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Abstract:
Supercritical CO2-water-rock interactions significantly impact the mechanical integrity of
heterogeneous conglomerate reservoirs, challenging their suitability for CO2 sequestration
and enhanced oil recovery. To evaluate these microscale mechanical and structural changes,
this study uses a combination of micro-scratch testing, scanning electron microscopy,
and nuclear magnetic resonance. The results reveal that the micro-scratch method enables
the acquisition of a continuous mechanical property profile, addressing the limitation of
traditional rock mechanics that only allows discrete point measurements. Importantly, the
scratch failure modes significantly depend on the lithology of conglomerate reservoirs:
Felsic and quartz conglomerates exhibit sharp grooves with interfacial shear failure,
whereas debris-rich variants develop wavy, fragmented paths. CO2-water exposure reduces
the deformation resistance and causes fracture toughness to initially increase and then
decline, with the most severe reduction observed in quartz conglomerates. The degradation
of mechanical properties is mainly through mineral dissolution and increased porosity. The
findings of this study offer key insights for optimizing storage and recovery strategies in
complex reservoirs.

1. Introduction
Nowadays, fossil fuels contribute over 80% of the global

energy supply. However, fossil fuel consumption results in
substantial CO2 emissions, exacerbating global greenhouse
effects to a certain extent (Li et al., 2018). In recent years,
CO2 geological sequestration and enhanced oil recovery have
emerged as effective alternatives to mitigate the greenhouse ef-
fects caused by excessive CO2 emissions (Richard et al., 2014;
Tan et al., 2022). At the high temperatures and pressures
encountered in deep reservoirs, the injected CO2 will be
converted from gas to supercritical state. Supercritical car-
bon dioxide (scCO2) exhibits unique properties such as high
density, excellent solubility, rapid gas diffusivity, and low
surface tension (Zhou et al., 2021). The high density of scCO2
makes it a superior drilling fluid, with its low surface tension

allowing easier penetration into fractures and pores (Esatyana
et al., 2021). Consequently, CO2 has gained considerable at-
tention as a non-aqueous fracturing fluid among researchers in
the oil and gas extraction fields (Yang et al., 2016). As uncon-
ventional reservoirs, conglomerate reservoirs are characterized
by low porosity, low permeability, and poorly sorted gravels
with significant strength contrasts among interstitial materials,
whereas conventional sandstone reservoirs typically exhibit
uniform grain sorting and moderate heterogeneity. This high
heterogeneity of conglomerate reservoirs leads to localized
stress concentrations and heightened sensitivity to cementa-
tion integrity, posing unique challenges for rock mechanical
stability when exposed to CO2, which is often injected into
these reservoirs to act as a low-permeability caprock for
CO2 storage and enhance oil recovery (Richard et al., 2014;
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Tan et al., 2022). Furthermore, conglomerate reservoirs may
contain pre-existing water, in which injected CO2 is likely to
dissolve, creating a mildly acidic environment that can alter the
mechanical properties of reservoirs (Jung et al., 2013; Seyyedi
et al., 2020). Given the lack of fundamental insights into
these processes, particularly at the nano/microscale, further
investigations are essential to explore the potential impacts of
CO2 injection on conglomerate reservoirs.

CO2-water-rock interaction is complex because of the
reversible ionization of carbon acid and the solubility variation
of CO2, which in turn dominates the physicochemical reaction
between the media involved (Zhang et al., 2017). Previous
studies have shown that the interaction of scCO2 with rock can
significantly weaken the mechanical properties of rock, such
as tensile strength, compressive strength, and elastic modulus
(Bai et al., 2021). This weakening in strength before and
after soaking is positively correlated with soaking pressure
and negatively correlated with soaking temperature (Yang
et al., 2023). Moreover, scCO2-water-rock interactions can
alter the transport characteristics of rock (Luo et al., 2019).
Low viscosity and high diffusivity allow CO2 to penetrate
the micro-pores, inducing the formation of new fractures
(Figueiredo et al., 2015; Dong et al., 2020; Nie et al., 2022;
Niu et al., 2024). On the one hand, the injected CO2 generates
expansive stress that damages the pore structure of rock,
particularly in shale, coal, and sandstones with high clay
mineral content (Busch et al., 2008; Zhang et al., 2016,
2018; Nie et al., 2018). On the other hand, CO2 reacts with
formation water to form carbonic acid, causing the dissolution
or precipitation of organic matter, clay, feldspar and quartz
minerals (Espinoza et al., 2011; Hangx et al., 2013; Zhang
et al., 2017; Goodman et al., 2019;). These CO2-induced
reactions depend on factors such as mineral type, reaction
temperature, and pressure (Eleni and Lyesse, 2022), and they
reshape pore morphology and alter reservoir permeability (Tao
et al., 2022). However, the interaction between scCO2 and rock
is a prolonged and complex process, hence further research
is necessary to understand the mechanisms of nano-scale
interactions between CO2 and conglomerate.

Many studies have investigated the changes in conglom-
erates after exposure to CO2 or its solutions, revealing that
CO2-water-rock interactions substantially alter the mechan-
ical strength, pore structure, permeability, and mineralogy.
Daphalapurkar et al. (2011) indicated that conglomerates ex-
hibit similar static mechanical properties under scCO2-water
conditions due to their high quartz content (approximately
90%) and stable particle contacts. In short-term experiments,
the adsorption of scCO2 on the rock surface was shown to
have a minor impact on its mechanical performance, with
chemical reactions being negligible. Bello et al. (2024) proved
that sandstone subjected to high-temperature heating forms a
significant number of dissolution pores after CO2 injection,
affecting the storage capacity and physical properties of rock.
Additionally, some scholars conducted uniaxial experiments
on conglomerates to quantify how CO2 reduces their strength
(Goodman et al., 2019). It was found that the strengths of
saturated water, saturated CO2, and saturated water-CO2 were
reduced by 36%, 13.4%, and 65.7%, respectively. However,

