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pact of CO2 on the
geomechanical and geochemical properties of
different rock types

William Holdbrook Dontoh,a Mubarak M. Alhajeri,b Kim Mews, a Jyun Syung Tsau,a

Robert Goldsteinc and Reza Barati *ac

The interaction between CO2 and water in subsurface environments plays a critical role in altering the

geomechanical properties of rocks, with significant implications for carbon sequestration, reservoir

integrity, and underground storage applications. This study evaluates the impact of CO2-water exposure

on the strength, elasticity, porosity, and mineralogical composition of different rock types, including

sandstone, limestone, dolomite, basalt and shale. Laboratory experiments were conducted to

characterize the initial petrophysical and geomechanical properties of the rock samples before

subjecting them to CO2-saturated water under controlled pressure and temperature conditions. Post-

exposure analyses were performed using nanoindentation SEM-EDS and X-ray diffraction (XRD) to assess

mineralogical and structural changes. The results indicate that CO2-water interaction leads to varying

degrees of mechanical weakening, with carbonate rocks showing significant dissolution effects and

reduced elastic modulus. In contrast, silicate-rich rocks like sandstone exhibited comparatively lower

degradation due to their mineralogical stability. These findings highlight the importance of rock-specific

evaluations in subsurface engineering applications, particularly in optimizing CO2 storage strategies and

ensuring long-term stability. Further studies incorporating extended exposure durations and field-scale

validation are recommended to enhance predictive models for rock behavior in CO2-rich environments.
Introduction

For carbon sequestration, enhanced oil recovery (EOR),
geothermal systems, and natural CO2 reservoirs, CO2 interacts
with the resident aqueous phase and the subsurface rocks. In
carbon storage projects, supercritical CO2 is injected into the
subsurface, where it interacts with minerals and formation
water to produce physicochemical reactions that change over
time.1 Likewise, supercritical CO2 is injected into oil reservoirs
during EOR operations, where it reacts with the surrounding
rock matrix and reservoir uids.2 In geothermal systems, CO2-
bearing uids circulate through fractured formations, creating
complex interactions between gas, water, and minerals.3

CO2 enhanced oil recovery

Enhanced Oil Recovery (EOR) is a method utilized to extract
residual oil from reservoirs usually aer primary and secondary
recovery methods have been applied to produce the oil from
porous rock.4 EOR techniques can increase recovery factors to
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30–60%, compared to 20–40% from primary and secondary
methods.5 By using these techniques, recovery rates are accel-
erated and residual oil in the matrix porosity is reduced.4

Carbon dioxide (CO2) ooding is a proven EOR method that
has been utilized for decades to increase oil production from
mature reservoirs.6 The process results in oil swelling, viscosity
reduction, and miscible displacement, and under ideal
circumstances, it can achieve a displacement efficiency as high
as 100%. Water-rock interactions in CO2-rich environments
during EOR can greatly impact reservoir properties and oil
recovery efficiency. Experimental studies have demonstrated
that injecting CO2-rich uids into limestone and dolomite
reservoirs causes mineral dissolution, especially of calcite,
leading to increased porosity and permeability.7,8 Water salinity,
pressure, displacement type, and injection rate, affect how
severe these reactions are.9 The interactions have the potential
to enhance oil recovery and CO2 storage capacity, but they
may also compromise the integrity of the reservoir's seal.
While high Ca2+ concentrations in formation water can
prevent calcite dissolution, higher CO2 partial pressures accel-
erate the dissolution of minerals like feldspar and carbonate
cements.8 These complex CO2-brine-rock interactions are
crucial for optimization of CO2 sequestration and EOR
processes.10
RSC Adv., 2026, 16, 23945–23962 | 23945
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Geological carbon storage

Carbon Capture and Storage (CCS) is a technology designed to
reduce CO2 emissions from energy-related and industrial
sources in order tomitigate global warming.11 In this procedure,
CO2 is captured, transported, and stored away.12 Storage in
geological storage saline aquifer reservoirs and basalts are
among the main storage techniques.13,14 Like EOR procedures,
carbon capture and storage (CCS) projects depend heavily on
CO2-water-rock interactions, which have an impact on reservoir
characteristics, precipitation, and mineral dissolution. Higher
subsurface temperature accelerates the corrosion of feldspars,
silica, and clay minerals, according to experimental research.15

These interactions can lead to changes in porosity and perme-
ability, potentially enhancing CO2 injectivity in low-
permeability formations.16 Transport processes oen inhibit
the dissolution of fast-reacting minerals, including carbonates,
but slower-reacting minerals may remain out of equilibrium for
prolonged periods of time.17 Temperature, pressure, and brine
salinity are some of the variables that affect reaction rates.16
Rock types in CO2-Brine interactions for subsurface storage
and EOR

In geological and technical applications, basalt, limestone,
dolomite, sandstone, and shale are some of the most
researched rock types due to their properties as storage sinks,
EOR candidates or caprocks. Samples from various rock types
are highlighted in this study in order to evaluate their
mechanical behavior following exposure to CO2-brine.

Firstly, basalt is a ne-grained mac igneous rock that is
mostly made up of olivine, pyroxene, and plagioclase. It is
a stable option for subsurface applications because of its high
strength, porosity, and capability of mineralizing the CO2.3

Three examples of basalts used in this study are Kilbourne Hole
and the Carrizozo Lava Flow, both from New Mexico, and basalt
from the Fagradalsall, Iceland 2021 eruption. These basalts
were chosen because they were relatively young and had little
weathering alteration. Kilbourne Hole is a well-known example
of a maar volcano created by phreatomagmatic explosions, in
the southern New Mexico Potrillo volcanic eld. Carrizozo Lava
Flow is a more recent and effusive basaltic event which is situ-
ated in the Tularosa Basin of New Mexico, northeast of Kil-
bourne Hole. It originated from Little Black Peak some 5000
years ago.18 The Carrizozo Basalt, which was formed by partial
melting of a spinel lherzolite mantle source and shows slight
crystal fractionation, is chemically slightly alkaline to interme-
diate olivine basalt, and again, it is part of the Rio Grande Ri
system. The youngest sample comes from the Fagradalsall
2021 eruption on Iceland's Reykjanes Penninsula, which
resulted from the coinciding mid-Atlantic ridge and Icelandic
plume.19 These basalts are highly vesicular, consisting of
plagioclase, olivine, clinopyroxene, and Cr-Spinel in a glassy
matrix.20 These samples were collected only two years aer the
eruption and are essentially unaltered by weathering processes.
Limestone, a sedimentary rock mostly consisting of calcite
(CaCO3), is widely distributed in carbonate reservoir rocks and
has high reactivity in uid–rock interactions, with large porosity
23946 | RSC Adv., 2026, 16, 23945–23962
changes caused by diagenetic processes.21 The limestone used
in the study is the Mississippian Salem Limestone of Indiana.
Dolomites, like limestones, are carbonate rocks, but made
primarily of the mineral dolomite (CaMg(CO3)2), which is
formed through diagenetic modication of limestone by
magnesium-rich uids. This process, known as dolomitization,
commonly happens in shallow marine areas under evaporitic
circumstances.22 Dolomites are important in both academic
and industrial contexts because of their capacity to maintain
porosity and permeability, making them valuable hydrocarbon
reservoirs. The dolomite sample used in this study is of Silurian
age. Sandstone, another typical sedimentary rock, is composed
of detrital sand-sized particles of predominantly of quartz and
feldspar, with its porosity and permeability largely determined
by the degree of cementation and grain sorting.23 The sample of
sandstone used is Pennsylvanian in age Bandera Sandstone,
from Kansas. Shale or mudrock is a ne-grained, clay- and silt-
rich sedimentary rock known for its low permeability and high
organic content, making it signicant in unconventional
hydrocarbon reservoirs and seals for CO2 storage.24 The shale
sample we use is Devonian in age, Woodford Shale, from
Oklahoma.
Effects of CO2 on various rock types

