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Abstract: Mechanical alterations in shale formations due to exposure to water-based fracturing fluids and supercritical carbon dioxide (ScCO2)
significantly affect the performance of shale gas exploration and CO2 geo-sequestration. In this study, a hydrothermal (HT) reaction system was set
up to treat Longmaxi shale samples of varying mineralogies (carbonate-, clay-, and quartz-rich) with different fluids, i.e. deionized (DI) water, 2%
potassium chloride (KCI) solution, and ScCO: under HT conditions expected in shale formation. Statistical micro-indentation was conducted to
characterize the mechanical property alterations caused by the shale-fluid interactions. An in situ morphological and mineralogical identification
technique that combines scanning electron microscopy (SEM) and backscattered electron (BSE) imaging with energy-dispersive X-ray
spectroscopy (EDS) was used to analyze the microstructural and mineralogical changes of the treated shale samples. Results show no apparent
changes in the Young’s modulus, E, and hardness, H, after treatment with DI water under room temperature (20 °C) and atmospheric pressure for
7 d. In contrast, E and H were decreased by 31.2% and 37.5% at elevated temperature (80 °C) and pressure (8 MPa), respectively. The addition of
2% KCl into DI water mitigated degradation of the mechanical properties. Quartz-rich shale specimens are the least sensitive to the water-based
fracturing fluids, followed by the clay-rich and carbonate-rich shale formations. Based on in situ morphological and mineralogical identification,
the primary factors for the mechanical degradation induced by water-based fluids include carbonate dissolution, clay swelling, and pyrite oxidation.
Slight increases in the measured E and H and compression of porous clay aggregates were observed after treatment with ScCO2. The major factor
contributing to the mechanical changes resulting from the exposure to scCO; appears to be the competition between swelling caused by adsorption
and compression of shale matrix.

Keywords: Shale gas; Carbon dioxide geo-sequestration; Grid micro-indentation; Hydrothermal treatment; Morphological and mineralogical

identification
1. Introduction

Shale formations have significant roles in industrial applications, including CO2 geological sequestration (Nguyen et al., 2016; Sun et al., 2016)
and natural gas production (Ju et al,, 2014; Jiang et al., 2022; He et al., 2023). Due to the low permeability of shale formations (Katende et al.,
2023a), water-based hydraulic fracturing fluids are extensively utilized to create extensive networks of fractures (Peirce and Bunger, 2015; Asahina
etal,, 2018; Taghichian et al., 2018; Yin et al., 2020; Zhang et al., 2023). Mechanical properties of shale, such as elastic stiffness (Wang et al.,, 2021),
creep (Chen etal., 2009; Benge et al., 2023), and fracture toughness (Akono et al., 2012; Akono and Kabir, 2016), are critical for fracture generation
and propagation, and consequently impact the shale gas exploration. In the context of geological sequestration, CO: is injected into shale formations
in a supercritical state due to the elevated pressure and temperature conditions within the shale formations (Zhang et al., 2020). Mechanical
alterations induced by the interactions between shale and water-based fluids and ScCO2 impact the performance of production and injection
systems, including the rate of gas recovery (Wang et al., 2024), proppant embedment (Corapcioglu et al.,, 2014; Katende et al., 2021; Katende et al.,
2023b), wellbore stability (Wu et al,, 2015b), and reservoir subsidence (Zhang et al.,, 2013). Thus, it is essential to assess the resulting mechanical
alterations of shale formations and reveal the underlying mechanism.

The mechanical properties of shale are typically determined through macroscopic experiments (Guo etal.,, 2012; Gao etal., 2015) that measure
stress-strain properties on reduced core samples (i.e. specimens prepared by drilling and grinding to centimeter scale). However, these
conventional macroscopic measurements have several limitations. For instance, these relatively large specimens often exhibit high inter-sample
variability due to flaws within the cores. Moreover, due to the unstable structure and physicochemical properties of shale, obtaining complete cores

from horizontal wells of the wellbore is rather challenging (Wang et al., 2012; Ma and Chen, 2014).
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Over the past decades, advances in indentation methods, initially introduced by Oliver and Pharr (1992) and further elaborated in their
subsequent works (Oliver and Pharr, 2004), have enabled the acquisition of local mechanical properties for composite materials at micro- and
nano-scale. Shales, which belong to the category of fine-grained sedimentary rocks, primarily consist of granular minerals such as quartz, feldspar,
carbonates, and pyrite, in addition to densely packed aggregates of clay particles and organic matter. As shown in Fig. 1, the structure of shale can
be considered at five levels, from the individual clay platelets to the scale of macroscopic shale (Du et al., 2022). Level IV is the scale of conventional
macroscopic laboratory experiments that assume shale to be mechanically homogeneous (Colmenares and Zoback, 2002; Pan et al., 2020). Shale
can be considered a composite material at the mesoscale (i.e. Level III), representing the elementary shale block (Bobko et al., 2011; Du et al,,
2021). The representative shale block can be further broken down into the constituent mineral phases at Levels I and II. Level 0 is the scale of the
clay sheet (0.7 nm and 1.0 nm in thickness for the 1:1 and 2:1 phyllosilicate clay minerals, respectively (Zhang et al., 2010)). The properties of clay
sheet are typically studied using molecular simulation (Ebrahimi et al., 2012). The mesoscale (Level 1], Fig. 1) corresponds to a matrix-inclusion
composite (with submillimeter length scale), comprising a porous clay/organic composite intermixed with hard/soft inclusions (e.g. calcite, quartz,
and pyrite), and consequently can be regarded as the fundamental building unit of shale (Du et al., 2022). As such, the mechanical properties
measured at mesoscale can be representative of the properties of bulk shales. The upscaling/homogenization of the fundamental building unit of
shale has been studied to predict the macroscopic elastic properties (Ortega et al,, 2007; Bobko and Ulm, 2008; Goodarzi et al., 2016; Charlton et
al,, 2021; Graham et al.,, 2022). However, direct assessment of the mechanical property alterations for bulk shale through a mesoscale experimental
analysis is still limited. Recent experimental studies (Du et al., 2021) determined the characteristic indentation depth beyond which shale
properties are homogeneous, regardless of the spatial distribution of constituent mineral phases. This finding enables the use of micro-indentation
tests for evaluating the mechanical degradation of bulk shale induced by the shale-fluid interactions and, in turn, mitigates the need for expensive
and time-consuming conventional experiments.

To date, the mechanical property alterations caused by shale-ScCOz-water interaction have been widely studied (Akono et al., 2019; Manjunath
et al., 2023). The acidic environment formed by the reaction between water and ScCO: has been considered the primary factor of the mechanical
degradation of shale (He et al,, 2011; Wang et al.,, 2016; Fuchs et al., 2019; Chen et al.,, 2021). However, previous studies have rarely studied the
mechanical alterations induced solely by ScCO.. While mechanical degradations in clay-rich shale formations have attracted most research focus due
to the abundance of ‘problematic’ clay minerals that exhibit crystalline/osmotic swelling, such as smectites (Lutz, 1935; Norrish, 1954; Chenevert,
1970; Wong, 1998; Wu et al,, 2015a; Wu et al,, 2015b), relevant studies for formations that are rich in carbonate or quartz minerals are limited. In
addition, the roles of other constituent minerals, such as quartz, carbonate, and pyrite, in the induced mechanical alterations remain unclear.