these measurements primarily addressed the overall alteration
of conglomerates, whereas a comprehensive understanding of
CO2 displacement, sequestration, and storage requires insights
into how individual mineral components react to CO2 ex-
posure. Furthermore, the high heterogeneity of conglomerate
reservoirs results in significant spatial variations in mechanical
properties at the micro- and nanoscale. To this end, traditional
macro-mechanical tests often fail to capture the localized
weakening or interfacial degradation caused by scCO2-water-
rock interactions. Nanoscale mechanical behaviors, particu-
larly those of individual mineral components (e.g., quartz,
feldspar, and clay), critically influence the overall mechanical
response of the rock mass, as dissolution, precipitation and
microcracking initiate at mineral boundaries and within weak
phases. Therefore, the accurate evaluation of reservoir integrity
after CO2 injection requires investigating the nanomechanical
properties and specific reactions of each mineral component
to CO2 exposure. With advancements in precision testing
instruments such as micro-scratch tests (Richard et al., 2012)
and nanoindentation (Shi et al., 2020), it is now possible to
obtain the mechanical properties of rock at the nanoscale
(Yang et al., 2024a, 2024b). Moreover, micro-scratch tests
allow the continuous recording of the mechanical parameters,
yielding richer data than the discrete points collected by
nanoindentation (Akono et al., 2011).

This study investigated the effects of CO2 and water
treatment on the primary mineral components and used micro-
scratch tests to identify the resulting mechanical changes.
The mineral phases were identified using a combination of
Quantitative Evaluation of Minerals by scanning electron mi-
croscopy (QEMSCAN), scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDS), allowing for
the establishment of a correlation between the measured me-
chanical properties and corresponding conglomerate mineral
phases. Additionally, nuclear magnetic resonance (NMR) was
used to analyze the impact of CO2 on the pore structure. This
research provides a detailed microscopic perspective on CO2-
water-rock interactions, contributing to advancements in CO2
geological storage and enhanced oil recovery.

2. Experimental methodology

2.1 Sample description and preparation
Conglomerates, as critical components of unconventional

reservoirs, are known for their unique compositional structure
and high heterogeneity. This study focuses on conglomer-
ates in the Mahu well area of the Junggar Basin, with the
geographical location and sample information depicted in
Fig. 1. The conglomerate consists of gravel and interstitial
material, with a distinct difference between the two. The
interstitial material, composed of particle debris with diameters
less than 1 mm, further exacerbates the heterogeneity of
the conglomerates. Conglomerate reservoirs in the Junggar
Basin are generally characterized by poor physical properties,
high cementation, and strong water sensitivity, posing severe
challenges to oilfield development. Therefore, investigating the
impact of scCO2-water on such complex conglomerates hold
significant research value for optimizing oilfield development
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Fig. 1. Overview of the Mahu well area and experimental samples: (a) Overview of the Mahu well area, (b) experimental
samples, (c) schematic of CO2 soaking, (d) gravel and (e) interstitial material.

in unconventional reservoirs.
During the sample preparation, a 50 mm diameter core

plug was first dried at 100 ◦C for 24 hours, then it was cut
into 5 mm thick discs. A flat surface is necessary for micro-
scratch tests to guarantee accuracy and consistency (Donnelly
et al., 2006). Therefore, the conglomerate disk underwent a
precise polishing procedure using abrasive papers from P1,200
to P4,000. To reach a finer surface, the remaining samples
were further polished using 1 µm polycrystalline diamond
suspension, 0.25 µm polycrystalline diamond suspension, and
0.05 µm alumina suspension. After the polishing process,
the surfaces of the samples were cleaned with ethanol. An
optical profilometer was used to check the roughness of
the polished surfaces. According to established methodolo-
gies for controlling surface roughness in nanoindentation and
micro-scratch tests (Vandamme et al., 2010; Sakulich and
Li, 2011), the following criterion was strictly followed to
ensure measurement accuracy: Within a scanning area with
a side length equal to 200 times the minimum indentation
depth (≈ 100 nm) employed in this study, the root mean
square (RMS) roughness (Ra) was controlled to be less than
one-fifth of the indentation depth. Furthermore, in line with
the recommendation by Akono et al. (2012) for the micro-
scratch testing of brittle materials, the sample surface Ra was
further constrained within an order of magnitude smaller than
the minimum scratch depth, ultimately maintained below 50
nm. This dual criterion ensures that surface roughness-induced
interference is negligible relative to the micro-mechanical sig-
nals of interest. Furthermore, this experiment employs SEM to
scan the sample surface to reveal the morphology, composition
and structural characteristics. Concurrently, NMR technology
was utilized to analyze the T2 transverse relaxation times and
T1-T2 spectroscopic features in the pores.

In the first round of micro-scratch tests, SEM-EDS, and
QEMSCAN analyses were performed on the polished con-
glomerate sample to obtain its baseline mechanical and miner-
alogical properties. Then, conglomerate samples were treated
with scCO2-water for 8, 16, and 24 d. After 10 and 20 d of
fluid treatment, second-round and third-round micro-scratch
tests were conducted on the samples. After 24 d of treatment,
a fourth round of micro-scratch tests was conducted, fol-

lowed by QEMSCAN-SEM-NMR analysis. QEMSCAN anal-
ysis provides the mineralogy information of the conglomerate
samples; micro-scratch tests can characterize the mechanical
properties of conglomerate before and after treatment; SEM
assists to locate the scratch and offers the morphology of
the residual impression; whereas NMR provides information
regarding the pore structure. By combining the QEMSCAN-
SEM-NMR results with micro-scratch tests, the mineralogy
related mechanical change can be directly observed.

2.2 Micro-scratch tests
Micro-scratch tests were performed using a Keysight G200

system equipped with a Berkovich indenter (Fig. 2). To ensure
data reliability, three independent parallel scratch tests were
conducted on each sample, with adjacent scratches spaced 60
µm apart to eliminate stress interference (Randall et al., 2009).
The micro-scratch mechanical parameters (e.g., scratch depth,
fracture toughness) of conglomerate samples were quantita-
tively evaluated by the coefficient of variation, demonstrating
experimental reproducibility. Post-immersion morphological
characterization was performed using a HELIOS 5CS Environ-
mental SEM microscope, while SEM and QEMSCAN obser-
vation were repeated across all scCO2-water-treated samples
to confirm mineralogical homogeneity. This multi-tiered vali-
dation framework ensures both mechanical and compositional
consistency throughout the experimental protocol.