The interaction of the rock types proposed with CO2-saturated
water is hypothesized to differ greatly due to changes in
mineralogy and porosity. When exposed to CO2-water systems,
basalt, which contains reactive silicate mineral or glass, can
induce carbonate mineral precipitation, potentially improving
mechanical stability over time.25 In contrast, when limestone
comes into contact with uids that are rich in CO2, it experi-
ences dissolution–precipitation reactions that alter its porosity
and may have an effect on its geomechanical characteristics.
Limestone is extremely soluble in acidic environments.26

Sandstone's response to CO2 exposure depends on its cement-
ing materials; quartz-cemented sandstones exhibit minimal
changes, whereas carbonate-cemented varieties are prone to
dissolution and strength reduction.27 Shale or mudrock reac-
tions depend on mineralogy. For example, high clay mineral
content can cause mineral alterations and swelling when the
clays interact with water that has been acidied by CO2, which
could lessen the rock's ability to seal as a caprock for CO2

storage.28 Several studies have used eld research, laboratory
experiments, and numerical modelling to examine the
geochemical and geomechanical impacts of CO2-rock interac-
tions. Increased porosity damaged the rock structure, according
to Noiriel et al.'s analysis of the dissolution of carbonate rocks
in CO2-rich environments. However, their research was
restricted to short-term interactions and failed to account for
long-term diagenetic impacts.21 High-pressure tests were
carried out by Kaszuba et al. on Silurian Maplewood shale and
Arkose as mineralogical and geochemical representations of
aquitard and aquifer, respectively. Equal proportions of quartz,
oligoclase, and microcline made up the majority of the arkose.
On the other hand, the shale was rich in quartz and clay
minerals. Although the trials showed mineral breakdown and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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subsequent precipitation and replicated deep CO2 sequestra-
tion, they lacked comprehensive mechanical testing to measure
strength degradation.27 Espinoza & Santamarina, in their
investigation of the effects of CO2-brine on caprock integrity,
also demonstrated that shales may undergo swelling and
a decrease in strength; nevertheless, their main focus was on
permeability alterations rather than direct mechanical weak-
ening.29 Zhao et al. further investigated the changes caused by
CO2 in sandstones, focusing on the evolution of porosity,
although they did not examine elastic properties such as
Young's modulus aer the response.30 Although these investi-
gations provide important insights into the mineralogical
alterations imposed by CO2, mechanical testing is required to
more accurately evaluate structural integrity. This work exam-
ines how short-term alteration in CO2-rich solutions affects the
grain-scale geomechanics in various rocks.
Rock geomechanics and nanoindentation

Geomechanics is a signicant aspect of dealing with the
subsurface, especially in regions where integrity is critical. In
areas such as petroleum, accurate information about how
formations respond to stresses during fracturing, drilling, and
well completion is required. Rock Mechanics is also critical in
carbon utilization and sequestration as both bulk and surface
properties.

Nanoindentation is an effective technique for assessing
mechanical properties of rocks particularly at the microscale.
Oliver and Pharr created the fundamental nanoindentation
method to evaluate hardness and Young's modulus using load-
displacement curves, providing a higher-resolution alternative
to existing methods.31 Bobko and Ulm used nanoindentation to
differentiate between cemented and uncemented phases in
sedimentary rocks. This is especially important in CO2-exposed
formations where dissolution happens at the microstructural
level.32 Conventional mechanical testing methods, like uniaxial/
triaxial compression and ultrasonic velocity measurements,
have limits for evaluating small scale samples. These methods
also do not describe the micro-scale changes occurring at the
pore surface. Uniaxial compressive strength (UCS) tests provide
bulk mechanical parameters, but are damaging, require large
samples, and fail to measure microscale alterations.33 Ultra-
sonic velocity measurements, which are commonly used to
evaluate elastic characteristics, presuppose uniformity and can
be insensitive to localized mineral dissolution or microcrack
formation.34 Mews (2020) carried out a multi-scale geo-
mechanical comparison for unconventional reservoirs,
demonstrating the utility of Atomic Force Microscopy (AFM)
PeakForce Quantitative Nanomechanical Mapping (PF-QNM) in
characterising rock attributes at the microscale. The study
presented an iterative correction approach for Young's modulus
based on Poisson's ratio, which increased the technique's
accuracy. One signicant advantage identied was AFM PF-
QNM's capacity to analyze relatively small samples, such as drill
cuttings, allowing for the measurement of 3D heterogeneity in
reservoir rocks.35 The ability of nanoindentation to identify
mechanical heterogeneity at the grain scale allows for a more
© 2026 The Author(s). Published by the Royal Society of Chemistry
thorough evaluation of the ways in which CO2-induced changes
impact rock stiffness at various stages.36 The small penetration
depths of nanoindentation, which might not adequately
capture bulk mechanical properties, the inability to measure
the elastic properties of the frame and the difficulties in
analyzing highly porous or heterogeneous samples are some of
its drawbacks.37

Mineral composition, porosity, cementation, uid satura-
tion, and diagenetic changes are some of the extrinsic and
intrinsic elements that affect the elastic properties of rocks,
especially Young's modulus. The stiffness of rocks is largely
determined by their mineral composition; for instance, rocks
that are rich in quartz typically have higher Young's modulus
values, while rocks that are rich in clay and carbonate typically
have lower stiffness.38 Porosity and permeability also have a big
impact on elastic characteristics because more porosity reduces
the amount of contact between load-bearing grains, which
makes the rock less rigid overall.39 The extent of cementation
affects grain interactions under stress, with well-cemented
rocks demonstrating greater modulus values than poorly
cemented formations.40 The presence of uids modies elastic
characteristics by inuencing grain contacts, increasing pore
pressure, and reducing effective stress, resulting in a decrease
in Young's modulus.41 The Young's modulus of limestone
samples from Gua Kandu and Rapat in Ipoh, Perak, was re-
ported by Serasa et al.,42 and the results show variation in
measurements and techniques. Results from static and
dynamic measurements frequently differ, with dynamic
methods usually overestimating values.