In this paper, we investigated alterations in the mechanical properties of Longmaxi shale after being treated with different fluids (i.e. DI water,
2% KCI brine, and ScCOz) for 7 d. The actual temperature and pressure conditions of the Longmaxi shale formation are mimicked using a
hydrothermal (HT) reaction system. Statistical micro-indentation is conducted to characterize the changes in mechanical properties associated
with these shale-fluid interactions. We also developed an in situ morphological and mineralogical identification technique to uncover the
underlying mechanism. The concept of this study lies in using a mesoscale analysis to evaluate changes in mechanical properties for applications

in hydraulic fracturing and CO: sequestration.
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Fig. 1. Multiscale conceptual model of shale structure (Du et al., 2023).

2. Materials and methods
2.1. Rock samples and surface preparation

The Longmaxi shale formation located in China's Sichuan Basin has emerged as a primary target for exploration and development of shale gas
due to its abundance of total organic content (0.35% - 18.4%) and high vitrinite reflectance (R, = 1.8% - 4.2%) (Dai et al., 2014). Three Longmaxi
shale samples with distinct mineralogy are used in this study. None of these shale samples have visible bedding planes. The mineralogy of the
studied shale samples is first assessed by X-ray diffraction (XRD) (Choobbasti and Kutanaei, 2017; Yu et al., 2022). The diffraction pattern was
further qualitatively and quantitatively analyzed using the Rietveld refinement method (Qin et al., 2023; Sun et al., 2024). The three samples were
incinerated at 440 °C for 12 h using a Thermo Scientific incinerator to measure the organic matter content. The quantitative mineralogy and organic
matter content results are presented in Table 1. Samples #1, #2, and #3 are carbonate-rich (calcite and dolomite, ~41%), clay-rich (illite and

chlorite, ~45%), and quartz-rich (quartz, ~42%), respectively.

Table 1

Quantitative mineralogy and organic matter content for the three Longmaxi shale samples used in this study.

Mass fraction (%)

Components

Sample #1 Sample #2 Sample #3
Albite (A) - 11 16.1
Calcite (C) 18.4 2.3 3.4
Chlorite (Ch) - 9.9
Dolomite (D) 22.3 1.6
Ilite (1) 26.8 349 29.2
Pyrite (P) 3 2 7
Quartz (Q) 23.2 36.2 41.5
Organic matter 6.3 2.1 2.8

Small cuboidal specimens with dimensions of 2 cm x 2 cm x 1 cm (width x length x thickness) were carefully polished using a sequence of 6
Silicon Carbide papers with increasing grit size (up to 0.25 pm). The surface roughness was evaluated through a root-mean-squared (RMS) average
of the surface topography, which was measured by the Atomic Force Microscope (AFM) technique (Simpson et al,, 1999). Similar RMS roughness
was obtained for carbonate-rich, clay-rich, and quartz-rich shale samples, which were 16 nm, 38 nm, and 25 nm, respectively. AFM characterization

of the polished surface of the carbonate-rich sample shows RMS roughness, i.e. Ry = 16 nm (Fig. 2).
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Fig. 2. Representative AFM map of a region of interest prepared by mechanical polishing.
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2.2. Statistical micro-indentation test

To reduce measurement errors caused by rock surface preparation and its heterogeneity, grid micro-indentation or statistical micro-
indentation, which performs the indentation tests on sample surface with uniform distribution of spaced square lattice, was employed to
characterize the linear and nonlinear mechanical responses of the shale samples at sub-micrometer length scales. Indentation tests were

conducted using a Microtest indenter (Anton Paar, Graz, Austria). The Microtest platform can apply loads ranging from 0.03 N to 30 N with a
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resolution of 0.3 mN. The indentation depth can be measured up to 200 pm with a resolution of 0.3 nm. The obtained massive indentation data
were then analyzed assuming a Gaussian distribution (mean u and standard deviation o). The data collection process follows a prescribed load
function, illustrated in Fig. 3a. The load was incrementally increased at a constant rate until reaching a maximum force, and then it was maintained
for 180 s during the holding phase to account for sample creep. Subsequently, the force was unloaded at the same constant rate as the loading
phase. The indentation tests were conducted on a 15 x 15 grid with a uniform separation of 300 pm to prevent interactions between adjacent
indents (Luo et al., 2020). As the indentation depth significantly exceeds the characteristic size of the constituent phases in the heterogeneous
material, the observed indentation response represents the spatially averaged behavior of the material (Luo et al,, 2021). Previous research
conducted by Du et al. (2021) demonstrated that the mechanical response of Longmaxi shale becomes homogeneous and independent of its
complex heterogeneous microstructure when the indentation depth reaches a critical range of 8 - 10 pum, indicating that the mechanical properties
of the bulk shale can be evaluated at this length scale.

In previous work (Du et al., 2021), such a characteristic indentation depth was used in grid indentation measurements on carbonate-rich,
clay-rich, and quartz-rich Longmaxi shale samples to determine the homogenous mechanical properties of the three shale samples. Moreover,
similar homogenization depths (i.e. >5 pm) have been reported independently for Longmaxi shale samples by Luo et al. (2021). Therefore, by
adjusting the maximum indentation load, a target indentation depth of 8 - 10 um was used in this study to assess the homogenous mechanical
properties of the three Longmaxi shale samples. It is noted that the experimental facility and the shale samples used in this study were the same

as that used in Du et al. (2021).
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Fig. 3. Prescribed indentation loading function (a) and typical load vs. depth response (b). The loading, holding, and unloading sections are denoted
as segments A, B, and C, respectively. Key measurements obtained from the load versus depth curve include the initial unloading slope, S, maximum

depth, hmay, residual depth, hs, and the maximum force, Fax.

The indentation hardness can be obtained by

Fmax
H= e

where A, is the well-defined contact area function for a Berkovich tip.

The Young’s modulus can then be determined from the load versus depth curve during the unloading phase as follows:

E =<1-v2)/ [MilE—Vj @

where vi and v are the Poisson’s ratio of the diamond indenter (V; = 0.07) and the test sample, respectively; Ei is the Young’s modulus of the

diamond indenter (Ei =1140 GPa); M is the indentation modulus of the sample, which can be obtained as follows:

M A, = 7= (3)
The contact stiffness, S, can be determined by differentiating the load vs. depth curve (unloading phase) at the maximum load (see Fig. 3b):

F
s =§_h €y

2.3. In situ morphological and mineralogical identification

An in situ morphological and mineralogical identification technique is developed based on SEM/BSE-EDS analysis. A Carl Zeiss Merlin HR-



SEM system (ZEISS AG, Jena, Germany) was used to perform electron microscopy imaging and EDS mapping. This system also facilitated in situ
mineralogical identification through EDS analysis provided by the equipped electron backscatter diffraction (EBSD) analyzers. The SEM/BSE
imaging was performed with an accelerating voltage of 15 kV, and a working distance of 10 mm. All the SEM/BSE images were taken with a pixel

resolution of 800 x 1024. The procedures of surface morphology characterization and mineral identification are illustrated in Fig. 4:

(1) A fixed region-of-interest (ROI) through SEM imaging is used before and after fluid treatments to accurately characterize the alterations
in surface morphology.

