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Abstract

Supercritical CO2 (ScCO2) injection has emerged as a promising method to enhance shale
gas recovery while simultaneously achieving CO2 sequestration. This research investigates
how ScCO2 interacts with water and shale rock, altering the pore structure characteristics of
shale reservoirs. The study examines shale samples from three marine shale formations in
southern China under varying thermal and pressure regimes simulating burial conditions at
1000 m (45 ◦C and 10 MPa) and 2000 m (80 ◦C and 20 MPa). The research employs multiple
analytical techniques including XRD for mineral composition analysis, MICP, N2GA, and
CO2GA for comprehensive pore characterization, FE–SEM for visual observation of mineral
and pore changes, and multifractal theory to analyze pore structure heterogeneity and
connectivity. Key findings indicate that ScCO2–water–shale interactions lead to dissolution
of minerals such as kaolinite, calcite, dolomite, and chlorite, and as the reaction proceeds,
substantial secondary mineral precipitation occurs, with these changes being more pro-
nounced under 2000 m simulation conditions. Mineral dissolution and precipitation cause
changes in pore structure parameters of different pore sizes, with macropores showing
increased PV and decreased SSA, mesopores showing decreased PV and SSA, and microp-
ores showing insignificant changes. Moreover, mineral precipitation effects are stronger
than dissolution effects. These changes in pore structure parameters lead to alterations in
multifractal parameters, with mineral precipitation reducing pore connectivity and conse-
quently enhancing pore heterogeneity. Correlation analysis further revealed that H and
D−10–D10 exhibit a significant negative correlation, confirming that reduced connectivity
corresponds to stronger heterogeneity, while mineral composition strongly controls the
multifractal responses of macropores and mesopores, with micropores mainly undergoing
morphological changes. However, these changes in micropores are mainly manifested as
modifications of internal space. Siliceous shale samples exhibit stronger structural stability
compared to argillaceous shale, which is attributed to the mechanical strength of the quartz
framework. By integrating multifractal theory with multi–scale pore characterization, this
study achieves a unified quantification of shale pore heterogeneity and connectivity under
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ScCO2–water interactions at reservoir–representative pressure–temperature conditions.
This novelty not only advances the methodological framework but also provides critical
support for understanding CO2–enhanced shale gas recovery mechanisms and CO2 geo-
logical sequestration in depleted shale gas reservoirs, highlighting the complex coupling
between geochemical reactions and pore structure evolution.

Keywords: supercritical CO2; shale; microstructure; multifractal theory; pore heterogeneity

1. Introduction
Shale gas, as an important unconventional energy source, occupies an increasingly im-

portant position in global energy development due to its abundant resource potential [1–3].
Shale reservoirs have extremely low permeability and complex pore structures with strong
heterogeneity, resulting in generally low shale gas recovery rates in actual production
processes [4]. In recent years, methods to enhance shale gas recovery through CO2 in-
jection have gradually become a research hotspot. The injected CO2 forms competitive
adsorption with the shale surface, effectively displacing methane gas originally adsorbed
on pore surfaces, thereby improving shale gas recovery rates [5–7]. After CO2 injection
into deep shale gas reservoirs, CO2 reaches a supercritical state due to high–temperature
and high–pressure geological conditions (31.1 ◦C and 7.38 MPa) [8–10]. Supercritical CO2

(ScCO2), due to its unique physical properties (such as high density, low viscosity, no capil-
lary forces, and good miscibility with hydrocarbons), is considered a potential fracturing
medium for unconventional shale gas development to improve natural gas recovery [11].
The low viscosity of ScCO2 facilitates the formation of complex multi–directional fracture
networks, thereby achieving higher fluid flow rates, and ScCO2 has a lower chemical poten-
tial than methane, making it significantly advantageous in desorbing methane [12]. When
ScCO2 is used as fracturing fluid, shale gas reservoirs also have the potential to become
CO2 storage sites, achieving synergistic effects between shale gas production and carbon
reduction [11,13]. However, uncertainties remain regarding the impact of ScCO2–shale
interactions on natural gas recovery rates. As the storage sites for shale gas, shale pores
and their fracture structures determine the storage capacity and production potential of
shale gas.

ScCO2–water–rock interactions play a critical role in the shale gas development pro-
cess [14]. The injected ScCO2 contacts organic matter, minerals, and other components in
the rock, and these interactions may affect shale rocks in various ways, such as dissolution
of minerals in the rock matrix and re–precipitation of dissolved minerals [15,16]. Studies
have found that carbonate minerals such as dolomite and calcite are more reactive under
ScCO2–water–shale interactions, mainly due to the rapid dissolution kinetics of calcite and
dolomite [17,18]. Quartz, feldspar, and clay minerals such as kaolinite, illite, and chlorite
can also dissolve in weakly acidic environments [19,20]. However, under different pressure,
temperature, and reaction time conditions, different minerals exhibit different changes [10].
Under the same conditions, the degree of mineral dissolution increases with reaction time,
with carbonate minerals showing the most intense reactions [21]. Under different temper-
ature conditions, as temperature increases, which affects ScCO2 solubility, not only does
the mineral reaction rate accelerate, but the reaction equilibrium state also changes. With
the dissolution of clay minerals such as chlorite and illite, as well as potassium feldspar
and sodium feldspar, the released Ca2+, Mg2+, Fe2+ and other metal cations produce new
carbonate mineral precipitates at higher temperatures [22]. Therefore, understanding these
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possible interactions is crucial for evaluating performance changes after ScCO2 acts on
shale gas reservoirs.

ScCO2–water–rock interactions also significantly affect shale pore structure characteris-
tics [23–25]. IUPAC classifies shale pores by size: micropores (<2 nm), mesopores (2–50 nm),
and macropores (>50 nm) [26,27]. Existing studies have found significant changes in shale
pore structure under ScCO2–water action through various technical methods, including
low–pressure nitrogen gas adsorption (N2GA) [28], CO2 adsorption (CO2GA) [29], and
mercury intrusion capillary pressure (MICP) [30]. Wang et al. [31] employed N2GA and
FE–SEM to investigate the effects of ScCO2 on shale pore–throat structures under high–
temperature and high–pressure conditions, and the results indicated that both BET specific
surface area (SSA) and pore volume (PV) increased with rising temperature and pressure.
Jiang et al. [10] used FE–SEM and MICP to study the effects of ScCO2 on shale microstruc-
ture, finding that increasing treatment time, pressure, and temperature enables ScCO2 to
extract more organic matter and widen gas flow channels. In addition to these studies
mainly focusing on microstructural and pore-scale observations, fractal theory has been
increasingly applied in recent years to quantitatively describe pore structure complexity.
Zhou et al. [32] used X–ray diffraction (XRD) and N2GA to analyze the changes in shale
after ScCO2–water treatment. Increasing pressure decreased specific surface area (SSA)
while increasing porosity and average pore size, improving connectivity and reducing
fractal dimension. Lu et al. [30] employed N2GA, MICP, and FE-SEM to analyze the effects
of ScCO2–water treatment, revealing that carbonate and feldspar minerals in shale under-
went significant dissolution, accompanied by secondary precipitation of clay minerals, this
led to a notable increase in SSA and micropore abundance, as well as an elevated fractal
dimension, indicating enhanced surface roughness and increased structural complexity of
the pores. In addition to reservoir-scale and pore–scale studies, broader engineering per-
spectives have also been explored. For example, Jiang et al. [33] developed CO2–resistant
latex materials for shale reservoir cementing, highlighting the necessity of addressing
CO2–induced alterations at both wellbore and reservoir scales.

However, single fractal models are limited to characterizing one type of elementary
fractal behavior through a sole parameter–the fractal dimension (D0)–which quantifies
structural irregularities within bounded size ranges [34–36]. Heterogeneous rock forma-
tions present pore size distribution (PSD) curves that demonstrate stochastic fluctuations
spanning multiple pore diameter ranges, often displaying diverse self–similar patterns [37].
Such structural heterogeneity renders single fractal dimension inadequate for comprehen-
sive PSD characterization [38]. To address these limitations, multifractal methodology offers
solutions for analyzing intricate pore architectures in heterogeneous geological formations.
This approach represents either an enhanced fractal framework or a set of monofractal
components [39]. The technique dissects self–similar distributions into interconnected
fractal subsets, each possessing distinct singularity characteristics that yield enhanced
structural detail. Recent applications of multifractal methodology have encompassed
various lithologies, including carbonate formations and unconventional shale gas [40–42].
Nevertheless, investigations examining microstructural modifications in shale following
ScCO2 treatment through multifractal approaches remain unexplored.

