. 

Utilizing various analyses, this study concludes that CO2 treatment increases the matrix 

(unjacketed) compressibility of limestones due to calcite dissolution and increase in porosity, 

while these for the sandstone remain the same. CO2 injection operations can change the 

elastic properties of the materials and their flow characteristics, which would potentially 

affect the storage capacity of the host rock and CO2 trapping mechanisms.
74,75

 Changes in 

poroelastic parameters would also influence the inelastic
22,24,31,34,35,69

 and viscous
31,61,67,76

 

response of the host formations. Additional hydro-mechanical-chemical simulation studies at 

the reservoir scale are necessary to assess the large-scale implications of carbonate mineral 

dissolution for reservoir and caprock integrity. 

Table 1. Summary of the test data for reservoir rock and minerals for pristine and CO2 treated 

specimens. 

 
Berea 

sandstone 

Apulian limestone Indiana limestone 
Quartz  Calcite 

upstr. downstr. upstr. downstr. 

Dominant mineral  ~85% 95-98% 97% calcite >99% >99% 
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quartz calcite quartz calcite 

Bulk modulus 

[GPa] 

(static) 

Pristine 30.0 42.7 65.9 37.0 74.0 

CO2 

treated 

30.0 

(CF/batch) 
33.7 34.7 54.0 55.8 37.0 63.2 

Porosity 

t 

[%] 

Pristine 

25.1 

40.0 13.2 - - 

CO2 

treated 
42.8 41.7 15.1 14.0 - - 



[%] 

Pristine 

21.9 

37.1 12.7 - - 

CO2 

treated 
39.2 38.3 14.0 13.1 - - 

n

[%] 

Pristine 

3.2 

2.9 0.5 - - 

CO2 

treated 
3.6 3.4 1.1 0.9 - - 

bulk [g/cm
3
] 

Pristine 2.05 1.66 2.36 2.65 2.71 

CO2 

treated 
2.05 1.58 1.61 2.31 2.34 2.65 2.71 

Vp 

[km/s] 

Pristine 

- - - 

5.72 6.64 

CO2 

treated 
5.74 6.62 

Vs 

[km/s] 

Pristine 

- - - 

3.68 3.56 

CO2 

treated 
3.69 3.54 

Bulk modulus 

[GPa] 

(dynamic) 

Pristine 

- - - 

38.9 73.7 

CO2 

treated 
39.2 73.5 
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5. Conclusions 

In this study, the effect of CO2 treatment on the compressibility of the solid matrix of 

reservoir rock and the composing solid minerals are experimentally investigated. Berea 

sandstone, Apulian limestone, and Indiana limestone are selected as the representative 

materials for reservoir rock, while quartz and calcite are the dominant composing minerals. 

As a contrast, another set of 21-days CO2 treated reservoir rock and mineral samples are 

prepared. CO2 injection into water-saturated reservoir rock is conducted in the core flooding 

device to simulate the storage operations at the in-situ conditions, while due to the geometry 

and lattice structure, the minerals are treated in the high-pressure vessel. Hydrostatic 

compression tests are conducted to measure the unjacketed bulk moduli of reservoir rocks 

and solid bulk moduli of the minerals. Based on the local strain measurements, it is shown 

that the CO2-water mixture does not affect the silica-rich rock and quartz in terms of 

compressibility, while for calcite-rich rocks and calcite, the bulk moduli decrease by 15-21%. 

The ultrasonic wave velocity measurements confirm these findings for the silica-rich and 

calcite-rich rocks and quartz, but not for calcite minerals where no change in the elastic 

moduli is observed. Further ESEM images indicate that locally the surfaces of limestones and 

calcite minerals are chemically affected by the CO2-water mixture. While some new 

connected and non-connected pores are created in the limestones, calcite remains to have zero 

porosity, so the global bulk response of the minerals remains unchanged. Finally, CO2 

injection induced dissolution and precipitation of calcite would affect the overall behavior of 

calcite-rich reservoir rock both in terms of its elastic and inelastic response, as well as the 

flow and storage properties.  
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