Scratching is a fracture-dominated process that enables the
evaluation of fracture performance at a highly refined scale
(Liu et al., 2023). Scratch fracture toughness refers to the
resistance of a material to fracture when subjected to scratch-
ing, while fracture toughness reflects its ability to resist crack
propagation. The latter is calculated from a micro-scratch test
using the following formula (Akono and Kabir, 2016):

KIC =
FT√

2p(d)A(d)
(1)

where KIC represents the fracture toughness, MPa·m1/2; FT
represents the cutting force, mN; d represents the scratch depth
µm; p(d) represents the scratch perimeter at depth d, µm; and
A(d) is the projected contact area at depth d, µm2.

Scratch hardness reflects the resistance of a material to
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Fig. 3. Flowchart of the CO2 immersion test.

deformation (Liu et al., 2023):

H =
FV

A(d)
(2)

where H denotes the scratch hardness, MPa; and FV is the
normal force, mN.

For a Berkovich indenter, that features a three-sided pyra-
midal tip with a well-defined facet angle, its scratch perimeter
p(d) is derived based on the projection geometry during
the scratching process. Specifically, during scratching, p(d)
represents the perimeter of the projected contact area at depth
d and is calculated as the sum of the edge lengths LAE and
LAC along the scratching direction (see Fig. 2).

The length LAE and LAC correspond to the projection of
the indenter edge at depth d, given by:

LAE = d

√
1+

4tan2 β · cos2 θ

3cos2 α
(3)

LAC = d

√
1+

4tan2 β · sin2 (30◦+θ)

3cos2 α
(4)

Thus, the scratch perimeter p(d) is:

p(d) = LAC +LAE = d · (

√
1+

4tan2 β · cos2 θ

3cos2 α
+√

1+
4tan2 β · sin2 (30◦+θ)

3cos2 α
)

(5)

where θ represents the apex angle of the Berkovich indenter
(130.6◦), and β and α are constants related to the indenter
shape for a Berkovich indenter (β = 70.05◦ and α = 65.3◦).

This expression simplifies to the form Eq. (7) (Akono
and Ulm, 2017), consistent with prior literature. Here, A(d)
is proportional to d2 and p(d)A(d) is proportional to d3, as
validated through geometric scaling. The formulas for A(d)
and its derivation are similarly grounded in the indenter’s
projection:

A(d) = tanθ [tanα + tanβ ]d2 (6)
p(d) = d

√
1+ tanθ (tanα + tanβ ) (7)

2.3 CO2 and water treatment process
The schematic of the CO2 and water treatment process

is shown in Fig. 3. The experimental setup was designed
to replicate subsurface conditions relevant to CO2 geological
storage, with specific parameters detailed in Table 1. Dry CO2
was injected into the treatment vessel at a pressure of 1,500 psi
(10.34 MPa). A thermostatic water bath maintained the system
temperature at 70 ◦C, exceeding the critical temperature of
CO2 (31.04 ◦C). The system pressure was continuously mon-
itored to ensure it was above the critical pressure of CO2 (7.3
MPa), guaranteeing that CO2 remained in a supercritical state
throughout the experiment (Fatah et al., 2021). The selected
pressure and temperature conditions corresponded to typical
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Table 1. Basic experimental parameters.

Parameter Value Rationale

Pressure 10.34 MPa
(1,500 psi)

Exceeds scCO2 critical
pressure (7.38 MPa)

Temperature 70◦C Exceeds scCO2 critical
temperature (31.04 ◦C)

Brine
composition

2% NaCl +
1% KCl

Simulates formation water;
inhibits clay swelling

CO2 phase Supercritical
(scCO2)

Mimics CO2 behavior in
deep reservoirs

Soaking
duration 0, 8, 16, 24 d Captures short/medium

term interaction dynamics

Quartz (100%)

Feldspar (100%)
(Contains a variety
of feldspar)

Debris (100%)
(Kaolinite, chlorite, illite 
and other clay minerals)

75%

25% 75%

1

2

3
4 5

50%

50%

50%

0%

25%

0%

0%

25%75%

Fig. 4. Ternary map of conglomerate minerals: 1–quartz con-
glomerate , 2–subfeldspathic debris conglomerate, 3–feldspar
debris conglomerate, 4–feldspar conglomerate and 5–debris
conglomerate.

reservoir depths of 800-1,500 m, aligning with geological stor-
age scenarios. Additionally, the brine solution (2% NaCl and
1% KCl) was employed to inhibit clay swelling and simulate
formation water chemistry (Zhang et al., 2016). To investigate
the time-dependent effects of CO2-water-conglomerate inter-
actions, the soaking durations were set at 0, 8, 16, and 24
d.

3. Experimental results

3.1 Mesoscopic lithofacies categories
The ternary map for conglomerate classification is shown

in Fig. 4. Based on mineral content and composition, con-
glomerates can be classified into different types. In this study,
conglomerates were categorized into five lithologies according
to the proportions of quartz, feldspar and debris (kaolin-
ite, chlorite, illite, and other clay minerals): Feldspar debris
conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, quartz conglomerate, and debris conglomerate.
The QEMSCAN energy-dispersive spectrometer determines
elemental information at each point, and the mineral com-
position and distribution in the target area are derived from
the intensity and concentration of these elements. The original
QEMSCAN scanning results for the conglomerate samples are
shown in Fig. 6.