(2) The EBSD analyzers are incorporated to generate high-resolution BSE images and EDS maps with a pixel resolution of 800 x 1024.

(3) Using Matlab coding, the quantitative element information stored in each pixel (representing real dimensions of 0.3 um x 0.3 pm) is
extracted. The in situ mineralogy is identified pixel by pixel based on the XRD results and the distinctive chemical composition of each
phase present in the Longmaxi shale samples.

(4) The physical and mineralogical properties, such as the microstructure, spatial distribution, and area fraction of each constituent phase

are derived from the ‘digital mineral map’.

Fig. 5 shows the representative mineral maps of the three Longmaxi shales. The area fraction of carbonate minerals was estimated at 40%
(20.2% calcite and 18.7% dolomite) for sample #1 (carbonate-rich). The clay minerals, i.e. illite and chlorite, were identified with an area fraction
of 49% in sample #2 (clay-rich). Sample #3 (quartz-rich) exhibited a 45% area fraction of quartz. The size of the area for the mineralogical
identification was selected following two constraints. On one hand, the scanned area should be large enough to cover the representative elementary
area of the bulk shale. On the other hand, the scanned area should be small enough to ensure the size of each pixel in the EDS maps, which is
controlled by the scanning resolution (800 x 1024 pixels in this study), will not exceed the typical particle size of each constituent mineral.
Otherwise, a mixture of constituent mineral phases will be included in most of the individual pixels. In this study, with a scanned area of 240 pm x
300 pm, each pixel corresponds to a real size of 300 nm x 300 nm, ensuring that the content of mixtures identified in each area was typically less
than 5%. The quantitative mineralogy of the three samples measured by the in situ mineralogical identification was then compared with the results
obtained from the XRD analysis. It is noted that using the XRD analysis and in situ mineralogical identification, a direct comparison of the results
obtained from the two methods is reasonable because the key different minerals have similar specific gravity, typically within a range of 2.65-2.82
(Abedi et al,, 2016). It is shown that the fraction of all the principal mineral phases contained in the three samples exhibits a good agreement with
each other. Furthermore, a total of 8 regions of interest were then tested on sample #1, to verify whether the scale of the testing area is sufficient
to provide a representative elementary area of the bulk shale. Results show that the measured area fraction of each mineral phase ranges with a
small standard deviation (0.5% - 5%). This indicates that at the measurement scale of 240 um x 300 um, the in situ micro-scale identification
method can avoid the effect of heterogeneous nature of shale material on the mineralogy, and can obtain the quantitative mineralogy of bulk shale.
Compared to the organic content, the in situ identification obtained lower values than those obtained from the incineration method. Organic matter
is typically identified to be mixed with other minerals such as the O&CL (mixture of organic and clay) and 0&Q (mixture of organic and quartz), as
shown in Fig. 5a. This may be because the organic matter is most stored in the nano/meso-scale pores in the shale samples (Kuang et al., 2022)

and the scanning resolution of the in situ identification is insufficient to detect all the organic content contained.

1. Select the grid 2. Electron beam performs 3. EDS X-ray detectos probe 4. Obtain the distribution of
indentation area the SEM/BSE imaging the testing area pixel by pixel each containing element
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5. Extract the elements information 6. Conduct phase identification via Matlab
recorded in each pixel and analyzed coding, and assign the phase pixel by pixel
quantitatively to generate the detailed mineral map

7. Digital data set is interpreted
and quantified

Fig. 4. Procedures for in situ morphological and mineralogical identification.
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Fig. 5. Digital mineral maps of three Longmaxi shale samples across a 240 um x 300 um region: (a) Sample #1 (Carbonate-rich), (b) sample #2
(Clay-rich), and (c) sample #3 (quartz-rich).

2.4. Hydrothermal reaction system

In order to simulate the actual temperature and pressure conditions in the Longmaxi shale formation, an HT reaction system was set up to
treat the samples (Fig. 6). The formation temperature and pressure gradually ramp up with increasing depth (He et al., 2019), with a ground
temperature gradient and pressure coefficient of ~3 °C/100 m (Ren et al,, 2007) and ~1 MPa/100 m (Huang et al., 2020), respectively. The depth
of the Longmaxi shale formation ranges from less than 700 m to thousands of meters (Li et al., 2023a). It is noted that both the temperature and
pressure are selected within the typical ranges for Longmaxi shale formation but may not correspond to the same depth. Therefore, based on the
commonly used temperature and pressure values for Longmaxi shale formation in existing literature (Pan et al., 2016; Cheng et al., 2020), 80 °C
and 8 MPa were adopted as the temperature and pressure conditions in the HT reaction system. In the treatment with water-based solutions, the
fluid-to-rock mass ratio for all samples was ~10:1. The DI water and KCl solution were not deoxygenated, and contained a small volume of dissolved
02 (~0.1 mL). All samples were treated with an exposure duration of 7 d. Alterations in the mechanical, morphological, and mineralogical
properties for each treatment were evaluated by comparing the results of grid micro-indentation measurements and SEM/BSE-EDS scanning on
the specimen before and after the treatment. In hydraulic fracturing, addition of 2% KCl is usually assumed for water-based fracturing fluids to
enhance the gas recovery rate and maintain wellbore stability (Cheng, 2012). In this study, we measure and compare the effects of three different
fluids (i.e. DI water, KCI brine, and ScCO:) on mechanical degradation of carbonate-rich specimens of Longmaxi shale (CA1-CA5) at various
pressures and temperatures (see Table 2). As limited specimens were obtained from clay-rich and quartz-rich Longmaxi shale samples, clay-rich
and quartz-rich specimens (C1 and Q1) were only treated with DI water at elevated temperature and pressure (80 °C and 8 MPa) to enable direct
comparison of the effects of shale mineralogy on mechanical degradation (CA3, vs. C1 and Q1; Table 2).