In the context of this study, the application of multifractal analysis is particularly
important and innovative. Unlike previous work that mainly relied on conventional pore
characterization methods, this study applies the multifractal approach under controlled
ScCO2–water–shale reaction conditions to achieve a unified quantitative characterization
of pore heterogeneity (∆a, D−10–D10) and connectivity (H). This provides new evidence for
understanding how ScCO2–water interactions at different burial depths modify the shale
pore system–evidence that could not be captured by traditional analytical methods.
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Although significant progress has been made in understanding the mineral reactions
and pore-scale modifications of shale under ScCO2 or water alone, comprehensive eval-
uations that integrate full–scale pore characterization and multifractal analysis remain
scarce. The heterogeneous nature of shale pore networks, coupled with the complexity of
ScCO2–water–shale interactions under different burial conditions, makes it difficult to ac-
curately predict reservoir performance and CO2 storage potential. To address these issues,
this study uses XRD testing to analyze mineral composition changes, comprehensively
uses CO2GA, N2GA, and MICP for joint pore characterization, uses scanning electron
microscopy to observe mineral and pore changes, and combines multifractal theory to
analyze the heterogeneity and connectivity change characteristics of shale pore structures
and discuss their influencing factors.

2. Materials and Methods
2.1. Shale Samples

Four representative shale samples were selected from three major shale gas enrichment
formations in southern China, collected from the Qiongzhusi Formation, Wufeng Formation,
and Longmaxi Formation. The Qiongzhusi Formation samples (numbered Q1 and Q2)
were collected from Well Qudi-1 in the eastern Yunnan block, with sampling depths of
1152.74 m (Q1) and 1170.15 m (Q2), respectively. The strata mainly consist of shallow-water
shelf black shale, with high organic matter abundance [43], making them representative.
The Wufeng Formation sample (W) and Longmaxi Formation sample (L) were collected
from Wells Anye-2HF and Anye-3HF in the Zheng’an block of northern Guizhou, with
sampling depths of 1970 m (W) and 2479 m (L), respectively. This area represents typical
deep-water shelf facies [44] and is currently the main formation for shale gas exploration
and development in China.

Mineral compositions vary significantly among samples from different formations
(Table 1). Since the accuracy of clay mineral detection highly depends on pretreatment
methods and test conditions, and pure clay was not extracted in this experiment, clay types
were not subdivided. Q1 and Q2 samples show high clay mineral and albite contents
of 45.8% and 38.0%, and 27.2%, respectively, while quartz content is relatively low at
21.0% and 28.5%, respectively, with no carbonate minerals detected, showing overall
argillaceous characteristics. In contrast, W and L samples are rich in quartz at 66.5% and
58.9%, respectively, with relatively low clay mineral content and carbonate minerals at 5.0%
and 8.1%, respectively, showing strong brittleness. Organic geochemical analysis shows
that all samples have TOC (Total Organic Carbon) values above 3%, with W and L samples
at 4.63% and 4.31%, respectively, slightly higher than Q1 and Q2; Ro values range from
1.36% to 2.03%, indicating that all samples are in the high–maturity to over-maturity stage
with good hydrocarbon generation capacity.

Table 1. Shale sample petrophysical information.

Sample Mineral Compositions/%
TOC/% R0/%Quartz Albite Clay Pyrite Carbonate

Q1 21 27.2 45.8 6 0 3.63 1.83
Q2 28.5 27.2 38 6.3 0 3.09 2.03
W 66.5 5.3 19.7 3.5 5 4.63 1.36
L 58.9 7.5 22.6 2.9 8.1 4.31 1.43

Mineral composition analysis of shale specimens (200 mesh powder) employed a
Japanese–manufactured Shimadzu XRD–6100 X–ray diffractometer. This instrument fea-
tures a 3 kW X–ray generator operating within a 2–90◦ testing range, with specimen rotation
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maintained at 10 rev/min. Analytical procedures followed the SY/T 5163–2018 [45] indus-
try protocol for whole–rock X–ray diffraction examination. Maximum vitrinite reflectance
measurements utilized a German–produced Leitz Orthoplan microscope fitted with pho-
tomultiplier tube detection. These analyses adhered to SY/T 5124–2012 [46] industry
specifications for shale vitrinite reflectance evaluation. TOC quantification was performed
using a German–manufactured Vario TOC analyzer, with sample processing conforming to
national standard GB/T 19145–2003 [47].

2.2. Experimental Procedure

Two experimental conditions of 80 ◦C and 20 MPa (2000 m) and 45 ◦C and 10 MPa
(1000 m) were selected for simulation reactions, with a reaction time of 3 days for both.
Samples before reaction and under different reaction conditions were numbered as Untr–,
Tr–1000 m, and Tr–2000 m, respectively. CO2 is in a critical state under these temperature
and pressure conditions. Samples need to be processed before experiments begin. The
particle size for MICP testing is 40–60 mesh. Since MICP testing is destructive to samples,
samples for MICP testing are divided into 3 portions: one for pre–reaction testing, and
the other two for post-simulation reaction testing. The particle size for N2GA and CO2GA
adsorption is 60–80 mesh. Unlike MICP testing, N2GA and CO2GA are non-destructive
to samples, so only two sample portions need to be prepared: one for pre–reaction and
post–1000 m burial depth simulation testing, and another for post–2000 m burial depth
simulation testing. The particle size for XRD analysis is powder less than 200 mesh, with
sample preparation the same as for N2GA and CO2GA adsorption testing. Samples for
scanning electron microscopy are 1 cm × 1 cm argon-ion-polished blocks, with one prepared
for each formation for pre-reaction and post-2000 m burial depth simulation testing.

The experimental procedure is shown in Figure 1, with the following steps:

(1) Prepare the required samples for experiments.
(2) Place samples in ScCO2–water–rock reaction equipment for reaction under set

reaction conditions.
(3) Use reacted and unreacted samples for MICP, N2GA, CO2GA, XRD, and scanning

electron microscopy experiments.
(4) Analyze pre– and post–reaction experimental data and conduct further research based

on multifractal theory.

Figure 1. Experimental equipment and workflow.
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2.3. Experimental Setup
2.3.1. In-Situ Scanning Electron Microscopy Testing

Before experiments, a thin layer of gold needs to be coated on the surface of argon-
ion-polished samples, and conductive tape is used to connect the sample surface with
the sample stage to conduct charges, ensuring accurate observation results. Subsequently,
mineral components are preliminarily identified through The Advanced Mineral Iden-
tification and Characterization System (AMICS). This system consists of a Bruker EDX
QUANTAX (Bruker Nano GmbH, Berlin, Germany), a Sigma 300 VP SEM (Carl Zeiss
Microscopy GmbH, Jena, Germany), and AMICS control software (M4 TORNADO AMICS).
The instrument has a resolution up to 1.2 nm, magnification of 10 to 105 times, with an
element detection range from Be (4) to Am (95) and detection limit of 0.1% to 0.5%. For
each treatment condition, images were collected as extensively as possible at multiple
fields of view to ensure representativeness and reproducibility of the results, rather than
setting a fixed number of images. These images were analyzed using the AMICS software
for mineral phase recognition. It should be noted that the images were not binarized;
instead, mineral phases were recognized directly from EDX mapping within the AMICS
system. To observe in-situ mineral changes before and after reaction (Figure 2), specific
steps were conducted by comparing BSE images of the same review field, as referenced in
the literature [48].

Figure 2. Schematic diagram of the observation process [48].

2.3.2. Pore Structure Testing

Pore identification was carried out by combining CO2GA (<2 nm), N2GA (2–50 nm),
and MICP (>50 nm) to construct full–scale PSD curves.