The ternary diagrams and QEMSCAN results reveal the
compositional constituents of conglomerates. Quartz conglom-
erate (Fig. 4, area labeled 1) is predominantly composed of
quartz, with a content ranging from 75% to 100%, and contains
approximately 76% quartz, 8% albite and 16% chlorite (Fig.
5(d)). Subfeldspathic debris conglomerate (Fig. 4, area labeled
2) has a quartz content between 50% to 75%, and contains
approximately 56% quartz, 24% albite, and 15% chlorite (Fig.
5(a)). Feldspar debris conglomerate (Fig. 4, area labeled 3)
contains quartz (0% to 50%), debris (25% to 75%), and
feldspar (25% to 75%), and is composed of approximately
39% quartz, 33% albite, and 22% chlorite (Fig. 5(c)). Feldspar
conglomerate (Fig. 4, area labeled 4) has quartz (0% to 75%),
debris (0% to 25%), and feldspar (25% to 100%), and contains
approximately 18% quartz, 61% albite, and 21% chlorite (Fig.
5(b)). Debris conglomerate (Fig. 4, area labeled 5) contains
quartz (0% to 75%), debris (75% to 100%), and feldspar (0%
to 25%), and is composed of approximately 21% quartz, 36%
kaolinite, and 41% chlorite (Fig. 5(e)).

3.2 Failure modes of different lithologies
The current study considers two distinct failure modes:

Dctile and brittle (Nesbitt and Young, 1984; Crundwell, 2017).
The most prominent fragmentation pattern in the brittle regime
is caused by the initiation and propagation of tensile macro-
cracks. Figs. 6(a) and 6(c) show typical cutting force variations
corresponding to the propagation of tensile macro-cracks. This
phenomenon can be divided into two stages. In the first stage
(OA), the nano-indenter compresses the rock as it moves along
the sample surface, resulting in an increase in cutting force.
Upon reaching the peak at point A, the failure mode shifts to
the second stage (AB). In this stage, as the scratch indenter
advances, the cutting force decreases, which corresponds to the
propagation of tensile cracks. The expansion of these tensile
cracks reduces the load-bearing capacity of the rock, causing
local failure in front of the scratch indenter. As the scratch
indenter continues to move, the cutting force amplitude sharply
decreases, accompanied by rock fragment breakage (Randall
et al., 2009).

The typical cutting force variations are associated with
ductile failure (Figs. 6(b) and 6(d)). This phenomenon is
also divided into two stages. In the first stage (OA), the
scratch indenter moves along the sample surface, leading to an
increase in cutting force. Upon reaching the peak at point A,
the failure mode transitions to the second stage (AB). With the
scratch displacement increasing, the cutting force in the AB
segment exhibits minor fluctuations. This lack of rapid strain
energy release in the AB segment is referred to as “plastic
flow” (Richard et al., 2012).

During the scratch process, the fragments are discharged
along both sides in front of the cutter tip. Scratching the
rock surface causes a groove to form that penetrates to a
certain depth in the rock, and the cracks are referred to as
“thickness cracks”. The mode of failure between the groove
and the surrounding minerals is termed interfacial failure
mode (Bull, 1991). The delamination failure mode delineates
the morphological characteristics of rock deformation under
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Fig. 5. Lithologic classification map: (a) Subfeldspathic debris conglomerate, (b) feldspar conglomerate, (c) feldspar debris
conglomerate, (d) quartz conglomerate and (e) debris conglomerate.

micro-scratch actions, thereby reflecting the intrinsic proper-
ties of the rock. The scratch damage morphologies of different
conglomerates are illustrated in Fig. 7. During the scratching
process, shear failure occurs, resulting in subsequent crack
propagation to the scratch interface edge. The scratch interface
presents a smooth and linear appearance, while the damaged
groove exhibits a sharp and fractured morphology. The scratch
width ranges from 2 to 5 µm, with a relatively narrow width.
Among the conglomerates, the feldspar debris conglomerate
has the largest scratch width (around 5 µm) while the feldspar,
subfeldspathic and quartz conglomerates show smaller scratch
widths (approximately 2 µm).

The morphology of scratch damage in debris conglomerate
differs significantly from other conglomerates, as shown in
Fig. 7(e). Debris conglomerate contains abundant clay pores
that are disrupted during the scratch process. The groove in the
clay exhibits a fragmented failure pattern, with a scratch width
ranging from 5 to 10 µm, indicating a larger scratch width. The
red bands mark the interfacial failure zones between the clay
groove and the surrounding minerals (Fig. 7). The edges of
the scratch interface display a wavy pattern, without a distinct

interfacial failure zone, which is due to stress concentration of
the scratch between the groove and adjacent minerals.

3.3 Mechanical alterations after scCO2-water
treatments
3.3.1 Scratch deformation

The depth-displacement curve illustrates the relationship
between indenter penetration and sample deformation (Fig.
8). The scratch depth represents the penetration depth of
the indenter tip into the sample surface and corresponds to
the resultant sample deformation. At the end of the indenter
cutting, the sample exhibits its maximum deformation. The
initial maximum deformation of feldspar debris conglomerate,
subfeldspathic debris conglomerate, quartz conglomerate and
debris conglomerate are 1,228.47, 873.11, 1,183.87, 489.94,
and 10,306.7 nm, respectively. The less the deformation is,
the harder the sample. Among them, the debris conglomerate
has the largest amount of deformation, with a “parabolic”
distribution of curve, while the quartz conglomerate has the
smallest scratch deformation, corresponding to the highest har-
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Fig. 7. Typical brittle scratch patterns: (a) Feldspar debris conglomerate, (b) subfeldspathic debris conglomerate, (c) quartz
conglomerate, (d) feldspar conglomerate and (e) debris conglomerate.
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dness. The curves of the remaining conglomerates are uneven.
After the soaking treatment experiment, different types of

clastic conglomerates were shown to exhibit unique trends
in maximum deformation. As shown in Fig. 9, the feldspar
debris conglomerate demonstrates a significant decrease in
maximum deformation in the early stages of soaking treatment.
However, as the soaking time extends, the maximum deforma-
tion gradually increases. In contrast, the subfeldspathic debris
conglomerate shows a slight continuous increase in maxi-
mum deformation throughout the soaking treatment process.
For feldspar conglomerate, the maximum deformation only
slightly increases to 1,227.28 nm in the early stages, while in
the subsequent soaking treatment, its maximum deformation
shows a significant increase. Quartz conglomerate, due to its
high hardness, is relatively less affected by soaking treatment
and shows a limited increase in maximum deformation. The
maximum deformation of debris conglomerate is the most
complex and variable: In the early stages of soaking treatment,