Fig. 6 shows the HT reaction system established in this study for treating the Longmaxi shale samples. First, an intact shale sample is placed
in a ceramic cup and then immersed into the fluids (i.e. DI water or 2% KCl solution, Fig. 6a). Then, the ceramic is put into the air-tight reactor,
which is carefully sealed (gasket and flange, Fig. 6b). Finally, a heating belt controlled by a thermal controller is assembled within the air-tight
reactor to provide the target pressure and temperature (Fig. 6¢). In the treatment with water-based solutions, a Nitrogen tank is connected to
pressurize N2 into the air-tight reactor to soak the shale specimens under the target pressure. In the treatment with ScCO, an amount of solid CO:
(dry ice) was weighted based on the density of ScCO; at 80 °C and 8 MPa and the volume of the reactor (Lahann et al., 2013). Then, the dry ice and
intact shale sample were placed into the reactor together, and the temperature inside the reactor was maintained at 80 °C by the thermal controller.
The final pressure inside the reactor was measured at 8 MPa. According to the critical temperature and pressure of ScCO2 (31 °C, 7.38 MPa), the
CO: inside the reactor was in the supercritical state. In the treatment with both water-based solutions and ScCO, there was around 20 mL residual
air in the sealed reactor, accounting for ~1% of the total mass of the N2/ScCO: phase presented in the treatments. Before treating the shale samples,
the HT reaction system was checked for pressure leaks. If the pressure measured by the pressure gauge showed a decrease within the accuracy

range of the gauge over 24 h, it was determined that there were no leaks in the system.

Table 2

Summary of the test program.

Specimen ID Fluid Temperature (°C) Pressure (MPa) Duration (d)
CAl.int - 20 0.1 7
CAl_de DI water 20 0.1 7




CA2_int - 20 0.1 7

CA2_de 2% KCl 20 0.1 7
CA3_int - 20 0.1 7
CA3_de DI water 80 8.0 7
CA4_int - 20 0.1 7
CA4_de 2% KCl 80 8.0 7
CAS5_int - 20 0.1 7
CA5_de ScCO: 80 8.0 7
Cl.int - 20 0.1 7
Cl_de DI water 80 8.0 7
Q1.int - 20 0.1 7
Q1_de DI water 80 8.0 7

Note: CA, C, and Q denote the carbonate-rich, clay-rich, and quartz-rich samples, respectively. The intact carbonate-, clay-, quartz-rich shale samples
are named as CA1_int, CA2_int, ...; C1_int, ...; and Q1_int, ..., respectively. The treated carbonate-, clay-, and quartz-rich shale samples are named as

CA1_de, CA2_de, ..; Cl_de, ..; and Q1_de, .., respectively.

Air tight reactor )
X

: ‘./‘ \ o

Block sample Reactor
(a) (b)
Pressure gauge
N

NV
&8
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©
Fig. 6. Hydrothermal reaction system: (a) immersing the intact shale sample into fluids, (b) sealing the air-tight reactor with the gasket and flange,
and (c) assembling the reactor with the Nitrogen cylinder, heating belt, and temperature controller to provide the designated pressure and

temperature.

2.5.  Flowchart for the mesoscale analyses on the mechanical alterations induced by shale-fluid interactions

Fig. 7 shows the flowchart for the mesoscale analyses of mechanical alterations induced by shale-fluid interactions involving five steps:



(1) Step 1. The carbonate-, clay- and quartz-rich shale samples are carefully polished with mechanical polishing, and a series of grid micro-
indentation tests are then performed at the length scale of the elementary building block of the bulk shale (8 -10 um in this study) to
assess the mechanical properties of the intact bulk shale.

(2) Step 2. SEM/BSE imaging and EDS scanning are conducted on the region of interest (ROI) (i.e. the grid micro-indentation region) for
each intact shale sample to characterize the in situ mineralogy and surface morphology of the ROI.

(3) Step 3. The intact shale samples are treated with different fluids (i.e. DI water, 2% KCl solution, and ScCO) under different pressures and
temperatures for 7 d.

(4) Step 4. After each treatment, SEM/BSE imaging and EDS scanning are performed over the same ROI located in the intact sample for a
comparative analysis of the surface morphology and mineralogy before and after a specific treatment.

(5) Step 5. As the shale-fluid interactions increase the surface roughness, the treated samples are carefully re-polished to achieve a smooth

surface before performing grid micro-indentation tests.

It is noted that based on the color change between the zone with water infiltration and the intact zone, SEM/BSE imaging has been conducted
to confirm that the surface removed by re-polishing is shallow enough (hundreds of nanometers to a few micrometers) compared to the depth of
the shale-fluid interaction zone (hundreds of micrometers). Finally, the mechanical alterations caused by the shale-fluid interactions are evaluated
based on grid micro-indentation measurements before and after each treatment, and the corresponding mechanisms are then uncovered according

to the microstructural and mineralogical changes observed from the in situ morphological and mineralogical identification technique.
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Fig. 7. Flowchart for mesoscale analyses of mechanical alterations induced by shale-fluid interactions.

3. Results
3.1. Mechanical alterations under different temperatures and pressures

Fig. 8 compares the statistical results of the grid micro-indentation measurements before and after treatment of DI water and 2% KCl brine
under ambient room temperature (20 °C) and atmospheric pressure (0.1 MPa) and under the elevated temperature and pressure (i.e. 80 °C and 8
MPa). The data are presented in a raincloud format (Allen et al., 2019), combining conventional boxplots with interpretations based on the
assumption of normal distribution function for each phase. The statistical mean, y, and standard deviation, o, of each distribution, are presented
in the inset of each figure. The relative decrease in E and H is calculated by (Ein - Ede)/Eintand (Hint - Hae) /Hint, respectively, where Ein and Eqe and
Hine and Hge are the Young’s moduli and hardness of the intact and treated samples, respectively.

The results show that there are no apparent changes in the mechanical properties of the specimens treated with DI water and 2% KCI brine
at room temperature and atmospheric pressure. In contrast, at elevated pressure and temperature, a 31.2% decrease in E and a 37.5% decrease
in H were observed for the treatment of DI water, and a 6.5% decrease in E and a 16.4% decrease in H were observed for the treatment of 2% KCl

brine. This indicates that increased pressure and temperature can accelerate mechanical alterations of shale formation. Evidently, in the deep
9



underground with elevated temperature and pressure, the brittleness and fracability of shale formations will be significantly decreased (Rickman

et al,, 2008) after the water-based fracturing fluids are injected, which in turn impairs the performance of hydraulic fracturing.
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Fig. 8. Young’s modulus and hardness alterations under room temperature and atmospheric pressure and under 80 °C and 8 MPa conditions: (a)

and (b) treatment of DI water; and (c) and (d) treatment of 2% KCl brine. The locations of the statistical mean, y, are indicated by black dots at the

bottom of each distribution.