The mechanical characteristics of limestone are inuenced
by moisture content and bedding orientation. In limestone,
water saturation can lower the shear and Young's moduli.43 A
new method for determining the modulus of elasticity was
proposed, showing comparable results to stress–strain curve
measurements.44 These results demonstrate how difficult it is to
determine limestone's Young's modulus precisely and how
crucial it is to take a variety of parameters into account while
doing measurements. Young's modulus can be considerably
affected by CO2-water interaction with rocks through mechan-
ical weakening, precipitation, and mineral dissolution. Young's
modulus is lowered in carbonate rocks like limestone because
CO2-water acidies the pore uid and promotes calcite disso-
lution, which increases porosity and decreases load-bearing
mineral connections.21 Research has also shown that exposure
to CO2 signicantly reduces the mechanical characteristics of
rocks, with limestone rocks exhibiting a 95% reduction in
Young's modulus.45 In sandstone, the impact of CO2-water
exposure is highly dependent on the cementing material;
carbonate-cemented sandstones undergo dissolution-induced
weakening, while quartz-cemented sandstones oen see negli-
gible changes in Young's modulus.27 Additionally, the degree of
elastic property deterioration depends on the original porosity
of the sandstone; higher porosity sandstones show larger losses
because of increased CO2-water penetration.46

In shale formations, Young's modulus can be affected by
changes in mineralogy and microstructure brought about by
CO2-water interaction. Reactive clay minerals found in shales
RSC Adv., 2026, 16, 23945–23962 | 23947
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Fig. 1 Core plugs (1 inch length and diameter) and cut size samples (7
× 7 × 3 mm). (a) Bandera Gray sandstone (1 inch length and diameter),
(b) Kilbourne Basalt A (1 inch length and diameter), (c) Carrizozo Basalt
(1 inch length and diameter), (d) Silurian dolomite (1 inch length and
diameter), (e) Kilbourne Basalt B (1 inch length and diameter), (f) Indiana
limestone (1 inch length and diameter), (g) cut size samples (7 × 7 × 3
mm).

Fig. 2 Schematic of pulse decay experimental set up.
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can absorb CO2-rich uids, causing swelling, soening, and
mechanical weakness.28 This process reduces the rock's elastic
stiffness and could lead to a loss of caprock integrity in reser-
voirs used to store CO2. Further, depending on their clay
content and exposure settings, CO2-exposed shales may have
a 15–40% decrease in Young's modulus, according to experi-
mental research.47 Basalts, on the other hand, are reported to
demonstrate less susceptible to dissolution-driven weakening
because of their silicate mineral composition, but CO2-water
interactions can induce mineral precipitation that may alter
pore connectivity and slightly reduce elasticity over time.3

However, the effect on Young's modulus in basalts is typically
less pronounced than in sedimentary rocks. These results
demonstrate that the degree of CO2-induced degradation of
elastic properties differs depending on the type of rock, with
carbonate rocks showing the greatest reductions because of
dissolution, shales changing because of clay-uid interactions,
and sandstones responding differently depending on their
cementation and porosity. Predicting rock behavior in CO2

sequestration projects and evaluating long-term pore-to-core
stability requires an understanding of these processes.

Materials and methods

The properties of the different rock types were characterized to
provide information about the nature of the rocks and how
these factors would affect alteration in CO2-rich water. Before
exposing the rock samples to CO2-saturated water, it was
important to characterize their porosity, permeability, and
mineral composition to establish a baseline for understanding
the mechanical and chemical alterations that occur aer
exposure. For context, before exposure, the surfaces of the
samples were polished and coated with gold for scanning
electron microscopy (SEM). Aerwards, the surface is gently
cleaned with a Kim wipe to remove the gold particles and
nanoindentation is performed, followed by CO2 water interac-
tion. Aer exposure, the surface is again coated for SEM and
then cleaned as well for nanoindentation.

Sample selection and preparation

Different rock samples were selected based on their mineral-
ogical composition and relevance to geological storage and
reservoir engineering. The types of rocks analyzed include
Silurian dolomite, Bandera Gray sandstone, Woodford shale,
Indiana limestone and basalts from New Mexico and Iceland.
One inch core plugs and 7 × 7 × 3 mm size samples were made
for every rock type as shown in Fig. 1. The samples were then
dried to eliminate moisture within the pores. The surfaces of
the cut size samples were polished to a rough surface of about
300 nm.

Experimental procedures

Steady state-air permeability. The core plugs were dried at
80 °C for 24 hours to ensure they were as dry as possible. This
was to remove possible moisture from the pores to allow helium
gas to ow through for accurate estimate of the porosity and
23948 | RSC Adv., 2026, 16, 23945–23962
permeability. The core plugs were inserted into a core holder
with conned and axial pressures of 350 psi and 100 psi,
respectively. The connement pressure helps to keep the core
tightly held within the core holder to prevent the leakage of the
gas. A owmeter was connected to the outlet to measure the
owrates as shown in Fig. 2. Helium was pumped through the
core at three different pressures and the corresponding ow-
rates measured. A plot of pressure versus owrate and using the
darcy equation, the permeability was calculated as:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic for CO rock interaction set up.
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k ¼ ð2mLPSCÞTQSC

ATSC

�
P2

2 � P1
2
�

b ¼ QSC�
P2

2 � P1
2
�

k ¼ ð2mbLPSCÞT
ATSC

where: b = the slope of the line from owrate vs. difference
between the squares of the pressures k = permeability, mD m =

dynamic viscosity of the gas at the operating temperature and
pressure, cp L = length of core, cm A = area of core, cm2 TSC =

temperature at standard conditions, K T= temperature, K QSC=

owrate of gas at standard conditions, cm3 s−1 P1 = down-
stream pressure, atm P2 = upstream pressure, atm.

Pulse decay-air porosity. Using the same set up for steady
state permeability but without the owmeter, a pressure was set
between 90 and 100 psi at the upstream against 0 psi at the
downstream and allowed to decay within the core holder
until an equilibrium pressure is achieved. The pressure
drops were recorded and plotted against time. This method was
used for tight rocks for which the steady state method does not
apply.

Water porosity. The core samples were weighed dry and then
saturated with water in a desiccator aer pumping to vacuum to
remove air trapped in the pores of the samples. Aer samples
were well saturated, the samples were weighed again to deter-
mine the mass difference from which the porosity was
calculated.

NMR porosity. The core samples were saturated with RO
water for about 3 days and then weighed to determine the wet
weight. The samples were then wrapped in a paraffin lm to
prevent the water from escaping from the pores aer saturation.
Each samples was held in the tube within an NMR Rock core
analyzer and the T2 relaxation data was generated. Before this,
the T2 relaxation data was generated for a standard RO water
sample which was then used as a calibration sample for deter-
mining the porosities of the samples.

X-ray diffraction. End pieces of the cores were ground into
powder and then transferred onto a sample holder which was
inserted into the X-ray diffraction (XRD) equipment. Systematic
errors in the preparation of the samples are a major source of
analytical error and so care was taken in the sample prepara-
tion. XRD was used to determine themineralogical composition
of the rock samples, providing insights into their crystalline
structures and phase distributions. The analysis was conducted
using a Bruker D2 Phaser Powder Diffractometer with Cu-Ka
radiation (l = 1.5406 Å) at an operating voltage of 40 kV and
a current of 40 mA. Samples were nely ground to a particle size
of <75 mm to ensure homogeneity and reduce preferred orien-
tation effects, which can inuence peak intensities. Diffraction
patterns were collected over a 2q range of 5° to 80° at a step size
of 0.03° with a dwell time of 1 second per step. The XRD data
obtained were analyzed using the JADE soware.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Scanning electron microscopy energy dispersive X-ray spec-
troscopy. The Hitachi S-4700 type II eld emission scanning
electron microscope at the Microscopy and Analytical Imaging
Lab at KU was used to examine the materials' surface
morphology and elemental composition. To improve electrical
conductivity and improve image quality, a thin layer of gold was
applied to the samples using a sputter coater prior to imaging.
This was to reduce the excessive charging effect of the rock
surface. To facilitate the relocation of spots with their associ-
ated coordinates prior to and during the CO2 reaction, the
surfaces of the samples were marked. In order to maximize
resolution and elemental detection, SEM-EDS analysis was
carried out under high vacuum circumstances using
a condenser lens of 5, an accelerating voltage of 10 kV, an
emission current of 8–10 mA, and a working distance of 12 mm.