0.05000 16.05
KIC (MPa·m1/2)

0 10 20 30 40 50 60 70 80 90 100

3
4
6
7

2
4
5
6

1
2
3

5
9

14
18

0 10 20 30 40 50 60 70 80 90 100

0

1

 

K
IC

 (M
Pa

·m
1/

2 )

Feldspar debris 3.68

Feldspar 3.92

Subfeldspathic debris 1.61

Quartz 5.5

Debris 0.12

L (µm)

Fig. 10. Scratch fracture toughness-displacement curve.

its maximum deformation increases from 10,306.7 to
12,880.61 nm; however, after 16 d of soaking treatment, it
significantly decreases to 9,241.46 nm; after 24 d of soaking
treatment, it notably increases to 13,372.68 nm, showing a
nonlinear and fluctuating pattern of change.

The maximum deformations of the five samples demon-
strate an increasing trend after scCO2-water treatment, indicat-
ing a deterioration of resistance to load. After 24 d of scCO2-
water treatment, the maximum deformation of feldspar debris
conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, quartz conglomerate, and debris conglomerate
increases by 41.49%, 9.53%, 60.62%, 61.65%, and 29.74%,
respectively. The maximum deformation of feldspar conglom-
erate and quartz conglomerate increases the most significantly
during fluid treatment, while subfeldspathic debris conglom-
erate exhibits the smallest change. This indicates that the
fluid treatment has the most obvious effect on reducing the
deformation resistance of feldspar and quartz conglomerate.

3.3.2 Fracture toughness

The fracture toughness curves obtained from micro-scratch
tests (Fig. 10) show that the initial values of feldspar debris
conglomerate, feldspar conglomerate, subfeldspathic debris
conglomerate, quartz conglomerate, and debris conglomerate
are 3.68, 3.92, 1.61, 5.5, and 0.12 MPa·m1/2, respectively.
Among them, the fracture toughness of the debris conglom-
erate shows a “concave” curve, while the curves of other
conglomerates present a serrated distribution. The fracture
toughness of quartz conglomerate is the largest, and that of
debris conglomerate is the smallest. The color mapping of
fracture toughness reveals that the number of colors mapped
in the debris conglomerate is small and the color distribution
is uniform, which indicates that the fracture toughness of con-
glomerate is evenly distributed. The number of colors mapped
by the quartz conglomerate is large and the color distribution
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fluctuates greatly. This indicates that the fracture toughness
distribution is not uniform in the quartz conglomerate.

The changes in the fracture toughness of conglomerate
samples are shown in Fig. 11. With increasing soaking time,
the fracture toughness curve of feldspar conglomerate shows
a linear decline. The fracture toughness curves of subfelds-
pathic debris conglomerate, feldspar conglomerate and quartz
conglomerate increase first and then decrease. The debris
conglomerate shows a change trend of first decreasing, then
rising and decreasing again. Finally, after 24 d of scCO2-
water treatment, the fracture toughness of the five samples all
witness a decrease to varying degrees, especially in quartz con-
glomerate. The average fracture toughness of feldspar debris
conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, quartz conglomerate, and debris conglomerate
decrease by 33.42%, 48.72%, 32.50%, 55.27%, and 25.00%,
respectively. In general, the decreasing rate of micromechan-
ical parameters is related to the time effect: The longer the
immersion time, the greater the decrease in micromechanical
parameters.

In order to facilitate the direct comparison of mechanical
degradation across the five conglomerate types over time,
Table 3 integrates the key parameters: The maximum scratch
deformation and fracture toughness for each conglomerate at 0
and 24 d. To highlight the evolutionary trends, the percentage
changes relative to the initial state (0 d) are also provided.

The results of fracture toughness density distribution are
illustrated in Fig. 12. The peak density values of fracture

toughness exhibit a leftward shift, and the curves before
and after immersion belong to normal distribution. For the
feldspar debris conglomerate, subfeldspathic debris conglom-
erate and debris conglomerate, the peak initially increases
and then decreases with prolonged exposure to scCO2-water.
For the feldspar conglomerate, the peak first decreases and
then increases with the immersion time increasing. Despite
the differences observed in peak variations among these four
conglomerate samples, there is a consistent overall trend of
increasing final peak values, which aligns with previously
reported scCO2-induced mineral dissolution and reprecipita-
tion processes that homogenize mechanical properties over
time (Eleni and Lyesse, 2022; Yang et al., 2023). After 24
d of treatment, the peak density values of the four samples
exhibit various degrees of increase, and the subfeldspathic
debris conglomerate shows the most significant increase in
fracture toughness. The peak density values for feldspar debris
conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, and debris conglomerate show an increase of
23.26%, 61.76%, 44.71% and 24.33%, respectively.

Furthermore, it is noteworthy that the changes in peak
density for quartz conglomerate are relatively minor, suggest-
ing that scCO2-water has a limited impact on the mechanical
uniformity of quartz. The variations in nano-mechanical prop-
erties observed in conglomerate are related to the different
mineral compositions, which demonstrates a range of reactions
with CO2-water. A detailed discussion on the dissolution and
precipitation of the involved minerals will be provided in the
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mineral analysis section.

3.3.3 Elastic-plasticity

The displacement-cutting force curves are illustrated in Fig.
13. The cutting force of feldspar debris conglomerate, feldspar
conglomerate, subfeldspathic debris conglomerate, quartz con-

glomerate, and debris conglomerate are 38.45, 25.54, 15.53,
13.58, and 35.42 mN, respectively. The color mapping of
cutting force directly illustrates the cutting force distribution. It
can be seen that the feldspar debris conglomerate exhibits the
highest average cutting force, while the quartz conglomerate
shows the lowest value. The cutting force curves for feldspar
debris conglomerate, feldspar conglomerate, subfeldspathic
debris conglomerate, and quartz conglomerate follow a saw-
tooth pattern with increasing scratch displacement, whereas the
cutting force curve for debris conglomerate remains smooth as
the scratch displacement increases.