MICP testing was performed using an Auto Pore IV 9500 automatic analyzer (Mi-
cromeritics Instrument Corporation, Norcross, GA, USA). Before testing, 24 g samples were
dried at 60 ◦C and degassed under 30 µm Hg vacuum for 30 min. The pressure range
for mercury intrusion testing was 1.59 kPa to 227.5 MPa. From the experimental mercury
intrusion curves, combined with the Washburn equation [49], characteristic parameters,
including pore volume (PV), SSA, and PSD, can be obtained.
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N2GA/CO2GA analysis uses TriStarII3020 rapid specific surface area analyzer (Micro-
trac, Montgomeryville, PA, USA) and Autosorb iQ Station 1 physical adsorption systems for
pore structure evaluation. Sample preparation required vacuum degassing powdered speci-
mens at 110 ◦C for a minimum of 8 h to eliminate moisture and volatile compounds [50]. N2

and CO2 adsorption/desorption isotherms were acquired at 77 K and 273 K, respectively,
spanning relative pressure ranges of 0.01–0.98 and 0.01–0.03, respectively. For N2GA data,
the SSA was computed using the Brunauer–Emmett–Teller (BET) model [51], while PV de-
termination utilized the density functional theory (DFT) model [52]. PSD was characterized
using BJH models. For CO2GA data, the DFT model facilitated the calculations for SSA, PV,
and the characterization of PSD [53].

2.4. Multifractal Analysis

The box-counting methodology served to examine multifractal characteristics within
the dataset [54]. Multifractal evaluation of porous materials utilized pressure or relative
pressure spans from MICP, N2GA, and CO2AG measurements as the complete range,
subsequently partitioned into N subintervals of scale ε through bisection techniques.

Taking N2GA experiments as an example, the relative pressure (P/P0) serves as the
length scale ε. Initially, the mass probability for the i–th box needs to be determined [55]:

pi(ε) =
Vi(ε)

∑
N(ε)
i=1 Vi(ε)

(1)

where Vi (ε) represents the adsorption amount within the i–th pressure interval and N (ε)
denotes the total number of boxes at scale ε.

To quantitatively characterize the distribution of gas adsorption within each box, the
mass probability function for the i–th box follows a scaling relationship:

pi(ε) ∼ εαi (2)

αi represents the singularity exponent, which reflects local singularity strength [56].
Elevated values correspond to enhanced data smoothness or uniformity, while reduced
values imply heightened variability or structural heterogeneity. It should be noted that αi

is not a direct measure of gas adsorption amount but rather an indirect indicator derived
from adsorption-based pore structure data, reflecting the uniformity or heterogeneity of
the adsorption process.

For systems, the box count N (ε) demonstrates exponential growth with varying
scale ε:

Nα(ε) ∼ ε− f (α) (3)

Nα (ε) represents the count of boxes with singularity strength between α and α + dα,
while f (α) denotes the multifractal singularity spectrum, representing the fractal dimension
of subsets sharing identical singularity indices. The parameters α and f (α) can be computed
using the formulation proposed by Chhabra and Jensen [57]:

α ∝

[
N(ε)

∑
i=1

(µi(q, ε)lnpi(ε))

]
/lnε (4)

f (α) ∝

[
N(ε)

∑
i=1

(µi(q, ε)lnµi(q, ε))

]
/lnε (5)
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µi(q, ε) =
pq

i (ε)

∑
N(ε)
i=1 pq

i (ε)
(6)

q represents the order moment or weight factor, with values within the range [−∞, +∞].
For this analysis, q values were set as integers from −10 to 10 with a step size of 1; α and
f (α) parameters were derived through linear regression analysis of Equations (4) and (5).
Multifractal applications require defining a probability distribution function as:

u(q, ε) =
N(ε)

∑
i=1

pq
i (ε)ε

r(q) (7)

where τ(q) represents the mass scaling function of order q, defined as:

τ(q) = lim
ε→0

logu(q, ε)

logε
(8)

Consequently, the generalized dimension Dq related to q can be expressed as [38]:

Dq =
τ(q)
q − 1

(q ̸= 1) (9)

When q = 1, Dq becomes:

D1 = lim
ε→0

∑
N(ε)
i=1 pi(ε)logpi(ε)

logε
(10)

The connection between generalized fractal dimensions and multifractal spectra is
governed by the Legendre transformation, formulated as:{

a(q) = dτ(q)
dq

f (a) = q × a(q)− τ(q)
(11)

This creates the linkage between independent parameters q and τ and dependent
parameters α and f (α), offering a complete analytical framework for multifractal charac-
terization. The calculations were carried out using Python 3.13, and the plotting of the
multifractal spectra was performed in MATLAB R2024a [58].

2.5. Correlation Analysis

Correlation analysis was performed using Microsoft Excel and MATLAB. First, scatter
plots were generated for each pair of variables in Microsoft Excel, and a linear trendline
was fitted to the data. The coefficient of determination (R2) was calculated to evaluate
the strength of the correlation, while the slope of the trendline was used to determine the
direction of the relationship: a positive slope indicated a positive correlation, whereas
a negative slope indicated a negative correlation. Finally, MATLAB was employed to
generate correlation heatmaps among the variables, which facilitated a clearer and more
comprehensive discussion of the results.

3. Results
3.1. Changes in Mineral Compositions

The ScCO2–water system showed different degrees of alteration to mineral compo-
sitions (Figure 3). From the perspective of simulated formation depths, reactions under
1000 m and 2000 m depth conditions showed different characteristics. Under 2000 m
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depth conditions, due to higher temperature and pressure, the ScCO2–water reaction
with shale was generally enhanced. Specifically, the magnitude of mineral composition
changes for Q1 and Q2 samples under 2000 m depth was generally greater than under
1000 m simulated depth; carbonate mineral dissolution in W and L samples was more pro-
nounced under 2000 m depth conditions. Quartz content in Q1 and Q2 samples increased
by approximately 23.3% (1000 m)–39.5% (2000 m) and 9.5% (1000 m)–11.6% (2000 m),
respectively, compared to pre-treatment, while clay mineral content decreased by
about 23.6% (1000 m)–22.7% (2000 m) and 3.2% (1000 m)–8.9% (2000 m), respectively. Al-
though no carbonate minerals were detected, scanning electron microscopy results
showed observable carbonate minerals and carbonate mineral dissolution phenomena
in Qiongzhusi Formation samples. Conversely, Quartz content in W and L samples
decreased by about 9.9% (1000 m)–6.0% (2000 m) and 5.4% (1000 m)–5.6% (2000 m), re-
spectively, compared to pre-treatment, while clay mineral content increased by ap-
proximately 11.2% (1000 m)–10.7% (2000 m) and 20.4% (1000 m)–19.5% (2000 m), re-
spectively. Carbonate content also decreased in both W and L samples, by about
20.0% (1000 m)–36.0% (2000 m) and 12.3% (1000 m)–27.2% (2000 m), respectively. Albite
content showed minimal overall change with no clear trend, and pyrite content decreased
in most samples compared to pre-treatment. Therefore, alterations in minerals following
the reaction of ScCO2 with water and shale are associated with intricate chemical processes
that relate to the acidic conditions created by the interaction of CO2 and water, as widely
reported in previous studies [19,31,59].

Figure 3. Mineral compositions of the untreated and treated shale. (a) Changes in minerals of Q1.
(b) Changes in minerals of Q2. (c) Changes in minerals of W. (d) Changes in minerals of L.

Due to XRD detection limits, trace minerals visible under SEM (e.g., carbonates) may
remain unidentified. FE–SEM observations provide essential verification for comprehensive
mineral composition analysis, as detailed in Section 4.1.
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3.2. Changes in the Pore Structure
3.2.1. Changes in Pore Types

The N2GA isotherms of both untreated and treated shale are depicted in Figure 4.
Based on IUPAC, all isotherms observed are of Type IV and feature hysteresis loops that
display H3 and H4 characteristics. This suggests that the samples primarily contain slit-
shaped and parallel plate–like pores, with only a minor presence of ink–bottle–shaped
pores [29,49]. Moreover, the isotherms and hysteresis loop types of the untreated and
treated samples remained unchanged, indicating that the ScCO2–water–shale reaction did
not change the pore types. The sample adsorption isotherms can be divided into three
stages: at P/P0 < 0.5, micropores are filled with N2; between P/P0 of 0.5–0.9, obvious
hysteresis loop phenomena appear with multilayer adsorption occurring and localized
capillary condensation; while in the P/P0 > 0.9 region, adsorption amount increases rapidly
due to significant capillary condensation in mesopores and macropores, reaching maximum
adsorption at P/P0 = 1.