Geomechanical testing-nanoindentation. The surfaces of the
7 × 7 × 3 mm samples were well polished to ensure uniformity
across the surface and to eliminate inconsistencies between the
contact area and the indenter tip. Using a loading/unloading
force of 5000 mN and a holding time of 12 seconds, four
precise locations were selected on the samples' surface. To
calculate the Young's modulus and hardness of each sample,
load displacement curves were generated using the Bruker
Hysitron Nano indenter from KU's Bioengineering Lab. Nano-
indentation was performed before and aer exposure to CO2.

CO2-water exposure. Aer SEM and nanoindenting, the cut
size samples were subjected to CO2-saturated water under
controlled conditions of 40 °C and 1200 psi to simulate typical
Kansas reservoirs and keep the CO2 in the supercritical state as
shown in Fig. 3. The exposure was done for 5 days for each
sample. A rst Indiana limestone was ran alone and the other
samples were paired during the run in this order; Sandstone and
shale, Kilbourne A and B, Carrizozo and Iceland Basalts, dolo-
mite and limestone. Samples were tested to determine whether
their geomechanical and geochemical characteristics had
changed aer exposure. An Indiana limestone sample was used
as a test to estimate the time aer which the decline in the
Young's modulus reached an equilibrium. Between the 96th and
120th hours, the Young's modulus stabilized and this provided
a baseline for the exposure time for all the other samples since
limestone was projected to be the most susceptible rock to CO2
2
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water. The ICP-OES measurements were used to analyze the ions
present in the effluents from these reactions.
Results
Porosity and permeability for samples

Porosity and permeability play an important role in determining
how CO2-water inltrates the rock, inuencing the extent of
mineral dissolution or precipitation, which can subsequently
impact mechanical properties such as Young's modulus. Rocks
with higher porosity and permeability may undergo more
extensive uid–rock interactions, causing greater structural
weakening, while low-permeability rocks may show limited
changes. As shown in Table 1, the rocks studied show a range of
porosity and permeability data. Porosity and permeability were
not tested for Iceland Basalt and Woodford Shale because their
samples were too small to create core samples. Despite having
intermediate porosity levels (∼12–17%), Indiana limestone and
Carrizozo Basalt had the highest air permeability values (121.34
mD and 86.78 mD, respectively) among the samples. Kilbourne
Basalt A, on the other hand, showed a very low permeability (0.18
mD), indicating poorly connected or isolated pore spaces, even
though it had detectable porosity (8.63%). The notable differ-
ences between Kilbourne Basalt A and B, with Kilbourne B
exhibiting both increased porosity and somewhat improved
permeability (4.73 mD), highlighting the underlying heteroge-
neity within basaltic rocks. Air and NMR porosity values were
oen highly correlated across samples, with air porosity
commonly somewhat higher, perhaps because of variations in
micropore and bound water sensitivity. The moderate porosity
(10–15%) and permeability (4–26 mD) of the sandstone and
dolomite samples were in line with their sedimentary origins and
intergranular pore patterns. Overall, these patterns show that
whereas porosity serves as a gauge for uid storage capacity,
permeability and uid transport behavior are determined by the
connection of these pore spaces, which is inuenced by miner-
alogy and rock structure.
Mineral composition for samples

X-ray diffraction (XRD) analysis before interaction with CO2

revealed a wide variety of mineral components in the various
Table 1 Petrophysical properties of various rocks

Sample Mineral composition

Carrizozo Basalt Labradorite (84.2%), diopside (7.3%), quartz (8
Iceland Basalt Labradorite (53.3%), augite (28%), aegirine-aug

magnetite (5.2%)
Kilbourne Basalt A Labradorite (58.7%), augite (35.6%), langbeinit
Kilbourne Basalt B Labradorite (50.0%), augite (45.2%), trace mine
Silurian dolomite Dolomite (100%)
Bandera Gray sandstone Quartz (84.5%), albite low (15.5%)
Woodford shale Muscovite (40.1%), quartz (34%), zinnwaldite (

dolomite (8.9%), scorodite (1.4%)
Indiana limestone Calcite (100%)

23950 | RSC Adv., 2026, 16, 23945–23962
basalt samples. Labradorite (84.2%) made up the majority of
the Carrizozo Basalt, with minor levels of quartz (8.6%) and
diopside (7.3%), indicating a plagioclase-rich composition.
Iceland Basalt, on the other hand, had a stronger mac
composition with a smaller percentage of labradorite (53.3%)
but greater percentages of augite (28%), aegirine-augite (13.5%),
and magnetite (5.2%). Although Kilbourne Basalt A contains
langbeinite (5.7%), a potassium-magnesium sulfate mineral,
likely a weathering product in New Mexico's arid environment,
both Basalt A and B had high labradorite and augite contents.
Kilbourne Basalt B differed compositionally from the other
basalt samples due to its higher augite content (45.2%). The
Silurian Dolomite was composed entirely of dolomite (100%), as
would be expected for a well-preserved dolostone deposit.
Similar to this, Indiana limestone, which is made entirely of
calcite, is a common carbonate rock that dissolves easily in
acidic CO2-saturated liquids, which can drastically change its
strength and permeability. The Bandera Gray sandstone was
a quartz-dominated feldspathic sandstone, consisting of quartz
(84.5%) and albite (15.5%). The mineral composition of the
Woodford Shale was complex, with muscovite (40.1%), quartz
(34%), zinnwaldite (15.6%), dolomite (8.9%), and scorodite
(1.4%). The high proportion of muscovite and zinnwaldite (a
lithium-rich mica) indicates a mica-rich shale, which can have
a substantial impact on mechanical behavior and uid inter-
actions. These mineralogical differences show how various rock
types may react differently to uid interactions, mechanical
stress, and exposure to CO2-water.

Overall, shales featured a variety of clay-rich and mica-
bearing assemblages, sandstones showed quartz-dominance
with feldspathic inuence, carbonates revealed pure composi-
tions prone to dissolution, and basaltic rocks displayed a variety
of mac and felsic minerals. Under geological settings, these
variations are critical in determining the evolution of porosity,
changes in permeability, and mechanical stability. The
measured characteristics of each of the eight samples are
summarized in Table 1.

Additionally, establishing these characteristics prior to
exposure guarantees experimental consistency, allowing for
a fair comparison between various rock types and conrming
that any mechanical changes seen are caused by CO2-water
interactions rather than intrinsic sample variability.
Air porosity, % NMR porosity, % Air permeability, mD

.6%) 16.79 15.33 86.78
ite (13.5%), — — —

e (5.7%) 8.63 9.2 0.18
rals 18.85 16.0 4.73

10.69 11.2 4.25
15.12 14.4 26.44

15.6%), — — —

12.07 13.2 121.34

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Graph of Young's modulus vs. time for limestone sample.