In terms of scratch cutting force fluctuations, the failure
mode of lithic conglomerate is characterized as a single
ductile failure, while those of feldspar debris conglomerate,
feldspathic conglomerate, subfeldspathic debris conglomerate,
and quartz conglomerate comprise both ductile and brittle
failures. Brittle failure shows larger fluctuation profiles, while
ductile failure exhibits smaller fluctuation profiles. In this
study, the ductile failure (plastic flow) portion of the cutting
force curve is used to quantify the effect of scCO2-water
treatment on rock toughness. Furthermore, to determine rock
toughness, the coefficient of variation from statistical analysis
is introduced. A larger coefficient of variation indicates lower
toughness, while a smaller coefficient of variation indicates
higher toughness. The formula for calculating the coefficient
of variation is as follows:

Cv =
σ

x̄
(8)
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σ =

√√√√ n
∑

i=1
(xi − x)2

n
(9)

where Cv represents the coefficient of variation (dimension-
less), σ represents the standard deviation, x̄ is the sample
mean, xi denotes the i-th value in the sample, and n represents
the sample size.

The variations in cutting forces are illustrated in Fig.
14. After 24 d of immersion, the average cutting force of
feldspar debris conglomerate, subfeldspathic debris conglom-
erate, feldspar conglomerate, quartz conglomerate, and debris
conglomerate is 32.39, 13.91, 21.89, 12.16 and 40.01 mN,
respectively. Among them, the cutting forces of feldspar debris
conglomerate, subfeldspathic debris conglomerate, and quartz
conglomerate decrease to some extent. In contrast, the cut-
ting forces of feldspar conglomerate and debris conglomerate
increase by 40.95% and 11.47%, respectively. With increas-
ing soaking time, the cutting forces of feldspar debris con-
glomerate and subfeldspar debris conglomerate show a linear
decreasing trend, while the scratch cutting forces of feldspar
conglomerate, quartz conglomerate, and debris conglomerate
initially increase and then decrease.

The statistical results of ductile failure under different
soaking durations are shown in Fig. 15. Before soaking
treatment, the coefficient of variation for feldspar debris

conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, and quartz conglomerate is 0.075, 0.1, 0.27, and
0.26, respectively, which shows various degrees of reduction
after scCO2-water soaking for all four samples. Specifically,
the coefficient of variation for feldspar debris conglomerate,
subfeldspathic debris conglomerate, feldspar conglomerate,
and quartz conglomerate decrease by 18.67% (0.061), 23%
(0.077), 3.84% (0.25), and 11.11% (0.24), respectively. A
smaller coefficient of variation indicates less fluctuation in
the curve and stronger plastic flow, suggesting that scCO2-
water soaking enhances the toughness of feldspar debris
conglomerate, subfeldspathic debris conglomerate, feldspar
conglomerate, and quartz conglomerate. Among them, the
reduction is greatest for subfeldspathic debris conglomerate
and smallest for quartz conglomerate.

In conjunction with the cutting force changes (Fig. 15),
scCO2-water exerts the most significant impact on the tough-
ness and cutting force of subfeldspathic debris conglomerate,
and the least effect is on quartz conglomerate. Since the
clastic conglomerate shows only a single failure mode (ductile
failure), it can be inferred that the lithic content change in the
conglomerate will affect the reaction degree of different rock
samples. The greater the lithic content in the conglomerate
is, the more pronounced the impact of scCO2-water on its
toughness and cutting force. Conversely, conglomerates with
lower lithic content experience a smaller effect on toughness
and cutting force.

4. Discussion

4.1 Mineral dissolution and precipitation
The physical and chemical properties of conglomerate are

significantly influenced by the reactivity of minerals therein.
As shown in Fig. 16, quartz (SiO2) is a mineral found in
almost all types of conglomerate and other rocks (Nesbitt and
Young, 1984). The micro-scratch results indicate that quartz
conglomerate exhibits the lowest values of maximum scratch
depth and fracture toughness, indicating its high mechanical
strength. However, after soaking in scCO2-water for 24 d, the
reduction in its fracture toughness is particularly significant.
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This decrease in mechanical strength may be related to the
dissolution process of quartz. Crundwell (2017) demonstrated
that quartz can dissolve in water and proposed a related
equilibrium equation, as shown in Eq. (10):

SiO2 +2H2O = H4SiO4 (10)
3NaAlSi3O8 (albite)+K++2H++H2O =

KAl3Si3O10(OH)2 (illite)+3Na++6SiO2 +H2O
(11)

CO2 +H2O ↔ H2CO3 ↔ H++HCO3
−

↔ 2H++CO3
2− (12)

Illite+1.1H+ ↔0.77Kaolinite+0.6K++0.25Mg2+

+1.2Quartz+1.35H2O
(13)

Consequently, quartz may undergo mechanical alterations
after scCO2-water treatment due to the dissolution and pre-
cipitation of SiO2. On the other hand, the surface of quartz
conglomerates exhibits an increase in clay mineral particles.
Illite is a potassium-rich silicate clay mineral with relatively
low mechanical strength. The rise in illite content could be a
profound reason for the significant reduction in the strength of
quartz conglomerates, feldspar conglomerates, feldspar debris
conglomerates, and subfeldspathic debris conglomerates. The
formation of illite occurs not only through the illitization
of kaolinite and smectite but also due to the illitization of
feldspar. According to Eq. (11), owing the chemical “compat-
ibility” between albite and illite, albite can directly transform
into illite under certain conditions (Xiong et al., 2022). After

CO2 injection into the reservoir, it reacts with water to form
carbonic acid solution, which dissociates to produce H+. The
ions in the carbonic acid solution subsequently react with the
silicate ions (SiO4

4 – ) dissolved from quartz, forming more
soluble silicate ions. Consequently, a portion of the quartz
dissolves, leading to a decrease in quartz content. Meanwhile,
the sodium ions (Na+) in the carbonic acid solution can react
with aluminum ions (Al3+) in the rock fragments, resulting
in an increase in albite minerals. Therefore, the reduction
of quartz content and the increase of illite content results
from the reactions between ions in the carbonic acid solution
and rock components. Furthermore, the transport effects of
scCO2-water cannot be ignored. It can be hypothesized that the
formation of illite in the quartz region might be attributed to
the transportation of illite minerals from other areas, leading to
deposition and accumulation. However, testing this hypothesis
requires further geological surveys and experimental analysis
for validation.