 

Figure 4. Adsorption–desorption curves of the untreated and treated shale based on N2GA.
(a) Changes in curves of Q1. (b) Changes in curves of Q2. (c) Changes in curves of W. (d) Changes in
curves of L.

3.2.2. Changes in Pore-Structure Parameters
MICP Test

MICP test results demonstrate the PSD characteristics of samples (Figure 5). According
to the IUPAC classification, pores are categorized as micropores (<2 nm), mesopores
(2–50 nm), and macropores (>50 nm) [26,27]. Samples Q1 and Q2 exhibit similar PSD
characteristics to W and L, all showing bimodal distribution, with pores in samples Q1 and
Q2 mainly concentrated in two ranges of 2–100 nm and 1–40 µm; while pores in W and
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L samples are primarily distributed in the ranges of 4–10 nm and 10–200 µm (Figure 5).
After the ScCO2–water–shale reaction, the PSD characteristics of the samples remained
unchanged, with abundant mesopores and macropores still being developed. However,
the reaction altered the PSD curves, leading to changes in pore volume within different
pore size ranges.

Figure 5. PSD of the untreated and treated shale based on MICP. (a) Changes in PSD of Q1.
(b) Changes in PSD of Q2. (c) Changes in PSD of W. (d) Changes in PSD of L.

MICP can provide more accurate characterization for macropores. In the initial state,
the macropore PV of W and L was significantly higher than Q1 and Q2, with W and L
samples at 0.0335 and 0.0227 cm3/g, respectively, while Q1 and Q2 were only 0.0059 and
0.0098 cm3/g (Table 2). The ScCO2–water–rock reaction produced distinctly different effects
on the macropore structure of the two groups of samples. The macropore PV of all four
samples decreased after reaction, but the reduction in macropore PV of W and L samples
was significantly greater than that of Q1 and Q2 samples. Conversely, the macropore SSA of
all four samples generally increased after the reaction but similarly showed that the change
magnitude of macropore SSA in W and L samples was greater than in Q1 and Q2 samples.
Higher temperature and pressure conditions make the reactions between ScCO2 and water
and shale more intense. Specifically, the change rates of macropore PV and SSA under
2000 m simulation conditions were generally greater than those under 1000 m simulation
conditions. After ScCO2–water treatment of shale, on the one hand, the precipitation of
secondary minerals leads to decreased PV by blocking some connected macropores [33]; on
the other hand, mineral precipitation adheres to pore walls, and this change in pore walls
increases SSA while reducing PV [29].
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Table 2. SSA and PV of the untreated and treated shale based on MICP.

Sample No. SSA (m2/g) PV (cm3/g)

Mesopores Macropores TSSA Mesopores Macropores TPV

Untr–Q1 2.401 0.038 2.439 0.0039 0.0059 0.0098
Tr–1000 m 5.172 0.045 5.217 0.0082 0.0055 0.0137
Tr–2000 m 5.827 0.061 5.888 0.0097 0.0045 0.0142
Untr–Q2 2.484 0.064 2.548 0.0041 0.0098 0.0139

Tr–1000 m 3.235 0.065 3.3 0.0052 0.0054 0.0106
Tr–2000 m 4.264 0.043 4.307 0.0067 0.0044 0.0111
Untr–W 1.826 0.003 1.829 0.0038 0.0335 0.0373

Tr–1000 m 3.736 0.011 3.747 0.0067 0.0096 0.0163
Tr–2000 m 2.162 0.007 2.169 0.0042 0.0083 0.0125

Untr–L 4.875 0.002 4.877 0.0073 0.0227 0.03
Tr–1000 m 2.189 0.028 2.217 0.0044 0.0053 0.0097
Tr–2000 m 2.577 0.033 2.61 0.0051 0.0064 0.0115

Notes: TPV and TSSA, respectively, represent total PV and total SSA.

N2GA Test

PSD curves from N2GA tests appear in Figure 6. PSD shows that Q1 and Q2 have
similar PSD, W and L have similar PSD, and the pores of all four samples are mainly
concentrated in the range of 2–20 nm (Figure 6). After reaction, the PSD characteristics
of Q1 and Q2 changed, with peak values in the 2–20 nm pore size range decreasing and
new peaks appearing in the 20–120 nm pore size range, which may be due to carbonate
mineral dissolution causing some smaller mesopores to transform into macropores. The
PSD characteristics of W and L remained unchanged after the reaction. However, the
reaction altered the PSD curves, leading to changes in pore volume within different pore
size ranges.

Figure 6. PSD of the untreated and treated shale based on N2GA. (a) Changes in PSD of Q1.
(b) Changes in PSD of Q2. (c) Changes in PSD of W. (d) Changes in PSD of L.
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Compared to MICP, N2GA can provide more accurate characterization for meso-
pores. In the initial state, the mesopore PV (W: 0.0101 cm3/g, L: 0.0113 cm3/g) and SSA
(W: 18.85 m2/g, L: 19.54 m2/g) of Wufeng and Longmaxi Formation samples were sig-
nificantly higher than the mesopore PV (Q1: 0.0056 cm3/g, Q2: 0.0039 cm3/g) and SSA
(Q1: 9.27 m2/g, Q2: 5.09 m2/g) of Qiongzhusi Formation samples (Table 3). After the
reaction, the mesopore SSA and PV of all four samples generally decreased. Moreover,
as the simulated burial depth increased, the reduction in PV and SSA of all four samples
became more pronounced. The decrease in PV and SSA reflects a significant reduction
in mesopore quantity after ScCO2–water treatment of shale, where secondary mineral
precipitation blocks some connected mesopores, or carbonate mineral dissolution causes
some smaller mesopores to transform into macropores, both leading to decreased mesopore
PV and SSA.

Table 3. SSA and PV of the untreated and treated shale pores based on N2GA.

Sample No. BET SSA (m2/g) PV (cm3/g)

Micropores Mesopores Macropores TPV

Untr–Q1 9.27 0 0.0056 0.0014 0.007
Tr–1000 m 6.1 0 0.0040 0.0020 0.006
Tr–2000 m 3.28 0 0.0023 0.0017 0.004
Untr–Q2 5.09 0 0.0039 0.0011 0.005

Tr–1000 m 3.3 0 0.0023 0.0017 0.004
Tr–2000 m 2.12 0 0.0018 0.0013 0.003
Untr–W 18.85 0.0015 0.0101 0.0015 0.013

Tr–1000 m 18.39 0.0017 0.0107 0.0027 0.015
Tr–2000 m 14.86 0.0011 0.0090 0.0018 0.012

Untr–L 19.54 0.0018 0.0113 0.0019 0.015
Tr–1000 m 17.85 0.0015 0.0110 0.0024 0.015
Tr–2000 m 15.46 0.0011 0.0088 0.0021 0.012

CO2GA Test

The CO2 adsorption isotherms all show a Langmuir pattern, belonging to Type I
isotherm according to IUPAC (Figure 7). PSD shows that all samples exhibit multi–peak
distribution in the pore size range less than 1 nm, representing the micropore structure in
shale, with a relatively small proportion of micropores larger than 1 nm (Figure 7). The
peaks of samples Q1 and Q2 are mainly in three pore size ranges: 0.3–0.4 nm, 0.4–0.7 nm,
and 0.7–0.9 nm, while W and L have multiple peaks in two ranges of 0.4–0.7 nm and
0.7–0.9 nm. Initial micropore specific surface areas show significant differences, with
sample Q1 being the highest (12.099 m2/g), followed by W (8.897 m2/g), L (8.574 m2/g),
and Q2 (8.239 m2/g) (Table 4). The micropore PV distribution is relatively uniform, mostly
within the range of 0.002–0.004 cm3/g.

Table 4. SSA and PV of the shale pores based on CO2GA.

Sample No. SSA PV Sample No. SSA PV

Untr–Q1 12.099 0.004 Untr–W 8.897 0.0028
Tr–1000 m 12.106 0.004 Tr–1000 m 8.631 0.0028
Tr–2000 m 12.205 0.004 Tr–2000 m 8.396 0.0026
Untr–Q2 8.239 0.002 Untr–L 8.574 0.0028

Tr–1000 m 4.048 0.001 Tr–1000 m 8.951 0.0028
Tr–2000 m 9.027 0.003 Tr–2000 m 8.45 0.0027
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Figure 7. Adsorption–desorption curves and PSD of the untreated and treated shale based on CO2GA.
(a) Q1. (b) Q2. (c) W. (d) L.