Table 3 Ion concentrations in RO water

Effluent

Concentration of ions present in RO water
before interaction, ppm

Ca2+ Na+ Al3+ Mg2+

Limestone 0.00 0.20 0.00 0.00
Sandstone & shale 0.00 0.20 0.00 0.00
Kilbourne A & B 0.00 0.20 0.00 0.00

Table 4 Ion concentration of effluent from rock and CO2-rich water
interaction

Effluent

Concentration of ions present in CO2-RO
water aer interaction, ppm

Ca2+ Na+ Al3+ Mg2+

Limestone 116.82 15.47 0.03 3.42
Sandstone & shale 43.37 11.11 0.21 7.46
Kilbourne A & B 75.35 4.40 0.03 3.27
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Effect of CO2 on Young's modulus of Indiana limestone

The nanoindentation results showed that the elasticity of the
rocks, as evaluated by Young's modulus, declined during CO2-
water exposure. The Young's modulus for the Indiana limestone
test sample decreased gradually from the rst 24 hours until
120 hours, when it stabilized, as shown in Fig. 4. This indicates
a progressive reaction depending on the rock type. To validate
this, the sample's surface was re-polished aer CO2-water
exposure to reveal a new surface, and the Young's modulus was
measured to see whether the change inmodulus occurred solely
on the surface or throughout the bulk. The surface had
a modulus of 55.9 GPa compared to 56 GPa before interaction
with CO2 rich water.
Comparison of geomechanical changes across rock types

According to a comparative examination, all rocks saw
a decrease in Young's modulus, but the degree of the reduction
differed based on the pore structure, carbonate content, and
presence of reactive minerals. Table 2 summarizes each rock
type's results. The Young's modulus measurements before and
aer CO2 exposure show that the various rock types have
distinct levels of mechanical weakening. In general, quartz-rich
sandstones remained quite stable, while carbonate-rich rocks
showed the greatest loss in stiffness. Shales and basalts had
moderate to severe decreases, with differences related to their
unique porosity and mineral assemblages.
Table 2 Changes in Young's modulus before and after CO2 interaction

Samples
Average Young's
Mod. Before CO2 ex

Carrizozo-Basalt 118.63
Iceland Basalt 105.99
Kilbourne Basalt A 32.79
Kilbourne Basalt B 69.46
Silurian dolomite 148.38
Bandera Gray sandstone 21.65
Woodford shale 6.08
Indiana limestone 59.45

© 2026 The Author(s). Published by the Royal Society of Chemistry
Analysis of effluent water from interaction

ICP-OES was used to evaluate the effluent water from the
interactions and determine which ions were dissolved. Ca2+,
Na+, Al3+, and Mg2+ were among the ions used as targets. As
mentioned, the effluents collected were for paired samples with
only Limestone reacted alone. Sandstone was paired with shale
whereas Kilbourne A and B were also paired. The effluents for
dolomite, Carizozo Basalt and Iceland Basalt were not collected
due to leakage in the effluent collection line. The reactions were
static reactions with no mixing and the volume of water in the
cell was 11.56 mL. Table 3 shows the ionic concentrations of
fresh RO water prior to interaction, which serves as a baseline
for any rise in concentrations following interaction with the
rock components. Table 4 summarizes the amounts of these
ions in effluent water aer CO2-RO water-rock reaction. The
results revealed that there were substantial ion concentrations
in the effluents. Limestone effluent water had the highest Ca2+

content of 116.82 ppm. Na+ and Mg2+ were also present, albeit
in lower amounts. Fig. 5 and 6 shows that the effluent from
Woodford shale and sandstone had moderate quantities of
Ca2+, Na+, and Mg2+(43.37 ppm, 11.11 ppm and 7.46 ppm
for 120 hours

posure, GPa
Average Young's
Mod. Aer CO2 exposure, GPa

84.95
53.38
10.71
49.66
104.79
20.08
3.59
6.00

RSC Adv., 2026, 16, 23945–23962 | 23951

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00145a


Fig. 5 Graph of ions present versus concentration in effluents after
interactions.
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respectively). Effluents from the Kilbourne A and B reactions
likewise revealed the release of a high concentration of Ca2+.

Surface analysis from SEM-EDS. SEM-EDS analysis was
carried out on 8 samples to evaluate changes in microstructure
and elemental composition aer interaction with CO2-rich water.
This method allowed for a qualitative and semi-quantitative
assessment of mineral surface changes, dissolving characteris-
tics, and the redistribution or loss of critical components as
a result of carbonic acid-driven processes. To provide a reference
baseline, rock samples were initially described in their untreated
state using SEM and analyzed by EDS. They were subsequently
mechanically cleaned of gold coating and reacted with CO2-rich
water. Surface images were then acquired using SEM and EDS
Fig. 6 Actual concentrations of ions dissolved in effluents.

23952 | RSC Adv., 2026, 16, 23945–23962
was used to map elemental composition. This enabled direct
comparisons between surface textures and chemical composi-
tions before and aer interaction.

Limestone showed the most signicant alteration among all
the samples. Its pre-exposure surface was reasonably smooth,
but exposure caused the formation of new micropores, crystal
edge disintegration, and increased surface roughness, as seen
in Fig. 7. These visual alterations were accompanied by
a signicant retention of calcium content due to its pure calcitic
nature across all four examined sites. Observed changes are
consistent with the dissolution of calcite, the major constituent
of the limestone. Trace increases in silicon and aluminum in
some areas may indicate surface contamination, secondary
mineral production, or the emergence of previously buried
silicate phases (Fig. 7).

In contrast, the Woodford Shale showed no visible or
chemical change. Prior to exposure, SEM images revealed the
compacted, mineral alignment typical of ssile ne-grained
clay-dominated rocks. Minor surface etching and delamina-
tion was seen following exposure, but porosity and cracking did
not increase signicantly as seen in Fig. 9. EDS examination
revealed increases in aluminum, iron and a modest increase in
surface carbon signal modulus.

Bandera sandstone provided an intermediate response.
Initial SEM images in Fig. 10(a) revealed angular quartz grains
with loosely packed intergranular gaps. Post-exposure photos
revealed almost no observable changes with only minor surface
inlling, as seen in Fig. 10(c). Silicon remained fairly steady, as
expected from quartz, whereas minor increases in calcium and
iron could indicate the formation of carbonate or iron oxide
phases.

Aer exposure to CO2-rich water, dolomite surfaces exhibited
signicant etching and small dissolution pits, despite being
initially at and polished. There was an unusual observation of
what appeared to be a compositional change in the dolomite.
Whiter areas in the SEM images showed more etching than
darker areas, as seen in Fig. 8(c). Some lm-like coatings were
observed on the surface; however, these were most likely due to
contamination. There was also an increase in silica and iron in
some locations, but not elsewhere.