The reactivity of minerals significantly impacts the con-
glomerate properties. For debris conglomerate, nonlinear de-
formation fluctuations (e.g., initial increase, transient decrease
at 16 d, and rebound at 24 d in Fig. 10) arise not only from
clay reorganization and secondary mineral formation but also
from time-dependent swelling/shrinkage effects induced by
scCO2. Specifically, the hydration-driven swelling of clay min-
erals (e.g., kaolinite and illite) under acidic scCO2 conditions
causes initial volumetric expansion, increasing deformation.
Subsequently, shrinkage occurs due to dissolution-induced
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Fig. 17. SEM results after scCO2-water immersion for 24 d: (a)-(b) Feldspar conglomerate, (c)-(d) debris conglomerate and
(e)-(f) quartz conglomerate.

dehydration or mineral reprecipitation, explaining the transient
decrease, which is corroborated by SEM observations in Figs.
17(c) and 17(d), showing localized volumetric strain from
kaolinite swelling (highlighted by pore-filling textures) and
shrinkage cracks from illite dehydration. Quartz dissolution
(Eq. (10)) and albite-illite transformation (Eq. (11)) make a
further contribution (Xiong et al., 2022), but swelling/shrink-
age dominates in clay-rich debris conglomerate. The combined
effects of processes such as swelling, shrinkage and secondary
crack propagation underpin the non-monotonic mechanical
response. To refine the predictive models, future studies should
quantify the swelling coefficients under scCO2.

The scratch results of clay indicate that both the frac-
ture toughness and the scratch depth decrease after soaking,
albeit to a minor extent. It is generally believed that clay
minerals exhibit higher reactivity in terms of both chemical
and mechanical properties. The changes in clay composition
before and after soaking are illustrated in Figs. 16(i) and
16(j), respectively. It can be observed that illite reacts with
carbonates to form kaolinite, as represented by Eq. (13) (Xiong
et al., 2022; Zhou et al., 2025). Notably, similar clays exhibit
minimal differences in mechanical strength, and their disso-
lution and precipitation processes are dynamically reversible.
The reduction in mechanical strength of the conglomerate is
primarily due to the expansion and transformation of clay
minerals.

Feldspar exhibits relative inertness in its mechanical prop-
erties; however, it is chemically less stable, showing significant
reactivity and a strong affinity for dissolution. The micro-

scratch results reveal that the fracture toughness of feldspar de-
bris conglomerate, feldspar conglomerate, and subfeldspathic
debris conglomerate exhibit 33.42%, 48.72%, and 32.5%
reductions, respectively, which are relatively similar figures.
The mineral distribution before and after soaking for the three
samples is shown in Figs. 16(a)-16(f), respectively. It can
be observed that the content of feldspar mineral show 6%,
1%, and 5% increases, respectively, which figures somewhat
deviate. This increase in feldspar content leads to the overall
reduction in the strength of conglomerates. The observed
increase in feldspar content might result from the scCO2-
water interaction on the distribution and concentration of
residual feldspar around the gravel. As the carbonate solution
partially dissolves the surface layer of feldspar, the remaining
undissolved feldspar could be redistributed, leading to an
apparent increase in feldspar content around the gravel.

While the dissolution of quartz, feldspar, and clay minerals
(e.g., illite, kaolinite) dominates the observed mechanical
degradation, the potential role of additional secondary minerals
cannot be entirely dismissed. For instance, Fe-/Mg-bearing
minerals (e.g., chlorite) may undergo oxidation or hydration
under acidic scCO2-water conditions, forming secondary ox-
ides or hydroxides that weaken the grain boundaries. Although
QEMSCAN and SEM observations focused on the major min-
eral phases, the identification of additional secondary minerals
may require advanced techniques (e.g., TEM or XRD) for
definitive confirmation. Future studies should prioritize these
techniques to fully unravel the chemo-mechanical interplay in
scCO2-water-rock interaction (SCWRI) systems.
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Fig. 18. Schematic diagram of CO2 dissolution and sequestration.

4.2 Pore structure evolution
Mechanical degradation under the supercritical CO2-water-

rock interaction is initiated by the dissolution of CO2 in water,
forming a carbonic acid solution that infiltrates rock pores and
fractures (Fig. 17). This reactive fluid penetrates micropores
and mineral interfaces, triggering the dissolution of primary
minerals (Wu et al., 2022). These reactions alter mineral com-
position and compromise structural integrity, as evidenced by
post-immersion SEM images, which show roughened surfaces,
enlarged pores and interconnected crack networks. Beyond
primary mineral dissolution, SCWRI facilitates secondary
mineral formation (Fig. 17). Illite accumulates at the quartz-
feldspar boundaries, weakening intergranular cohesion and ex-
acerbating fracture toughness reduction (e.g., 55.27% decline
in quartz conglomerate). Concurrently, kaolinite precipitation
induces localized volumetric strain through hydration-driven
swelling (Fig. 17(d)), generating stress-concentrating micro-
cracks that propagate along weakened clay interfaces (Figs.
17(b), 17(d) and 17(f)). These chemo-mechanical processes
collectively degrade the macroscopic mechanical properties,
transitioning failure modes from brittle fracture to ductile
deformation.