After ScCO2–water treatment of shale, samples Q1, W, and L showed stable CO2 ad-
sorption capacity before and after reaction with little change; Q2 sample showed decreased
adsorption capacity under 1000 m reaction conditions, while increased under 2000 m reac-
tion conditions. The PSD characteristics of the samples remained unchanged before and
after the reaction, with abundant micropores still being developed. However, the PSD
curves showed significant changes. Both samples Q1 and Q2 showed decreased peak values
in the 0.3–0.4 nm pore size range, new peaks appeared in the 0.4–0.7 nm range, Q1 showed
increased peak values in the 0.7–0.9 nm range, while Q2 showed decreased peak values in
the 0.7–0.9 nm range only under 1000 m burial depth conditions. Samples W and L showed
significant differences in peak changes under different burial depth conditions after the
reaction. Samples Q1, W, and L showed small changes in micropore PV before and after the
reaction, with minor changes in SSA, which is mainly attributed to the adjustment of the
internal micropore space by ScCO2–water. Sample Q2 showed more obvious changes, with
decreased SSA and PV under 1000 m conditions, where mineral clogging and precipitation
significantly reduced SSA and PV; while under 2000 m conditions, SSA and PV increased,
mainly manifesting as micropore expansion by ScCO2–water.

PSD Joint Characterization

The complexity and multi–scale characteristics of shale pore structure make it difficult
for a single test method to comprehensively and accurately characterize its complete pore
size distribution. MICP testing is more suitable for characterizing macropores (>50 nm);
N2GA testing is suitable for precise characterization of mesopores (2–50 nm) but has limited
capability for characterizing micropores and macropores; CO2GA testing is used for micro-
pore (<2 nm) analysis but cannot cover larger-sized pores. Therefore, the integrated use of
these three test methods for joint characterization can obtain complete pore size distribution
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information of shale from micropores to macropores, thereby more accurately evaluating
the influence mechanism of ScCO2–water–rock reactions on pores of different scales. By
integrating the test results of CO2GA (0–2 nm), N2GA (2–50 nm), and MICP (>50 nm), the
full–scale PSD curves of shale samples were constructed (Figure 8). Within the micropore
range, the reaction mainly changes the internal morphology of pores through chemical
action on mineral surfaces, with only Q2 sample showing obvious mineral precipitation
and dissolution [29]. The micropore structure of the W and L samples is relatively stable,
which may be attributed to their higher quartz content, as quartz exhibits strong chemical
stability and provides a more robust pore framework [59]. Changes in the mesopore portion
are mainly manifested as general decreases in PV and SSA, with all four samples showing
varying degrees of reduction in pore size distribution intensity within the 2–10 nm range,
especially more pronounced under 2000 m simulated depth conditions. This change is
mainly attributed to the precipitation of secondary minerals, with newly formed mineral
precipitates tending to clog some mesopores. In the macropore range, the reduction in
macropore volume of W and L samples is significantly higher than that of Q1 and Q2
samples, which is closely related to their initial higher macropore content and the rapid
dissolution–reprecipitation process of carbonate minerals.

Figure 8. PSD joint characterization of the untreated and treated shale. (a) Changes in PSD joint
characterization of the untreated and treated in Q1 sample. (b) Changes in PSD joint characterization
of the untreated and treated in Q2 sample. (c) Changes in PSD joint characterization of the untreated
and treated in W sample. (d) Changes in PSD joint characterization of the untreated and treated in
L sample.

Overall, the interaction between ScCO2 and water with rock modifies the pore archi-
tecture of shale via the combined processes of dissolution and precipitation, with mineral
precipitation being significantly higher than mineral dissolution. Higher temperature and
pressure also mainly affect changes in mesopore and macropore structures.



Fractal Fract. 2025, 9, 582 16 of 30

3.3. Multifractal Characteristics of the Pore Structure

The results calculated from the three test methods all exhibit multifractal characteris-
tics, specifically manifested as: (1) D(q) shows a strict monotonic decrease with q; (2) τ(q)
presents a strictly increasing convex function with q; (3) f (α) shows a convex function
relationship with α. The morphology of D(q) for all four samples shows strict monotonic
decrease with increasing q. τ(q) strictly increases with increasing q, presenting an upward
convex characteristic. f (α) shows convex function characteristics with α (Figure 9).

Figure 9. Multifractal parameter plots of the untreated and treated shale. (a–c) Multifractal parameter
plots based on MICP. (d–f) Multifractal parameter plots based on N2GA. (g–i) Multifractal parameter
plots based on CO2GA.

3.3.1. The MICP Multifractal Characteristics

The inequality D0 > D1 > D2 verifies that the PSD within the MICP test range has
multifractal characteristics (Table 5) [29]. Analysis reveals that D1 and D0 values are close,
indicating greater uniformity in PSD. Conversely, lower D1 indicates stronger heterogeneity.
All four specimens exhibit consistent monotonic Dq–q spectral decreases (Figure 9a–c),
forming inverted “S” configurations with steep drops at q < 0 and gradual declines at
q > 0 for both untreated and treated shales [60,61]. The generalized multifractal dimension
spectrum width (D−10–D10) quantifies PSD heterogeneity. Larger values indicate stronger
heterogeneity within specific pore size ranges. The spectral width of all samples showed
a significant increase after reaction, indicating enhanced overall heterogeneity of pore
structure. For all samples, both before and after reaction, the left spectral width (D−10–D0)
is significantly larger than the right spectral width (D0–D10). This difference indicates
that the heterogeneity of shale pore structure is mainly concentrated in smaller–scale pore
segments. H is the Hurst index (H = (D2 + 1)/2), characterizing pore connectivity, with
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smaller H indicating poorer connectivity [38]. The H of all samples decreased significantly
after reaction, indicating deteriorated pore connectivity.

Table 5. Multifractal parameters from MICP.

Sample No. D−10 D10 D0 D1 D2 D−10–D10 D−10–D0 D0–D10 a−10–a10 a0 H

Untr–Q1 1.570 0.901 1 0.972 0.957 0.669 0.570 0.099 0.859 1.041 0.979
Tr–1000 m 1.504 0.834 1 0.960 0.930 0.670 0.504 0.166 0.857 1.049 0.965
Tr–2000 m 1.497 0.791 1 0.941 0.894 0.706 0.497 0.209 0.890 1.065 0.947
Untr–Q2 1.576 0.923 1 0.972 0.960 0.653 0.576 0.077 0.835 1.045 0.980

Tr–1000 m 1.556 0.849 1 0.951 0.922 0.707 0.556 0.151 0.895 1.067 0.961
Tr–2000 m 1.529 0.830 1 0.955 0.922 0.699 0.529 0.170 0.889 1.056 0.961
Untr–W 1.523 0.982 1 0.991 0.987 0.541 0.523 0.018 0.702 1.015 0.993

Tr–1000 m 1.632 0.873 1 0.970 0.953 0.759 0.632 0.127 0.975 1.043 0.988
Tr–2000 m 1.606 0.876 1 0.972 0.955 0.730 0.606 0.124 0.943 1.041 0.983

Untr–L 1.521 0.982 1 0.990 0.987 0.539 0.521 0.018 0.697 1.016 0.994
Tr–1000 m 1.496 0.922 1 0.985 0.976 0.574 0.496 0.078 0.776 1.021 0.976
Tr–2000 m 1.617 0.918 1 0.977 0.966 0.701 0.617 0.082 0.906 1.036 0.977

When q < 0, the multifractal mass exponent spectrum τ(q) demonstrates pronounced el-
evation as q increases; conversely, q > 0 regions exhibit moderate progression (Figure 9a–c).
The different trends on both sides of q = 0 in the mass exponent spectrum indicate that
PSD within the MICP test range maintains multifractal properties during the entire re-
action sequence [29]. The morphology of the τ(q)–q curves for the four samples showed
consistency both prior to and following the reaction, with larger spectral width observed
in the left segment (q < 0) compared to the right segment (q > 0), suggesting an increased
heterogeneity in the smaller PSDs. This finding is consistent with the phenomena observed
in the Dq–q curve plots.