The four basalt samples exhibited varying responses,
showing mineralogical variety among them. All four basalts
most likely had an amorphous glass component, with Iceland
basalt having the most. Iceland Basalt showedminimal etching.
The darker patches, which are most likely plagioclase feldspar
phases, appeared more etched, as illustrated in Fig. 11. The
surface alterations in Carrizozo Basalt were identical to those
seen in Fig. 12. Kilbourne A and B did not exhibit signicant
surface alterations but saw slight etching on their surfaces, as
seen in Fig. 13 and 14. Ca, Fe, Al, and Si were released, however
EDS analysis revealed a loss of Mg and Na (Table 5).

Discussion
Weakening aer CO2-Water reaction

The mechanical and microstructural responses of the studied
rocks following CO2-water exposure reveal a consistent pattern
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00145a


Fig. 7 SEM and EDS images of the surface of Indiana limestone before (a and b) and after (c and d) CO2-water exposure. M is a common point on
(a) and (c). The image in (c) is slightly rotated and can be moved about 15° clockwise to match the image in (a). (c) Shows a much more etched
surface compared to (a).
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of chemically driven weakening that depends strongly on
mineralogical composition, pore structure, and initial
mechanical properties. Across all lithologies, Young's modulus
Fig. 8 SEM and EDS images of the surface of Silurian dolomite before (a
phases appear in (c) with one showing more etched growth zones than
surface.

© 2026 The Author(s). Published by the Royal Society of Chemistry
decreased aer exposure, but the severity of this reduction
varied signicantly, demonstrating that the long-term geo-
mechanical stability of rocks in CO2-rich environments is
and b) and after (c and d) CO2-water exposure. The two likely dolomite
the other. The circled areas on (c) are possible contaminants on the

RSC Adv., 2026, 16, 23945–23962 | 23953
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Fig. 9 SEM and EDS images of the surface of Woodford Shale before (a and b) and after (c and d) CO2 exposure. Image (c) shows a possible
damage to the surface with surface contamination.
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inseparable from their mineralogical reactivity and micro-
structural evolution.

The geomechanical weakening observed across all rock types
in this study is fundamentally controlled by chemical reactions
occurring at the CO2-water-rock interface. When CO2 dissolves
in water, it forms carbonic acid (H2CO3), which partially
Fig. 10 SEM and EDS images of the surface of Bandera Sandstone before
observable alterations on the surface of (c).

23954 | RSC Adv., 2026, 16, 23945–23962
dissociates into bicarbonate (HCO3
−) and hydrogen ions (H+),

lowering the pH of the system and promoting mineral disso-
lution reactions.48,49 This acidication enhances the reactivity of
minerals, particularly carbonate phases such as calcite and
dolomite, which dissolve according to:
(a and b) and after (c and d) CO2-water exposure. There were no clear

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM and EDS images of the surface of Iceland Basalt before (a and b) and after (c and d) CO2-water exposure. The surface of (c) appears
to have new crystallite growths in glass and also possibly some artifact from coating of the sample during SEM.
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CaCO3 + H+ / Ca2+ + HCO3
−

The high Ca2+ concentrations measured in effluent solutions
in this study directly conrm this dissolution mechanism and
Fig. 12 SEM and EDS images of the surface of Carrizozo Basalt before (
observed in (c) are possibly growth of crystallites in glass and some area

© 2026 The Author(s). Published by the Royal Society of Chemistry
are consistent with previous experimental observations of CO2-
carbonate interactions.1,27 The dissolution of load-bearing
mineral phases reduces grain-to-grain contact and increases
porosity, leading to a measurable reduction in Young's
modulus. In silicate-rich rocks such as sandstone and basalt,
a and b) and after (c and d) CO2-water exposure. The surface changes
s could also be artifacts from coating the surface for SEM analysis.

RSC Adv., 2026, 16, 23945–23962 | 23955
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Fig. 13 SEM and EDS images of the surface of Kilbourne A before (a and b) and after (c and d) CO2-water exposure. (C) Shows growth of
crystallites in glass after reaction with CO2. Some of the changes on surfaces could also be artifacts from handling the samples for coating during
SEM.
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dissolution reactions proceed more slowly due to the greater
stability of silicate minerals. However, feldspars and mac
minerals (e.g., pyroxenes, olivine) can undergo proton-
Fig. 14 SEM and EDS images of the surface of Kilbourne B before (a a
crystallites in glass after reaction with CO2. Some of the changes on surfa
SEM.

23956 | RSC Adv., 2026, 16, 23945–23962
promoted hydrolysis, releasing cations such as Na+, Ca2+,
Mg2+, and Fe2+ into solution.50 The moderate concentrations of
these ions observed in effluent analyses suggest ongoing but
nd b) and after (c and d) CO2-water exposure. (C) Shows growth of
ces could also be artifacts from handling the samples for coating during

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00145a


Table 5 Summary of SEM-EDS observations before and after CO2 exposure

Rock type Pre-exposure features Post-exposure changes Elemental changes (EDS)

Woodford shale Compact, aky surface; low porosity Minor etching; slight delamination Slight decrease in Mg, Ca Al;
increase in Al, S, Si, Fe

Indiana limestone Smooth, interlocked crystals Heavy dissolution; roughened
surface; surface pitting

Decrease in Mg, Ca; increase in Si,
Al

Bandera sandstone Angular quartz grains; visible pores Minor surface in lling Generally stable Si; slight increase
in Fe, Ti

Silurian dolomite Crystalline, ne-grained surface Very mild surface pitting;
roughened texture, etching of a late
growth stage of the dolomite but not
an early one

Decrease in Ca, Mg, Al; slight
increase in Si

Carrizozo Basalt Vesicular; plagioclase-rich Mild etching Slight Fe, Mg loss
Iceland Basalt Fine-textured; possibly glassy Minimal visible change Decrease in Al, Fe, Ca, Na; increase

in Si
Kilbourne A basalt Fine-textured Minimal visible change Drop in Si, Ca, Mg, Al; slight rise in

Fe, Ti
Kilbourne Basalt B Fine-textured Minimal visible change Drop in Na, Mg; rise in Si, ti
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kinetically limited dissolution. In basalts, these reactions may
also promote secondary carbonate precipitation, which can
partially offset mechanical weakening by lling pore spaces over
time.25 In shale, the interaction is further complicated by ion
exchange and clay-uid interactions, where H+ replaces inter-
layer cations (e.g., Na+, K+), leading to swelling and structural
weakening.28 This process contributes to the reduction in stiff-
ness observed despite limited visible dissolution in SEM
images.

The extent and rate of CO2-water-rock interactions are
strongly inuenced by the structure and speciation of CO2 in
the aqueous phase. Dissolved CO2 exists in equilibrium
betweenmolecular CO2(aq), carbonic acid (H2CO3), bicarbonate
(HCO3

−), and carbonate (CO3
2−), with their relative abundances

controlled by pressure, temperature, and pH.49 At the experi-
mental conditions used in this study (40 °C and 1200 psi), CO2

solubility is elevated, resulting in increased formation of
carbonic acid and enhanced proton availability, which drives
mineral dissolution. At the molecular level, the hydration of
CO2 and formation of carbonic acid alter the hydrogen-bonding
structure of water, inuencing solvent properties such as
dielectric constant and ion mobility.51 These changes affect the
transport of reactive species to mineral surfaces and the
detachment of ions from crystal lattices. For example, increased
proton activity enhances the breaking of metal–oxygen bonds in
carbonate and silicate minerals, accelerating dissolution
kinetics.50 As dissolution progresses, the accumulation of
aqueous ions modies the uid chemistry, potentially leading
to supersaturation and secondary mineral precipitation,
particularly carbonate phases in basaltic systems.25 This
dynamic interplay between dissolution and precipitation
reects a feedback mechanism between uid structure and
mineral stability.