Surface morphology and mineralogy of the same ROI of a shale specimen are measured using the in situ morphological and mineralogical
identification technique (see Section 2.3) before and after each treatment. Fig. 9 shows the mineralogical and morphological changes across the
same ROI of the (carbonate-rich shale) specimen CA1 due to exposure to DI water for 7 d under different temperatures and pressures. The
specimen surface is significantly eroded, especially after DI water treatment under high temperature and pressure. With elevating temperature
and pressure, larger holes and voids are generated in the eroded surface, indicating that surface erosion can be significantly aggravated by the
increased temperature and pressure. According to the spatial distribution of each mineral phase obtained from the digital mineral map (see Fig.
9), the representative particles of different mineral phases are circled out in the BSE images (using the corresponding color of each miner phase
presented in the digital mineral map). It is found that the generated holes and voids in the eroded surface correspond to the locations of the
carbonate minerals. In contrast, no apparent erosion is observed for the pyrite, quartz, and clay phases. Therefore, it is concluded that surface
erosion or the generation of holes and voids is mainly caused by carbonate dissolution into the DI water.

To further reveal the effects of the elevated temperature and pressure on surface erosion, the surface morphology of carbonate-rich specimens
CA1 and CA3 were compared. The two specimens were treated with DI water for 7 d at room temperature, atmospheric pressure, and at 80 °C and
8 MPa, respectively. Fig. 10 shows the surface morphology of the intact and degraded specimens measured by the BSE imaging and the microscale
void ratios analyzed with the image processing technique, which has been extensively used in investigation of the porosity of composite materials
(e.g. rocks and concrete) (Kaestner et al., 2008; Elia et al., 2016; Liu et al., 2022; Tang and Gratchev, 2023). The voids in the regions of interest are
extracted by conducting a threshold algorithm of grayscale with Matlab coding (highlighted with red color in Fig. 10). After exposure to DI water
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for 7 d, specimen CA3 (see Fig. 10d) exhibits a more severe surface erosion compared with that of the specimen CA1 (Fig. 10b). The measured void
ratios (i.e. area fraction of the red color in each figure) of CA1 and CA3 were increased from 2.6% to 5.8% and from 1.8% to 9.7%, respectively.
These results show that elevated temperature and pressure exacerbate the carbonate dissolution into the water-based solutions, and thus lead to
significant alterations in rock structure and mechanical properties. The carbonate minerals can dissolve into the neutral and alkaline aqueous

solutions, driven by the following reaction (Chou et al., 1989):
MCO;+H,0—M?*+HCO3+OH" (5)

where M represents the metal ion (e.g. Ca%*, Mg?*). For a two-component carbonate mineral, e.g. dolomite (CaMg(CO3)2), Busenberg and Plummer
(1982) interpreted the driven mechanism of the dissolution by a two-step reaction. The CaCO3 component dissolves faster, and the surface
composition becomes enriched with the MgCOs; component. The first step is relatively rapid, and the dissolution rate of the two-component
carbonate mineral is thus controlled by the rate of the second step. This may account for the observation of the more severe erosion of calcite
mineral compared with the dolomite mineral (see Fig. 9).

The effects of temperature on the dissolution Kkinetics of carbonates have been studied as a function of pH and temperature (Plummer et al.,
1978; Carroll and Knauss, 2005). In neutral and alkaline environments, carbonate dissolution occurs in an H*-independent regime characterized
by mixed kinetics, i.e. product diffusion through the diffusive boundary layer (DBL) and a first-order surface chemical reaction. The former process
is facilitated by increasing the temperature. Gutjahr et al. (1996) found that the rate constant of calcite dissolution ranged from 1 x 10-1° mol cm2
s1to 2 x 1012 mol cm2 s°1 at temperature of 20-70 °C. Kirstein et al. (2016) observed that the dissolution rate of limestone, a sedimentary rock
mainly composed of calcite and dolomite, can be increased by up to 5 times when the temperature increases from 5 °C to 26 °C. Gong et al. (2008)
measured the dissolution rate of calcite exposed to deionized water at varying temperatures of 50 °C to 250 °C and a pressure of 10 MPa. The
measured dissolution rate was described using an exponential function with a temperature-dependent order.

Carbonate dissolution is also influenced by hydrodynamic factors, such as hydrodynamic pressure. The effects of hydrodynamic pressure in
the rock reservoir on the dissolution rate of carbonate minerals have been studied recently. Meng et al. (2022) conducted a series of carbonate
rock dissolution tests under varying hydrodynamic pressures (2 MPa to 6MPa). The dissolution rate was found to be proportional to the applied
hydrodynamic pressure. Liu et al. (2013) studied the dissolution mechanisms of limestone driven by hydrodynamic reservoir pressure. The
measured dissolution rate increased with elevated hydrodynamic pressure and temperature. The mechanical damage, such as the generation of
cracks and voids, was raised to be responsible for the increase in dissolution rate. Moreover, the fluid infiltration is enhanced by the increased
hydrodynamic pressure, which results in a larger contact between carbonate minerals and fluids and thus augments the carbonated dissolution
rate. As the temperature and pressure conditions vary significantly with depth in the shale formation, further studies are needed to characterize
the relationship between mechanical/mineralogical alterations over various temperatures and pressures.

Deposition and sedimentation of the Longmaxi shale occurs in a marine environment, enabling cementation and carbonate diagenesis (Feng
et al, 2023). Carbonate minerals, i.e. the combination of calcite and dolomite, may serve as the inter-grain cementing agents of the studied
Longmaxi shale samples (see Figs. 2 and 9). Therefore, carbonate dissolution upon injection of the water-based fluids acts both to increase the
porosity of the shale and to weaken the cementing bonds between grains of the rock. Both of these processes are expected to cause significant
degradation in the mechanical properties of shale. Chen et al. (2023) conducted a numerical study on the effects of porosity and inter-grain
cementation on the elastic properties of sandstone. A three-dimensional (3D) finite element model with inter-grain boundaries modelled by
cohesive elements was used. The increase of porosity and weakening of the inter-grain cementation accounted for 33.3% and 49.7%of the
reduction in Young’s modulus, respectively.

Most current studies have emphasized the mechanical degradation induced by the carbonate dissolution in the acid solutions environment.
For instance, Pimienta et al. (2017) investigated the carbonate dissolution induced by CO2-brine-rock interactions and the effects on the rock's
mechanical properties. Significant porosity increase and mechanical weakening were observed after only 2 h of exposure. However, limited
attention has been drawn to the mechanical degradation by water-based solutions only, especially under the subsurface conditions of high

temperature and pressure.
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DI water
*8 MPa
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Fig. 9. Mineralogical and morphological changes across the same ROI of the carbonate-rich shale specimen CA1 due to the exposure to DI water
for 7 d under different temperatures and pressures. Representative particles of different mineral phases are circled out in the BSE images using
the corresponding color of each miner phase presented in the digital mineral map. The label ‘BG’ in the digital mineral map denotes the background

of the map, i.e. blank pixels with no mineral phases identified.