The multifractal singularity spectrum f (α) versus singularity strength α shows a
downward–opening parabola (Figure 9a–c). The symmetry of the f (α)–α spectrum in-
dicates the multifractal characteristics of pore size distribution within the MICP test range.
When q < 0, f (α) increases significantly with increasing singularity strength α. Conversely,
when q > 0, f (α) shows a decreasing trend with increasing singularity strength α [62]. The
singularity strength range (∆α = α−10–α10) represents the spectrum width of the f (α)–α

curve and directly reflects the heterogeneity of PSD. Our observations and calculated
results consistently show that ∆α increased after the ScCO2–water–shale reaction, indi-
cating enhanced pore heterogeneity. In parallel, the Hausdorff dimension α0 provides
complementary information on the degree of pore clustering [29]. Consistent with the
increase in ∆α, a0 also increased in all samples after the reaction, further confirming that
the ScCO2–water–shale reaction not only enhances heterogeneity but also promotes local
aggregation of pore structures.

3.3.2. The N2GA Multifractal Characteristics

Multifractal analysis based on N2GA also verifies the inequality D0 > D1 > D2 (Table 6),
both before and after reaction, indicating that PSD within the N2GA test range has multi-
fractal characteristics. The Dq–q spectra of the four samples show consistent monotonic
decrease (Figure 9d–f), resembling an inverted “S” shape, with a sharp decline when q
< 0 and a gentler decline when q > 0, both before and after the reaction. After reaction,
D−10–D10 of all four samples increased, indicating increased heterogeneity after the reaction.
For all samples, both before and after the reaction, the left spectral width is significantly
larger than the right spectral width, indicating that the heterogeneity of shale pores within
the N2GA test range is mainly concentrated in smaller–scale pore segments. After the
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reaction, the H of all samples decreased to varying degrees, indicating deteriorated pore
connectivity after the reaction.

Table 6. Multifractal parameters from N2GA.

Sample No. D−10 D10 D0 D1 D2 D−10–D10 D−10–D0 D0–D10 α−10–α10 α0 H

Untr–Q1 1.071 0.959 1 0.993 0.987 0.113 0.071 0.041 0.189 1.007 0.994
Tr–1000 m 1.176 0.911 1 0.985 0.972 0.265 0.176 0.089 0.414 1.015 0.986
Tr–2000 m 1.117 0.892 1 0.985 0.971 0.225 0.117 0.108 0.353 1.015 0.986
Untr–Q2 1.106 0.938 1 0.989 0.98 0.168 0.106 0.062 0.263 1.012 0.990

Tr–1000 m 1.122 0.883 1 0.981 0.963 0.239 0.122 0.117 0.356 1.019 0.981
Tr–2000 m 1.126 0.840 1 0.976 0.951 0.286 0.126 0.160 0.407 1.024 0.976
Untr–W 1.093 0.96 1 0.993 0.986 0.134 0.093 0.040 0.223 1.008 0.993

Tr–1000 m 1.103 0.955 1 0.992 0.985 0.148 0.103 0.045 0.244 1.009 0.992
Tr–2000 m 1.157 0.949 1 0.989 0.980 0.208 0.157 0.051 0.321 1.012 0.990

Untr–L 1.093 0.962 1 0.993 0.987 0.131 0.093 0.038 0.221 1.007 0.994
Tr–1000 m 1.106 0.955 1 0.992 0.985 0.151 0.106 0.045 0.247 1.009 0.992
Tr–2000 m 1.136 0.955 1 0.991 0.984 0.181 0.136 0.045 0.288 1.010 0.992

The connection between τ(q) and q exhibits clear multifractal traits, observed both
prior to and following the reaction (Figure 9d–f). The different trends on both sides of
q = 0 in the mass exponent spectrum indicate the multifractal characteristics of PSD in
shale samples throughout the reaction process. The τ(q)–q curves show a shape of wide
left and narrow right both before and after reaction. This suggests that smaller pores
demonstrate increased heterogeneity within the N2GA test range, which is consistent with
the phenomena in the Dq–q curves.

The f (α) versus α shows a downward–opening parabola (Figure 9d–f). The symmetry
of the f (α)–α spectrum indicates the multifractal characteristics of pore size distribution
within the N2GA test range. When q < 0, f (α) increases with increasing α. Conversely,
when q > 0, f (α) shows a decreasing trend with increasing α. After the reaction, the
∆α of all samples increased significantly, especially prominent in Qiongzhusi Formation
samples, indicating enhanced heterogeneity of pore structure. The changing trend in the
Hausdorff dimension further reveals the local aggregation degree of PSD. Overall, all
samples showed varying degrees of increases in α0 values after the reaction, indicating
that the —-ScCO2–water–shale reaction promotes more pronounced aggregation of pore
structures at local scales.

3.3.3. The CO2GA Multifractal Characteristics

After the reaction, different shale samples showed different changes in multifractal
characteristics within the CO2GA test range (Table 7). The inequality D0 > D1 > D2 ver-
ifies the multifractal characteristics within the CO2GA test range. Q1 and Q2 showed a
significant increase in D−10–D10 after the reaction, indicating the enhanced heterogeneity
of samples, while W and L samples showed little change in D−10–D10. For all samples,
both before and after the reaction, D−10–D0 is greater than D0–D10, combined with PSD,
indicating that Q1 and Q2 are mainly controlled by the pore size range of 0.3–0.7 nm, while
W and L samples are mainly controlled by the pore size range of 0.4–0.7 nm. The H of
Q1 and Q2 samples generally decreased after the reaction, indicating deteriorated pore
connectivity; W and L showed no significant change in H after the reaction, indicating little
change in connectivity.

The different trends on both sides of q = 0 in the mass exponent spectrum indicate
the multifractal characteristics of PSD in shale samples throughout the reaction process
(Figure 9g–i). Similarly, the left branch of the τ(q)–q curve is larger than the right narrow
branch both before and after the reaction. This suggests that smaller pores demonstrate
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increased heterogeneity within the CO2GA test range, which is consistent with the phe-
nomena in the Dq–q curves.

Table 7. Multifractal parameters from CO2GA.

Sample No. D−10 D10 D0 D1 D2 D−10–D10 D−10–D0 D0–D10 α−10–α10 α0 H

Untr–Q1 1.389 0.946 1 0.981 0.970 0.443 0.389 0.054 0.593 1.026 0.985
Tr–1000 m 1.413 0.956 1 0.983 0.974 0.458 0.413 0.044 0.610 1.024 0.987
Tr–2000 m 2.394 0.917 1 0.947 0.937 1.477 1.394 0.083 1.730 1.131 0.968
Untr–Q2 1.342 0.950 1 0.983 0.973 0.392 0.342 0.050 0.535 1.023 0.987

Tr–1000 m 1.866 0.941 1 0.967 0.957 0.925 0.866 0.059 1.119 1.064 0.979
Tr–2000 m 1.868 0.923 1 0.957 0.945 0.946 0.868 0.077 1.145 1.084 0.972
Untr–W 1.336 0.945 1 0.982 0.971 0.391 0.336 0.055 0.533 1.024 0.986

Tr–1000 m 1.349 0.944 1 0.981 0.97 0.395 0.349 0.056 0.535 1.025 0.986
Tr–2000 m 1.334 0.945 1 0.982 0.971 0.389 0.334 0.055 0.527 1.024 0.987

Untr–L 1.324 0.947 1 0.983 0.972 0.377 0.324 0.053 0.523 1.023 0.985
Tr–1000 m 1.328 0.946 1 0.982 0.971 0.383 0.328 0.054 0.523 1.023 0.985
Tr–2000 m 1.326 0.948 1 0.983 0.973 0.378 0.326 0.052 0.528 1.021 0.985

The f (α)–α curves show downward–opening parabolas (Figure 9g–i). When q < 0, f (α)
rises as α increases, when q > 0, f (α) shows a decreasing trend with increasing α. The spectral
width ∆α of Q1 and Q2 samples increased significantly after reaction, showing extremely
obvious enhancement of heterogeneity. In contrast, the spectral width ∆α changes in W
and L samples were relatively moderate, with relatively small overall increases, consistent
with the changes in D−10–D10. The changes in α0 were also basically similar. Only Q1
and Q2 samples showed large changes in α0, mainly showing an upward trend, indicating
increased pore aggregation, while W and L samples showed small or basically unchanged
α0 changes.