Therefore, the observed geomechanical changes can be
understood as the macroscopic expression of microscale
chemical processes governed by aqueous speciation, uid
structure, and mineral reactivity.
© 2026 The Author(s). Published by the Royal Society of Chemistry
A student's t-test at a 95% condence level (a = 0.05) was
used to evaluate the reproducibility of mechanical changes
observed following CO2 exposure. Young's modulus decreased
signicantly in Dolomite (p = 0.018), Iceland Basalt (p = 0.046),
Kilbourne Basalt A (p = 0.043), and Indiana Limestone (p z
2.34 × 10−7). These rocks not only revealed signicant
decreases in average stiffness, but also noticeable shis in
variability, as indicated by their standard deviations. Dolomite
dropped from 148.38 GPa (±21.47) to 100.23 GPa (±4.87), with
a signicant decrease in standard deviation, indicating a more
consistent weakening across samples. Indiana Limestone saw
a signicant decrease in modulus from 59.45 GPa (±2.34) to
6.11 GPa (±1.42), indicating severe interfacial mechanical
degradation.

Iceland Basalt reduced its average modulus from 105.99 GPa
(±34.39) to 53.07 GPa (±16.38). While there was a noticeable
decrease in stiffness, the relatively high standard deviations
before and aer exposure indicate moderate sample variability.
Kilbourne Basalt A's average modulus decreased dramatically
from 27.74 GPa (±10.08) to 11.05 GPa (±1.89) aer exposure,
indicating a more consistent mechanical response. Standard
deviation trends varied in rocks with no statistically signicant
change, such as Woodford Shale (p = 0.063), Sandstone (p =

0.925), Carrizozo Basalt (p= 0.206), and Kilbourne Basalt B (p=
0.121). Woodford Shale modulus decreased from 6.21 GPa
(±1.78) to 3.70 GPa (±1.17), with less uctuation, although the
p-value was just above the signicance level. Sandstone had
nearly the same average modulus (21.65 GPa before vs.
20.63 GPa aer), but the standard deviation increased signi-
cantly from ±1.74 to ±19.98, indicating highly inconsistent
responses across samples, possibly due to heterogeneities in
cementation or grain structure.

Variation among basalts. The modulus of Carrizozo Basalt
decreased from 118.63 GPa (±42.74) to 82.86 GPa (±23.52).
While there was some variability reduction, it was not statisti-
cally signicant. Kilbourne Basalt B's drop from 69.53 GPa
(±17.67) to 49.37 GPa (±17.67) remained consistent before and
aer exposure, leading to a nonsignicant nding.
RSC Adv., 2026, 16, 23945–23962 | 23957
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Basalts' moderate to severe reductions in stiffness, with
variability were most likely controlled by reactive mineral pha-
ses, glass content, and porosity. Carrizozo Basalt's mechanical
reduction was likely due to the presence of more stable minerals
such as quartz and diopside, which are less susceptible to
dissolution in acidic uids. In contrast, Iceland basalt's
substantial and signicant drop in modulus was consistent
with its higher glass content and porosity, which enhanced
uid–rock interaction and promoted accelerated dissolution.
Kilbourne Basalt A with the most severe basalt weakening,
corresponds to the reactivity of augite and labradorite phases.
SEM-EDS observations supported this behaviour, revealing
signicant etching of darker mineral patches and broad
elemental loss, indicating active dissolution of highly reactive
mac minerals and potential glass content. Kilbourne Basalt B,
despite its larger augite proportion, did not show statistically
signicant mechanical reduction (p= 0.121). Effluents from the
Kilbourne A and B reactions revealed the release of a high
concentration of Ca2+, possibly from glass hinting at the
susceptibility of these samples to CO2 rich environments. SEM-
EDS results similarly indicated limited surface alteration
compared to Kilbourne A, suggesting that pore structure and
degree of crystallinity may offset mineralogical reactivity. Alto-
gether, the combined mechanical and surface analyses
demonstrate that basalts with higher glass or mac content are
more susceptible to dissolution but may simultaneously
promote mineral carbonation, whereas more crystalline basalts
exhibit greater mechanical stability.

Limestone and dolomite. The severe mechanical degrada-
tion of carbonate rocks was due to the high solubility of
carbonate minerals in CO2-acidied water. With the largest
reduction in stiffness in Indiana limestone, SEM-EDS images
revealed extensive micropore development, crystal-edge disso-
lution, and increased surface roughness, fully consistent with
calcite dissolution. Effluent analysis revealed that there was
a substantial Ca2+ concentration, indicating that the highly
reactive calcite mineral had clearly been dissolved. These
changes signicantly compromise limestone's integrity and
demonstrate its vulnerability in CO2-rich environments.

With Silurian dolomite, having also shown a signicant
stiffness loss, SEM-EDS revealed dissolution pits, variable Ca :
Mg ratios, and evidence of two dolomite phases with differing
reactivity, one that rapidly etched, and another that was more
stable. Though dolomite is more resistant than calcite, these
ndings conrm that som dolomite compositions still undergo
measurable structural and chemical weakening, with implica-
tions for reservoir stability. Collectively, carbonate dissolution
increases porosity and permeability andmay improve injectivity
near the wellbore, but it also poses risks to long-term reservoir
strength, especially as mineral dissolution may lead to
compaction or reprecipitation farther from injection zones and
near the producers in EOR projects.

Sandstone and shale. Quartz-rich sandstone's strong
mechanical resilience, with Young's modulus decreasing only
slightly and SEM-EDS results conrming its low reactivity is
likely due to the presence of quartz. Small increases in Ca and
Fe suggested limited secondary mineral precipitation, but no
23958 | RSC Adv., 2026, 16, 23945–23962
major textural changes occurred. These results indicate that
sandstone maintains structural stability under CO2-rich condi-
tions, though long-term exposure could gradually inuence
cement phases and reduce permeability through localized pore
clogging.

SEM-EDS in Woodford Shale showed limited visible disso-
lution but revealed lm-like coatings with increases in surface
composition of Al, Fe, and C, indicating subtle chemical alter-
ation at the surface. Despite its chemical stability, the clay-rich
composition (muscovite and zinnwaldite ∼55%) means that
CO2-acidied water promotes soening, interlayer swelling,
and reduction in cohesive strength.

With effluents fromWoodford shale and Bandera sandstone
having moderate quantities of Ca2+, Na+, and Mg2+, indicating
that they were vulnerable to the acidic environment. These ions
are most likely released from the albite and dolomite mineral
phases found in the sandstone and Woodford shale samples,
respectively. For shale, this suggests potential deterioration of
shale caprock sealing capacity over time, though increased
ductility may mitigate brittle failure.
Comparative overview and implications

Mineralogy denitely plays a crucial role in controlling the
interactions between CO2, water, and rock. Carbonate rocks,
such as limestone and dolomite, may show improved porosity
and permeability due to dissolution, thereby improving injec-
tivity for EOR and CO2 sequestration.52 However, there are
concerns about long-term reservoir stability since rock so-
ening may impact porosity and especially permeability, which
are lowered by compaction. Furthermore, dissolved elements
from the close injection point may precipitate in a different
water composition environment further away from the injection
point. Basalts show potential due to their capacity to produce
mineral carbonation, particularly those rich in reactive mac
minerals; nevertheless, diversity between samples must be
noted, since some display geomechanical stability while others
do not. Though shale demonstrated chemical stability, its large
decrease in stiffness does not support its use as an effective
caprock for CO2 storage.