(d

Fig. 10. Alterations of surface morphology and microscale void ratios of specimens CA1 and CA3, which were treated with DI water for 7 d at room

temperature and atmospheric pressure and at 80 °C and 8 MPa, respectively. (a) and (c) show the surface morphology and microscale void ratio
of intact specimens CA1 and CA3, respectively; (b) and (d) show the surface morphology and microscale void ratio of degraded specimens CA1 and

CA3, respectively.
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3.2. Mechanical alterations induced by the treatment of different water-based solutions

To evaluate the effect of the addition of KCI on the mechanical degradation of Longmaxi shale samples, mechanical alterations caused by the
treatment with DI water and 2% KCl brine (specimens CA3 and CA4, respectively) at elevated temperature and pressure conditions are compared
in Fig. 11. With addition of 2% KCl into DI water, the degradation of E and H was ameliorated by about 80% and 60%, respectively. The results

show that KCl effectively mitigates mechanical degradation caused by the injection of water-based fracturing fluids into the carbonate-rich

Longmaxi shale formation.
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Fig. 11. Mechanical property alterations induced by the treatment with DI water and 2% KCl brine: (a) E, and (b) H.

When in contact with aqueous liquids, some clay minerals undergo crystalline swelling due to the intercalation of water between primary clay
particles (Foster et al,, 1955; Zhang and Low, 1989); while others, such as illite (the primary clay mineral found in the studied Longmaxi shale
samples), exhibit osmotic swelling when the aqueous fluid has a lower cation concentration, due to the repulsion between electrical double layers.
(Du et al.,, 2018). The clay-fluid interactions have been recognized to be the primary cause of shale instability (Mody and Hale, 1993; Al-Awad and
Smart, 1996; Lal, 1999). O'Brien and Chenevert (1973) classified the instability of shales into five main categories based on their clay mineral
composition. Wong (1998) studied the swelling and softening behavior of La Biche shale after soaking it in water and NaCl solutions for up to 140
d. The shale swelling was found to decrease with increasing solution salinity, while the Young's modulus decreased with increasing swelling,

following a descending power law

E,=El-(5,/ &) (6)

where Eq and Ei denote Young’s modulus of degraded and intact samples, respectively; &y is the volumetric strain; €o is the normalized volumetric
strain constant (& = 25%); and k is a constant, and k = 0.3.

By conducting the Brinell hardness tests, Lafollette and Carman (2013) found a decrease of up to 87% in the Brinell hardness of shale
containing 56% illite after exposure to acetic acid or a KOH/K2COs solutions for 120 d. Liu et al. (2021) exposed a mudstone consisting of quartz
(20.09%), illite (30.51%), kaolinite (36.93%), and chlorite (12.48%) to water for 15 d. Consequently, a swelling strain of ~6% was observed, and

the uniaxial compressive strength and elastic modulus of the treated samples were found to be reduced by a maximum of 81.74% and 80.37%,
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respectively. It has been proven that clay swelling accounted for the mechanical degradation of clay-rich shales after exposure to aqueous fluids.

Besides the concentration of cations in the injected aqueous fluids (Wang and Rahman, 2015), the cation hydration complex, which can be
classified as either inner-sphere or outer-sphere (Sposito, 1989), also exhibited significant influence in the osmotic swelling. An inner-sphere hydration
complex is formed when no water molecules exist between the surface functional groups and small cations or molecules. In contrast, an outer-sphere
hydration complex is formed if at least one interposed water molecule is present between the surface functional group and small cation. Boek et al.
(1995) and Anderson et al. (2010) found that Li* and Na* cations can form outer-sphere complexes upon the addition of water and thus showed a
tendency to migrate away from the sheet surface and fully hydrate, while K* cation only formed inner-sphere complexes that constrained its migration
to the clay sheet surface and further hydration. As such, with the addition of Li* and Na* cations, osmosis takes place between the layers as well as
between the particles, in contrast to K* cation, osmosis occurs only between the particles.

Grid micro-indentation measurements in this study showed that the mechanical degradation is significantly mitigated by 2% KCl additive (see
Fig. 11). This can be attributed to the reduction in osmotic repulsion of 2% KCI vs. DI water and the action of K* cations in the formation of inner-

sphere complexes which inhibit the intake of water between clay platelets (Du et al.,, 2018).
3.3. Mechanical degradation of shales with different mineralogy

The mineralogy of a shale formation affects its mechanical properties (E, H) and its response to fluid treatments. Fig. 12 compares the
mechanical degradation in the three Longmaxi shale samples with three distinct mineralogies (i.e. carbonate-, clay-, and quartz-rich; CA3, C1, and
Q1) due to treatment with DI water at 80 °C and 8 MPa, the Young’s modulus was decreased by 31.2%, 23.9%, and 11.4%, and hardness was
decreased by 37.5%, 16.0%, and 5.9% for the carbonate-, clay-, and quartz-rich shale samples, respectively. The results indicate that carbonate-
rich shale formations are the most sensitive to the water-based fracturing fluids, followed by the clay-rich and quartz-rich shale formations.

As mentioned above, clay has been generally recognized as a causative mineral attributed to the swelling and mechanical weakening of shale
after exposure to aqueous fluids. Observations in the present study indicate that caution is required when using water-based fluids to fracture a
formation rich in carbonate minerals. This is because the carbonate dissolution will be exacerbated under the subsurface conditions of high
temperature and pressure, thus increasing the porosity and weakening the inter-grain cementation of shale. Fig. 13 shows the relationship between
the decrease in the Young’s modulus, hardness and the total clay and carbonate minerals content of the three shale samples. For specimens C1 and
Q1, both of which are carbonate-depleted (i.e. samples #2, and #3 in Table 1, both with carbonate content ~3%), the aggravated mechanical
degradation of C1 compared to Q1 is mainly attributed to the higher clay content. Therefore, the data provide a means to evaluate the roles of clay
content in mechanical degradation. With the clay content increased from 29.2% to 44.8%, the decrease of the Young’s modulus and hardness was
changed from -11.4% to -20.2% and from -5.9% to -16%, respectively. Whereas, for specimens CA3 and Q1, which have similar clay content
(samples #1, and #3 in Table 1, 26.8% and 29.2%, respectively), the aggravation of mechanical degradation was dominated by increase of the
carbonate content. With the carbonate content increased from 3.4% to 40.7%, decrease of the Young’s modulus and hardness was changed from -
11.4% to -31.4% and from -5.9% to -37.5%, respectively. Fig. 13 summarizes the mechanical degradation, AE and AH, as a function of the combined
clay and carbonate content. The gradients of the red and blue lines represent the mechanical degradation induced per unit change in clay and
carbonate content, respectively. With the same amount of clay and carbonate minerals, the Young’s modulus exhibited an equivalent degradation,
whereas hardness appeared to be more sensitive to carbonate dissolution. In consideration of clay and carbonates as the equivalent causative
minerals for mechanical degradation induced by exposure to water-based solutions at elevated temperature and pressure, the decrease of both
Young’s modulus and hardness were correlated with the total content of clay and carbonate minerals, and a linear relationship can be obtained
(see black dotted lines in Fig. 13, with Rz = 0.999 and 0.974, respectively).