4. Discussion
4.1. Microcompositional Alteration Mechanisms in Shale

Upon ScCO2 injection into formations and subsequent water interaction, it forms
carbonic acid (H2CO3), which further releases large amounts of H+, thereby establishing a
local acidic environment [19,27,30]:

CO2 + H2O ↔ H2CO3 ↔ H+ + HCO−
3 (12)

The released H+ directly act on the surfaces of shale minerals, promoting various
reactions, including dissolution, transformation, and precipitation of minerals, thereby
altering the types and contents of minerals as well as the microstructure of rocks [16,23,60].
Therefore, changes in shale microscopic composition are essentially controlled by the acidic
environment formed by the ScCO2–water system. Under weakly acidic conditions, shale
minerals may undergo the following reactions [30,59]:

CaCO3 + H+ ↔ Ca2+ + HCO−
3 (13)

NaAlSi3O8(Albite) + CO2 + 5.5H2O→ Na+ + HCO−
3 + 0.5Al2Si2O5(OH)4(Kaolinite) + 2H4SiO4 (14)

Illite + 8H+ = 0.25Mg2+ + 0.6K+ + 2.3Al3+ + 3.5SiO2(aq) + 5H2O (15)

Chlorite + 16H+ = 5Fe2+ + 2.3Al3+ + 3SiO2(aq) + 12H2O (16)

pyrite(4Fe2+) + O2(aq) + 4H+ ↔ 4Fe3+ + 2H2O (17)

Ca2++CO2−
3 → CaCO3 ↓ (18)
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Mg2++CO2−
3 → MgCO3 ↓ (19)

Ca2++Mg2++2CO2−
3 → CaMg(CO3)2 ↓ (Dolomite) (20)

Fe2++CO2−
3 → FeCO3 ↓ (21)

Different types of shale samples showed significantly different mineralogical responses
to the –ScCO2–water system, which is closely related to differences in initial mineral com-
ponents and reaction environment. After treatment, Q1 and Q2 samples showed significant
increases in quartz content, while clay mineral content decreased significantly. This change
may be mainly attributed to the easy dissolution and transformation of clay such as illite,
kaolinite, and chlorite under weakly acidic conditions (Equations (15) and (16)). Although
carbonate minerals were not detected during the experiment, scanning electron microscope
observations showed that obvious dissolution phenomena of carbonate minerals did exist
in Qiongzhusi Formation samples (Figure 10a–d). However, the mineral change trends in
W and L samples were different, with both quartz and carbonate mineral contents decreas-
ing and clay mineral content increasing. Similarly, dissolution phenomena of carbonate
minerals and clay minerals can be observed under the microscope (Figure 10e–n). This
result suggests that under different geological backgrounds, the change mechanism of
shale mineral composition may be strongly influenced by initial mineral content. The
–ScCO2–water system preferentially dissolves shales rich in carbonate minerals, followed
by shales rich in clay minerals [17,20,63].

Figure 10. Mineral dissolution phenomenon based on FE–SEM. (a–d) Sample Q1. (e–j) Sample W.
(k–p) Sample L.
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According to Equation (14), the change trend of feldspar minerals is mainly the
transformation to clay minerals. However, the overall change in albite content is small,
and the albite content in most samples increased after the reaction. This phenomenon
may be due to the short reaction time in this experiment, with a slow dissolution rate of
albite, changing under short–term reaction conditions due to changes in the relative content
of other minerals. Quartz, due to its strong stability, is usually considered non–reactive,
with changes in its relative content mainly dependent on changes in the relative content
of other minerals [59]. However, fine cracks can still be observed on quartz surfaces and
at the interfaces between quartz and other minerals under scanning electron microscopy.
Pyrite content generally decreased after reaction due to weak oxidation reactions in the
presence of oxygen (Equation (17)) (Figure 10o,p), leading to reduced content. As the
reaction proceeds, ions such as Fe2+, Ca2+, Mg2+ released from mineral dissolution will
recombine with CO3

2– to form new precipitates [33] (Equations (18)–(21)), and abundant
mineral precipitates can be observed under FE–SEM (Figure 11).

 

Figure 11. Mineral precipitation phenomenon based on FE–SEM. (a,b) Sample L. (c,d) Sample W.

To conclude, within the short reaction time, a preferential dissolution of clay and
carbonate minerals was observed in all four samples, while the variations in the contents of
quartz, feldspar, and pyrite can primarily be attributed to changes in the relative abundance
of different minerals. The interaction of ScCO2 with water and rock primarily alters the
pore structure of shale via the combined processes of dissolution and precipitation.

4.2. Analysis of Differences Between MICP and N2GA Test Results for Mesopores and Macropores

MICP and N2GA testing methods are based on different physical principles, with
significant differences in their theoretical testing ranges. MICP is based on the Washburn
equation, forcing mercury into pores through applied pressure, theoretically allowing
for the measurement of pore sizes from a few nanometers up to several hundred mi-
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crometers [64]. While N2GA is based on gas adsorption principles, utilizing the physical
adsorption behavior of nitrogen molecules at 77 K low temperature, it is theoretically
capable of testing pore sizes of approximately 0.35–300 nm, but in practical applications, it
is mainly used for precise characterization of 2–50 nm mesopores [64]. This difference in
testing ranges directly leads to different macropore PV test results, with MICP–measured
macropore PV values generally larger than N2GA (Figure 12), because MICP can detect
larger pores beyond N2GA’s testing range.

 

Figure 12. Mesopore volume and macropore volume based on MICP and N2GA. (a) Changes in
mesopore volume based on MICP. (b) Changes in mesopore volume based on N2GA. (c) Changes in
macropore volume based on MICP. (d) Changes in macropore volume based on N2GA.

In the unreacted state of all samples, N2GA–measured mesopore PV are essentially
all larger than MICP–measured mesopore PV. This difference may be because, even un-
der high–pressure conditions, mercury, due to its high surface tension and contact angle
with shale, still cannot fully enter some mesopores with small openings or complex mor-
phologies [65]. Particularly for ink–bottle–shaped pores, mercury may only enter the neck
portion without filling the entire pore space. In contrast, N2GA is based on physical adsorp-
tion principles, with nitrogen molecules spontaneously adsorbing on pore walls through
van der Waals forces [66], unrestricted by surface tension and contact angle, enabling
more thorough exploration of mesopore structures and thus providing more complete
mesopore information.

The destructive characteristics of mercury intrusion testing are particularly evident in
Q1 and Q2 samples. After reaction, MICP testing of these two samples showed increased
mesopore PV, which may be the result of combined effects from mercury intrusion destruc-
tive action and the —-ScCO2–water–shale reaction. In contrast, N2GA as a non–destructive
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testing method, conducted under low pressure conditions, can more accurately reflect
the true changes in pore structure, with test results mainly reflecting the modification
effects of the –ScCO2–water—-rock reaction on pore structure, without containing artificial
influences from the testing process itself. The absolute values of mesopore PV change rates
under MICP testing at 1000 m and 2000 m simulated depths relative to the unreacted state
were calculated. Notably, the average mesopore PV change magnitude of W and L samples
under MICP testing (39.2%) is significantly smaller than Q1 and Q2 samples (87.3%), with
more pronounced changes at 2000 m simulated depth. This change is closely linked to
the mineral composition of the samples. W and L samples are siliceous shale, while Q1
and Q2 samples belong to argillaceous shale. Quartz, as a mineral with high mechanical
strength, can form more robust pore framework structures [67]. During mercury intrusion,
this rigid framework shows stronger compressive resistance, effectively resisting struc-
tural deformation and damage caused by high–pressure mercury intrusion. In contrast,
argillaceous shale rich in clay minerals, due to the lower mechanical strength of layered
silicate minerals, is more prone to plastic deformation or structural damage under high
pressure [68,69]. Overall, the –ScCO2–water system under higher temperature and pressure
conditions more severely weakens the mechanical properties of minerals in argillaceous
shale Q1 and Q2 samples, which also intensifies the damage to mesopore structures of Q1
and Q2 samples during MICP testing, consequently leading to increased mesopore PV after
the —-ScCO2–water–shale reaction.