In summary, SEM-EDS analysis shed light on the geochem-
ical processes at the rock–uid interface during CO2 storage.
Surface textures and elemental proles clearly demonstrate
variable degrees of dissolution, mineral transformation, and
probable secondary mineral precipitation, all of which
contribute to these rocks' capacity for long-term geologic
carbon storage.

The statistical trends across rock types align with the miner-
alogical insights from SEM-EDS. Signicant mechanical changes
were associated with rocks showing strong dissolution features in
Indiana limestone, dolomite, Iceland basalt, and Kilbourne A, all
of which exhibited notable reductions in surface integrity and
accompanying shis in elemental composition. Rocks with
nonsignicant statistical changes (Carrizozo Basalt, Kilbourne B,
sandstone, shale) generally showed limited or uneven surface
alteration, emphasizing the tight coupling between mineral
reactivity and mechanical response.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Overall, the integrated mechanical and SEM-EDS results
reinforce that mineralogy governs the extent of CO2-induced
weakening. Carbonate-rich rocks, especially limestone, undergo
the most severe dissolution-driven degradation. Dolomite is
more resilient but still vulnerable. Quartz-rich sandstones
remain mechanically stable with minimal chemical alteration.
Basalts show variable responses depending on glass content
and mac mineralogy: reactive basalts weaken substantially but
hold potential for mineral carbonation, while more crystalline
basalts maintain better mechanical integrity. Shales, though
chemically stable, experience signicant stiffness reduction due
to clay–water interactions. These combined ndings highlight
the necessity of selecting CO2 storage formations based not only
on porosity and injectivity, but also on mineralogical stability
and long-term geochemical behavior to ensure reservoir integ-
rity in carbon storage applications.

Limitations and implications for long term CO2 storage.
While this study provides important insights into the geo-
mechanical and geochemical effects of CO2-water–rock inter-
action, several limitations must be acknowledged when
interpreting the results in the context of long-term carbon
storage applications. The experiments were conducted over
a relatively short duration (5 days), whereas CO2 storage in CCS
and CCUS systems occurs over timescales ranging from decades
to thousands of years. As such, the results primarily capture
early-stage reaction kinetics and near-surface mineral alter-
ations rather than long-term equilibrium behavior.

The selection of a 5-day exposure period was based on
preliminary testing using Indiana limestone, where rapid
dissolution-driven weakening stabilized between 96 and 120
hours. While this provides a reasonable benchmark for highly
reactive carbonate systems, it may not fully represent slower-
reacting lithologies such as basalts and quartz-rich sand-
stones, where reaction kinetics are signicantly reduced. In
such systems, mineral dissolution, secondary precipitation, and
pore structure evolution may continue over much longer
timescales.

Furthermore, the experiments were conducted under static
conditions using small (7× 7× 3 mm) polished samples. These
conditions represent static rather than dynamic measurements.
In subsurface environments, continuous CO2 injection and
brine movement can signicantly inuence dissolution–
precipitation dynamics, potentially leading to mineral trapping,
pore clogging, or redistribution of dissolved species over larger
spatial scales.

Additional long-term processes not captured in this study
include cumulative clay swelling in shale formations, progres-
sive mineral carbonation in basalts, and diagenetic alterations
that may either enhance or reduce mechanical integrity over
time. These coupled geochemical-geomechanical processes
require extended-duration experiments and numerical
modeling to fully understand their impact on reservoir
performance.

Therefore, the ndings of this study should be interpreted as
providing grain-scale and short-term mechanistic insights into
CO2-induced weakening rather than direct predictions of long-
term reservoir behavior.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Conclusions

This study evaluated how CO2-water interactions affect the geo-
mechanical properties of different rock types, namely Young's
modulus. The study revealed that mineralogy is critical in inu-
encing a rock's mechanical stability following exposure to CO2-
rich uids. The results indicatedmechanical weakening assessed
by nanoindentationmeasured in proximity to the CO2-water-rock
interface, where the interaction was most prevalent. Carbonate
rocks, notably Indiana Limestone, demonstrated the most severe
reduction in stiffness (∼90%) due to calcite dissolution, as seen
by a decrease in calcium content at specied places. This high-
lights the great vulnerability of pure limestones to CO2-induced
weakening. In contrast, Silurian dolomite, while also affected by
some dissolution in certain compositional growth phases,
exhibited greater resilience, with a moderate 29% decrease in
modulus, suggesting dolomite's lesser solubility than calcite.
Young's modulus in basalts decreased signicantly but to various
degrees, with Carrizozo New Mexico Basalt losing 28% and Ice-
land Basalt losing over 50%. Kilbourne A and B basalts saw
a reduction in modulus by 67% and 29% respectively. The Car-
rizozo sample's less reactive nature could be attributed to the
presence of more stable mineral phases such as quartz and
diopside. The reduction in Iceland Basalt implies that basalts
with high glass content are more susceptible to chemical alter-
ation under CO2-rich circumstances, while plagioclase-
dominated basalts maintain better structural integrity. This was
not constant across all basalt samples, indicating that the
plagioclase and pyroxene minerals in the samples had varied
reactivity. Alternatively, the varying reactivity of the basalt
samples could be due to their glass content. These ndings
demonstrate that, while typically strong, basalts may experience
signicant mechanical weakening depending on their unique
mineral assemblages and porosity. Quartz-rich sandstone
demonstrated minimal alteration (∼7% reduction), demon-
strating the durability of quartz-dominated rocks in CO2 storage
conditions. Sandstone formations are resilient due to the pres-
ence of durable quartz and low-calcium feldspar minerals,
making them ideal sinks for CO2 injection due to their
mechanical integrity. In contrast, Woodford shale experienced
a 41% decline in Young's modulus despite little geochemical
change to the material. The reduction could be caused mostly by
clay swelling, minor mineral dissolution, and microfracturing,
indicating a potential loss of caprock sealing capacity over time.
The conclusions of this study have important implications for
EOR, geological carbon storage, reservoir integrity, and subsur-
face engineering. Both limestone and dolomite reservoirs may
weaken owing to dissolution, although sandstone deposits may
be more stable for CO2 storage. Long-term exposure to CO2-water
interactions can weaken caprock integrity in shale formations,
requiring extensive evaluation. Future study should include long-
term exposure studies, eld-scale validations, and geochemical-
mechanical modeling to better anticipate rock behavior under
prolonged CO2 exposure.

These ndings highlight the signicance of conducting rock-
specic geomechanical evaluations in CO2 EOR and
RSC Adv., 2026, 16, 23945–23962 | 23959
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sequestration projects. This should ensure that subsurface
formations chosen for long-term CO2 injection maintain
structural stability, prevent leakage, and support large-scale
initiatives to combat climate change.
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