The intercepts on the x-axis may reflect a lower limit on the clay and/or carbonate content to trigger measurable mechanical degradation. If
this is the case, the mechanical properties of the bulk shale are only affected when the fraction of the degrading constituent phase exceeds ~5 wt.%
(Sreekanth et al,, 2009). On the other hand, the current tests measure degradation for a fixed treatment duration (7 d). It is also possible that
prolonged exposure will increase the measurable degradation. Overall, it can be concluded that when exposed to water-based solutions under
subsurface conditions of elevated temperature and pressure, clay and carbonate minerals can cause comparable mechanical degradations. In that
framework, the total content of clay and carbonate minerals can be a useful index of the potential degradation of a shale formation by water-based

fracturing fluids.
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Fig. 12. Comparison of the mechanical degradation among the carbonate-, clay-, and quartz-rich shale samples after the treatment with DI water
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exposure treatment.
3.4. Mechanical alterations induced by the exposure to scCO2

The effects of exposure to ScCO2 have been reported to induce complex physical and mineralogical changes in shale, including adsorption-
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induced swelling (Lu et al.,, 2016; Liu and Liu, 2022) and pressure-induced matrix compression (Pan and Connell, 2007; Vandamme et al., 2010).
Both Pan and Connell (2007) and Vandamme et al. (2010) revealed that after injection of ScCO2, swelling behavior initially follows the adsorption
isotherm. However, at higher pressures, the dominant effect gradually shifts to matrix compression, which results in a reduction in volumetric
strain. Furthermore, Espinoza and Santamarina (2012) found that the van der Waals attraction between clay minerals is increased in the ScCO:
fluid due to the dielectric properties of CO2, which in turn may give rise to a more compact clay matrix with a smaller porosity. The competition
between these processes makes predicting the net mechanical degradation challenging.

In this study, the carbonate-rich shale specimen CA5 was immersed in pure ScCO: for 7 d. Fig. 14 shows the statistical results of the alterations
in E and H induced by the exposure to scCO2. The results show small increases in both E and H (i.e. 3.1%, 3.3%, respectively) due to ScCO: treatment
at elevated pressure and temperature. Similar observations were reported in previous studies. Indeed, Yin et al. (2017) reported a slight increase
in the uniaxial compressive strength of shale after soaking in the ScCOz for 10 d. They attributed this phenomenon to the shale matrix compression
under high-pressure conditions. Moreover, Guo et al. (2018) studied the effect of ScCO2 soaking pressure on the mechanical properties of shale and
reported an increase in the Young’s modulus and Poisson’s ratio caused by the shrinkage of the clay component. However, using a nano-indentation
technique, Liu et al. (2023) concluded a non-monotonic change in the mechanical properties of shale after exposure to ScCO2 for 60 d. The measured
fracture toughness and contact creep modulus initially increased during 0-8 d, then decreased during 8-16 d, and finally increased again during
16-60 d. This indicated that the exposure time may play a significant role in the effect of the competition between the swelling caused by adsorption

and the pressure-induced matrix compression on the mechanical behavior of shale.
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Fig. 14. Mechanical alterations induced by the exposure to ScCO2 for 7 d: (a) E, and (b) H.

Fig. 15 shows the measured microstructure and mineralogy in the same ROI before and after the shale specimen CAS is treated with ScCO: for
7 d. It shows that the porous clay matrix (circled by a white dashed line) became more compact after the 7-d exposure treatment. The area of
interparticle voids (encompassed by red lines) was clearly decreased after the exposure to ScCO: for 7 d. The microscale porosity of the red circled
regions is further analyzed with an image processing technique, which has been extensively used in investigation of the porosity of composite
materials (e.g. rocks and concrete) (Kaestner et al., 2008; Elia et al., 2016; Liu et al,, 2022; Tang and Gratchev, 2023). The voids in the regions of

interest are extracted by conducting a threshold algorithm of grayscale with a Matlab code (highlighted in red in Fig. 15c and d). After exposure to
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ScCO: for 7 d, the measured void ratio (i.e. the area fraction of the red color in Fig. 15c and d) decreases from 32.2% to 24.8%, indicating a more
compact clay matrix of the treatment sample compared to the intact sample. This microstructural observation may account for the slight increase
in E and H measured in this study. The yellow circles in Fig. 15a and b highlight the local surface subsidence formed by the residual footprint of the
indentation, which is located in the porous matrix. With compressed matrix, the inner pores of the matrix were squeezed, and the particles
coalesced, which may make this local surface subsidence more visible.

Future research efforts are needed to investigate the impact of the competition between the adsorption-induced swelling and the shale matrix
compression on the long-term mechanical behavior during the interaction between shale and ScCOz. Further studies are also needed on the
shrinkage of meso/micro-scale pores within the clay matrix (Desbois et al., 2009; Clarkson et al., 2013; Mathia et al,, 2019). Comparison of the
pore size structure before and after treatment can be achieved using gas physisorption analyses (e.g. nitrogen or carbon dioxide adsorption) (Han
etal, 2017; Yang and Liu, 2020), which can provide more evidence on the underlying mechanisms controlling the mechanical alteration induced

by ScCO: exposure.
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Fig. 15. Measured microstructure and mineralogy in the same ROI of shale specimen CA5: Mineralogy (a) before and (b) after the treatment with
ScCO: for 7 d, and microscale porosity of the interested regions (red circled in (a) and (b)) (c) before and (d) after the treatment with ScCO: for 7
d.

4. Discussion
4.1. Pyrite oxidation

Another mineral-fluid reaction that may contribute to the alterations of shale mechanical properties is the oxidation of pyrite (FeSz). The
dissolved O: in the solutions can be the oxidant for the aqueous oxidation of pyrite (Holmes and Crundwell, 2000; Dos Santos et al., 2016; Feng et

al,, 2019). Chemical reactions of the aqueous oxidation of pyrite can be described as follows (Chandra and Gerson, 2010):
FeSz + 3.502 + H20 = Fe?* + 25042~ + 2H* (7)

FeSz + 14Fe3+ +8H,0 = 15Fe?* +2504%- + 16H* 8)

Sulfuric acid, a product of pyrite oxidation, can react with carbonate minerals and consequently enhance their dissolution into aqueous
solutions. Pyrite and carbonate minerals are the most common constituent phases of shale. Thus, as pyrite and carbonate minerals coexist, the
aqueous oxidation of pyrite will deteriorate the mechanical degradation of shale. As shown in Fig. 16, the calcium sulfate crystals (CaSO4) were
observed on the surface of the carbonate-rich Longmaxi shale sample after treatment with DI water for 7 d. The calcite particles were also observed
to be significantly broken down due to increased acidity. This observation implies the reaction of the calcite mineral with the sulfuric acid produced
by pyrite oxidation. Besides the dissolved Oz, Fe3+ has also been recognized as an important oxidant for aqueous oxidation of pyrite (Li et al,, 2023b).
Therefore, considering the oxidants carried by the fracturing fluids adding into the oxygen-free subsurface environment, a deoxygenation

treatment for fracturing fluids may need to be conducted, especially for locations abundant with pyrite minerals.
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Fig. 16. BSE micrographs of the surface erosion caused by pyrite oxidation. Massive calcium sulfate crystals (CaSO4) are generated on the surface

after treatment with DI water for 7 d. Significant breaking down is also observed for the calcite particles (red circled).