In summary, although MICP provides valuable information on pore–size distribution,
it should be noted that this method tends to overestimate the mesopore pore volume of the
investigated shale samples compared with N2GA results. Therefore, MICP results should
be interpreted with caution and preferably in conjunction with N2GA and CO2GA analyses
to achieve a more accurate and comprehensive pore characterization.

4.3. Influencing Factors of Multifractal Characteristics

An analysis using multifractals offers an innovative viewpoint for comprehending
how the —-ScCO2–water–shale reaction influences the structure of pores within shale. By
analyzing the correlations among mineral composition, pore structure parameters, and
multifractal parameters (Figure 13), the controlling factors of pore structure evolution can
be deeply revealed.

Overall, H and D−10–D10 show significant negative correlation in all testing methods.
This suggests that as pore connectivity diminishes, the heterogeneity of the pore structure
correspondingly increases. This negative correlation reflects that the —-ScCO2–water–shale
reaction affects the uniformity of PSD by changing pore connectivity. Secondary mineral
precipitation blocks some connected pores, making the originally relatively uniform pore
distribution more complex and heterogeneous. Meanwhile, α0 demonstrates a positive rela-
tionship with D−10–D10, suggesting that higher pore aggregation degree leads to stronger
heterogeneity. This result further confirms that pore structure reorganization caused by the
—-ScCO2–water–shale reaction not only changes pore connectivity but also promotes pore
aggregation at local scales, forming more complex pore distributions.

For macropores and mesopores, mineral composition shows strong correlation with
pore structure parameters. Changes in mineral composition affect multifractal parameter
changes by influencing pore parameters. This phenomenon indicates that mineral composi-
tion is the fundamental factor controlling the multifractal characteristics of macropores and
mesopores. Unlike macropores and mesopores, the relationship between the parameters
of micropores and multifractal parameters is considerably weaker. This reveals essential
differences in the action mechanisms of the —-ScCO2–water–shale reaction on pores of
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different scales. Changes in micropores mainly manifest as modifications of internal pore
morphology rather than significant changes in pore quantity or volume.

Figure 13. Heat map of correlation between pore parameters, multifractal parameters and mineral
composition. (a) Correlation based on MICP. (b) Correlation based on N2GA. (c) Correlation based
on CO2GA.

Temperature and pressure conditions have important effects on multifractal char-
acteristics by affecting the chemical activity of the –ScCO2–water system and mineral
dissolution—-precipitation equilibrium. Under 2000 m simulated depth conditions,
D−10–D10 values of all samples are higher than under 1000 m conditions, indicating that
higher temperature and pressure conditions intensify pore structure heterogeneity. In
summary, the multifractal characteristics of shale pore structure are comprehensively con-
trolled by mineral composition, initial pore structure, and reaction conditions, while the
response mechanisms of pores at different scales show significant differences, providing
an important basis for understanding and predicting the impact of ScCO2 injection on
shale reservoirs.

4.4. Mechanisms and Implications of Pore-Structure Change

Combining mineral composition, alterations in pore structure, and outcomes from
multifractal analysis offers a thorough characterization of the evolution of shale reservoir
pore structure both prior to and following the reaction. After injection, CO2 reacts with wa-
ter to generate carbonic acid (Figure 14a). In weakly acidic environments, minerals in shale
(such as clay minerals and carbonate minerals) undergo varying degrees of dissolution,
and as the reaction proceeds, ions such as Ca2+, Fe2+ and Mg2+ released by dissolution
recombine with CO3

2− to produce precipitates, which block pores and cause a reduction
in PV and SSA. Combined with multifractal results, the specific effects of these actions on
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pores of different sizes are manifested as follows (Figure 14b,c): (1) secondary mineral pre-
cipitation blocks some connected micropores, mesopores, and macropores, causing reduced
connectivity, decreasing PV and SSA while enhancing pore heterogeneity. Blocking of some
connected pores transforms them into multiple independent pores, which in turn increases
the degree of pore aggregation. (2) Dissolution and precipitation actions produced by the
ScCO2–water–shale reaction modify internal pore morphology; Q1 sample micropores
show small changes in SSA and PV before and after the reaction, but heterogeneity in-
creases significantly after the reaction, indicating that micropore shapes and sizes in the
Q1 sample become more diversified after the reaction. Differently, W and L samples show
little change in micropore heterogeneity after the reaction; although the ScCO2–water–shale
reaction modifies pore morphology, this modification may have equivalent quantitative
effects on heterogeneity. (3) Carbonate mineral dissolution causes pore expansion, which
also reduces PV and SSA; taking the Q2 sample as an example, the increase in micropore
SSA and PV under 2000 m simulation conditions may be attributed to micropore expansion
by dissolution during the ScCO2–water–shale reaction, and the enhanced heterogeneity
reflects the spatial non-uniformity of the reaction.

Figure 14. Schematic diagram of ScCO2–water–shale interaction. (a) Changes in mineral compositions
before and after CO2 injection. (b) Changes in micropore. (c) Changes in mesopore and macropore.

In summary, changes in pore structure from the ScCO2–water–shale reaction are
caused by the combined action of precipitation and dissolution mechanisms. From the pore
structure changes of the four samples, the influence of precipitation during the reaction
process is greater than that of dissolution on shale pores. Multifractal results provide a new
perspective for analyzing pore structure changes; understanding pore structure changes
after ScCO2 injection has important significance for CO2–EOR and CCUS implementation.
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5. Conclusions
(1) Mineral Composition Changes: ScCO2–water reactions preferentially dissolve clay

and carbonate minerals in shale. Feldspar and pyrite also exhibit some dissolution; their
extent is largely influenced by variations in the relative proportions of clay and carbonate.
Additionally, abundant secondary mineral precipitation can be observed after the reaction.
These changes are controlled by the acidic environment created by CO2–water interactions.

(2) Pore Structure Evolution: The ScCO2–water–shale reaction modifies pore structures
through dual dissolution–precipitation mechanisms, with precipitation effects dominating.
The reaction minimally alters pore types but significantly affects SSA and PV. Macropore
volume decreases while specific surface area increases; mesopore volume and specific
surface area both decrease, while micropore changes are not significant. The higher quartz
content in siliceous shale provides a mechanically stronger pore framework, making the
impact of the ScCO2–water system less than that on argillaceous shale.

(3) Multifractal Characteristics: Multifractal analysis reveals that ScCO2–water–shale
reactions reduce pore connectivity and increase pore structure heterogeneity, with these
changes occurring across all pore scales. However, the impact on micropores is mainly the
modification of their internal pore space, making the internal morphology more complex.

(4) Temperature and Pressure Effects: Higher temperature and pressure conditions
(2000 m simulation) intensify mineral reactions and pore structure changes, resulting in
greater heterogeneity and more pronounced pore structure modifications compared to
1000 m conditions.

(5) Novelty and Limitations: For the first time, this work combines multifractal theory
with multi–scale pore characterization to achieve unified quantification of pore heterogene-
ity (∆α, D−10–D10) and connectivity (H) under reservoir–representative conditions and
systematically compares multiple marine shale formations in southern China. This provides
new quantitative evidence for understanding the multi–scale effects of ScCO2–water–shale
interactions. Nevertheless, the study has limitations: the reaction time was relatively
short, making it difficult to capture the long–term mineral dissolution–precipitation pro-
cesses; in addition, the number of shale samples was limited, which restricted the extent
to which some processes could be explored in greater depth. Future work should include
longer reaction durations and a larger number of samples to further investigate mineral
transformations and pore structure evolution.

(6) Implications for CO2–EOR and CCUS: The research demonstrates that ScCO2

injection into shale formations triggers complex mineral–fluid–rock interactions, leading to
reduced pore connectivity and increased heterogeneity. This has significant implications
for the efficiency of CO2-enhanced gas recovery in shale reservoirs and the geological
sequestration of CO2 in depleted shale gas reservoirs.
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The following abbreviations are used in this manuscript:

ScCO2 Supercritical CO2

MICP Mercury intrusion capillary pressure
N2GA Low–pressure N2 gas adsorption
CO2GA Low–pressure CO2 adsorption
XRD X–ray diffraction
FE-SEM Field emission scanning electron microscopy
PV Pore volume
SSA Specific surface area
Untr- Untreated
Tr- Treated
PSD Pore size distribution
DFT Density Functional Theory
BJH Barrette–Joyner–Halenda
BET Brunauer–Emmett–Teller
TOC Total Organic Carbon
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