4.3 Fluid occurrence
The evolution of pore structure arises from synergistic

mechanisms involving physicochemical interactions. As illus-
trated in Fig. 18, scCO2 dissolves in water to form a carbonic
acid solution that adsorbs onto rock surfaces. scCO2 readily
infiltrates into micropores, progressively enlarging them to be-
come interconnected macropores. Concurrently, ion exchange
within the solution facilitates the precipitation of secondary
minerals, which partially occlude pore throats and disrupt
connectivity. These processes align with prior studies on CO2-
water-rock interactions. Mineral dissolution, secondary phase
formation, and clay migration collectively degrade reservoir
integrity (Zhang et al., 2020). Notably, density contrasts be-
tween dissolved primary minerals (e.g., albite) and precipitated
secondary phases (e.g., illite) generate residual stresses, pro-
moting interfacial debonding and secondary crack propagation
(Figs. 17(e) and 17(f)). Feldspar dissolution further releases

Na+ and Al3+ ions, which react with silicates to reprecipitate
albite (Fig. 16(f)). These microstructural alterations correlate
with NMR-derived pore homogenization (DN1: 5.43% reduc-
tion) and enhanced connectivity (Fig. 19). Collectively, these
findings underscore the dual role of scCO2 in reshaping both
pore structure and mechanical behavior via chemo-mechanical
coupling.

NMR was employed to characterize pore size distribution
via T2 spectrum analysis (Fig. 19(a)). The term “cumulative
peak area” refers to the total integrated signal intensity under
the T2 relaxation curve, which is directly proportional to
the total measurable porosity of the conglomerate (Wei et
al., 2020). This parameter quantifies the total volume of fluid-
saturated pores, encompassing both micropores and macrop-
ores. After 16 d of scCO2-water immersion, the cumulative
peak area increased by 18.22%, indicating a net increase in
total porosity due to mineral dissolution and pore enlargement.
Concurrently, the primary peak intensity (0.01-10 ms range)
substantially increased, signifying growth in small pores (mi-
cropores/mesopores), while the secondary peak shifted toward
longer T2 times (10-100 ms), reflecting the enlargement of
large pores (macropores). These changes align with SEM-
observed microcrack proliferation (Figs. 17(b), 17(d) and
17(f)). Concurrently, the primary peak intensity substantially
increased and the secondary peak shifted towards longer T2
times. These changes indicate the increased abundance of
small pores and enlargement of large pore sizes. The observed
pore enlargement aligns with the increased microcrack density
detected via SEM (as discussed previously). After 24 d of
immersion, the cumulative peak area increase was significantly
smaller (only 5.5%), suggesting sustained but diminished
microstructural alteration. Comparatively, the damage to the
pore structure was more pronounced during the early-stage
immersion period.

Taking the distribution characteristics observed in T1-T2
maps as a basis, distinct fluid components exhibit differen-
tiated spatial distributions. This zonation follows the pore
segmentation model along the T2 dimension proposed by Sun
et al. (2024). Distinct fluid components occupy specific regions
within the T1-T2 map. As depicted in Figs. 19(b) and 19(c),
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Fig. 19. Pore fluid evolution mechanisms: (a) T2 spectrum distributions and (b)-(d) evolution of fluid occurrence states.

fluid signals are concentrated within three intervals: Clay-
bound water (T2 < 1.6 ms), capillary-bound water (1.6 ms
< T2 < 6 ms), and movable water (6 ms < T2 < 20 ms).
After 16 d of scCO2-water immersion, the expanded signal
areas and increased signal intensity (darker regions) indicate
altered pore structure and increased water content within pores.
Notably, the increased signal intensity for capillary-bound
water suggests the enlargement of some micropores into small
pores. A significant increase in movable water is also observed,
corresponding to the T2 spectral results. Following 24 d of im-
mersion, the signal intensity increased across micropores/small
pores and medium/large pores, indicating continued mineral
reaction with CO2.

5. Conclusions
In contrast to conventional macroscopic mechanical tests

that often overlook localized mineral-scale responses, this
study employed micro-scratch testing coupled with SEM and
NMR to elucidate mineral-specific mechanical degradation and
pore-scale structural evolution induced by scCO2-water-rock
interactions. Our findings revealed the following:

1) While conventional macro-mechanical tests often fail
to consider localized interfacial degradation, our micro-
scratch analysis uncovered distinct failure modes among
different conglomerate lithologies, governed by mineral
hardness contrast and pore structure heterogeneity.

2) Contrary to the conventional view of uniform weak-
ening, we observed non-monotonic changes in fracture
toughness and deformation resistance (initial increase
followed by significant decline), particularly in clay-rich
conglomerates, due to the competing effects of mineral
dissolution, illitization, and clay swelling/shrinkage.

3) The elective dissolution and migration of minerals in-
duce secondary fractures, substantially weakening the
mechanical integrity of the rock matrix. These promote
pore connectivity through dissolution-transport processes,
while the reduced surface roughness and pore complexity
can accelerate the degradation of deformation resistance.
These processes, visualized through in-situ scanning elec-
tron microscopy and nuclear magnetic resonance, have
been rarely quantified in conventional macroscopic stud-
ies.

This study has certain limitations. While it primarily inves-
tigated the short-term effects (up to 24 d) of scCO2-water-rock
interactions on conglomerate mechanics and microstructure
under specific thermodynamic conditions (70 ◦C, 10.34 MPa).
The findings are based on samples from a single geological
setting (Mahu area), while the long-term chemo-mechanical
evolution (e.g., over years) remains unvalidated. Furthermore,
the micro-scratch approach, while effective for surface micro-
mechanics, does not fully capture the complex in-situ stress
constraints and multi-physical field coupling (thermal-hydro-
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mechanical-chemical, THMC) prevalent in actual reservoirs.
Thus, future research should focus on: (1) Extending treatment
durations and incorporating more diverse geological samples
to enhance generalizability; (2) employing in-situ synchrotron
or micro-CT techniques to visualize the dynamic processes of
mineral dissolution and fracture propagation in real time under
THMC coupling conditions; (3) developing multi-scale con-
stitutive models that integrate the nano-mechanical properties
obtained from scratch tests with macro-mechanical responses,
ultimately improving the predictive capability for long-term
reservoir integrity.
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