4.2. Compositional analysis of fluids post-reaction

The extent of the chemical reaction between minerals and injected fluids governs the induced alterations in mechanical and mineralogical
properties. In principle, fracture fluid recipes should be tailored specifically to the mineral composition of each targeted shale reservoir to enhance
formation stimulation and gas recovery. As observed in this study, at temperature and pressure conditions expected in the formation, short-term
duration (7 d), can cause substantial dissolution of carbonate minerals into the injected water-based fluids. This process is potentially exacerbated
by pyrite oxidation (Egs. (5), (7), and (8)). In future work, a compositional analysis of the fluid post-reaction, such as Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES) (Gundogar et al., 2022; Medina-Rodriguez et al.,, 2023), could provide an insightful assessment of the
extent of the chemical reaction between minerals and injected fluids, and thus reveal the governing mechanisms for the observed mechanical
degradation.

Moreover, for a carbonate-rich shale formation, inhibitors such as heavy-metal ions (scandium and copper) (Sjoberg, 1978; Sjoberg and
Rickard, 1984; Zeppenfeld, 2010) can be considered as additives in the fracturing fluids to suppress the carbonate dissolution. The promotion of
common-ion effect, which refers to the decrease in solubility of precipitate by addition of ions in common with the precipitate (Ayogu et al.,, 2020),
should also be an effective measure to inhibit carbonate dissolution (Ding et al., 2021).

Here, it shows that the coupling analysis of grid micro-indentation and compositional identification of fluids post-reaction is a promising route
to the governing mechanisms of observed mechanical degradation and, in turn, facilitates the screening of additives in the injected fluids to prevent

the potential formation degradation.
4.3. Impacts of the observed mechanical and mineralogical alterations on engineering applications

The mechanical and mineralogical alterations induced by the shale-fluids interactions can significantly influence proppant embedment,
matrix permeability, fracture conductivity, and fracability. Consequently, they can substantially impact shale gas exploration and long-term
production. Given the very low permeability of many shale formations, the capability of being fractured, also termed ‘fracability’, is critical for gas
production (Jarvie et al., 2007). Current exploration practices use the brittleness index proposed by Rickman et al. (2008) (a function of Young's
modulus and Poisson's ratio) to evaluate the fracability of shale formations (Kang et al., 2020). The Young's modulus and Poisson's ratio reflect a
rock’s ability to maintain a fracture and fail under stress, respectively, and thus, shales with a high Young's modulus and a low Poisson's ratio are
considered more brittle and, hence, more easily fractured (Zhang et al., 2016).

Re-fracturing the shale formation that has been hydraulically fractured before has been among the most used restimulation techniques (Shah
et al, 2017). Reduction in gas production over time usually did not appear to be totally related to production depletion, and the older under-
performing wells can be restored by re-fracturing to near original or even higher production rates with much less expenses than the construction
of new wells (Dozier et al,, 2003). However, as observed in this study, significant degradation in the Young’s modulus (up to 31% reduction) was
observed after treatment with DI water for only 7 d. Modifications in the brittleness of shale formations that water-based fluids have fractured
need to be assessed in initial evaluation of re-fracturing fracability.

The effects of the induced mechanical and mineralogical alterations on the permeability can be twofold. On one hand, the dissolution of
carbonate minerals increases the porosity, and thus leads to increase of the permeability. Alalli et al. (2018) conducted laboratory permeability
measurements on shale samples from Eagle Ford and Marcellus reservoirs. The permeability of the two samples after being treated with an acidic
fracturing fluid (at 80 °C and 7.7 MPa) for 6 d exhibited opposite trends. Many secondary pores were created in the Eagle Ford sample, resulting
in an order-of-magnitude increase in permeability. In contrast, the accumulation of barite precipitation inside the limited microcracks of the
Marcellus sample led to the occlusion of the main transport flow paths and reduced permeability. On the other hand, the carbonate precipitation
(Khather et al., 2020) and the fines migration (Ellis et al., 2013) can cause clogging and occlusion of flow paths. Moreover, the additional proppant
embedment caused by the mechanical degradation will reduce the fracture aperture and impair the permeability of fracture pathways (Katende,

2022; Katende et al,, 2022). Therefore, the permeability evolution of hydraulically fractured shale formations may depend on the extent of
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mechanical and chemical alterations, including carbonate dissolution and precipitation, fines migration, and proppant embedment. A

comprehensive experimental work on the permeability evolution during shale gas exploration will help predict the performance of the gas recovery.
5. Conclusions

This study presents a mesoscale analysis based on the statistical micro-indentation measurement and in situ morphological and mineralogical
identification to assess the mechanical and mineralogical alteration of Longmaxi shales exposed to water-based fluids and ScCO2. The findings
quantify the mechanical and mineralogical degradation of shale in the subsurface environment and can facilitate the engineering design and

operation of shale gas exploration and CO2 geological sequestration. Key conclusions are drawn as follows:

(1) Significant mechanical degradation (a reduction of 31.2% and 37.5% in E and H, respectively) is observed after exposing the carbonate-
rich shale sample to DI water under 80 °C and 8 MPa for 7 d, while no apparent degradation was shown for similar treatment at ambient
conditions. The addition of 2% KCI into DI water effectively mitigates degradation to both E and H.

(2) Quartz-rich Longmaxi shale is the least sensitive to degradation in DI water, followed by the clay-rich and carbonate-rich Longmaxi shale.
The total content of clay and carbonate minerals can be a useful index of the potential degradation of a shale formation by water-based
fracturing fluids.

(3) Mechanisms for the mechanical degradation induced by water-based fluids mainly include carbonate dissolution and clay swelling. The
carbonate dissolution can be exacerbated by elevated temperature and pressure, as well as pyrite oxidation.

(4) A small increase in the Young’s modulus and hardness is observed after the treatment with ScCO2 for 7 d. The pressure-induced

compression of porous clay aggregates may account for this observation.

In future works, a coupling analysis of grid micro-indentation and compositional identification of fluids post-reaction is promising to provide
a better understanding of the governing mechanisms for the observed mechanical degradation and, in turn, facilitate the screening of additives in
the injected fluids for prevention of the potential formation degradation. Moreover, though the short-term softening behavior of shale after
exposure to water-based fluids and supercritical CO2 is investigated in this study, it is recommended that this research can be expanded, and the

mechanical degradation of shale over different time intervals can be examined.
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Highlights:

a) Mechanical alterations induced by shale-fluids interactions are evaluated at mesoscale.

b) Underlying mechanisms are revealed by in-situ morphological and mineralogical
identification.

c) Carbonate dissolution, clay swelling, and pyrite oxidation are dominant mechanisms.
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