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Abstract:

Water-rock interaction triggered by drilling and fracturing fluid retention in shale gas
reservoirs induces secondary processes and the subsequent alteration of rock physical
properties, critically modulating reservoir productivity. In this study, X-ray diffraction,
nanoindentation, focused ion beam-scanning electron microscopy, and micro-computed
tomography were utilized to characterize and analyze the mineral alteration, mechanical
weakening and pore-fracture evolution of marine shale in the Longmaxi Formation,
Sichuan Basin. The results reveal that the water-rock interaction preferentially dissolves
clay minerals (mainly illite), feldspars and pyrite via hydration and redox reactions
while promoting quartz and carbonate mineral recrystallization. The hydration-dissolution-
precipitation process significantly weakens the rock mass by reducing cohesion and the
friction angle. This mechanical degradation is evidenced by a substantial decrease in elastic
modulus, exhibiting pronounced anisotropy relative to stratifications. The resultant hetero-
geneous stress fields initiate and propagate secondary pores and fractures, dramatically
increasing the number, volume and surface area of pores. These newly formed structures
integrate with pre-existing pore-fracture networks, markedly elevating overall porosity
and enhancing interconnectivity, which consequently amplifies permeability by orders of
magnitude. Additionally, water preferentially enters the reservoir through stratification,
and the associated difference in water-rock interaction strength further enhances the
heterogeneity of structural and mechanical heterogeneity. These findings link micro-scale
physical-chemical reactions with the meso-scale mechanical properties and macro-scale
pore-fracture structures, emphasize the key role of water-rock interaction in reshaping
reservoir characteristics, and provide important insights for optimizing hydraulic fracturing
strategies and improving shale gas recovery.

1. Introduction

In the shale gas production industry, horizontal drilling
and hydraulic fracturing are the most popular methods to

promote the migration of shale gas from the reservoir to the
wellbores (Zhou et al., 2016b; Song et al., 2022). As part
of these industrial processes, multiple fluids, such as drilling
fluid, completion fluid, cementing fluid, and fracturing fluid
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are injected into the reservoir, which can inevitably enter the
shale matrix under the actions of positive pressure difference,
chemical potential difference, and capillary force (Yang et
al., 2023). The intimate contact of water and shale can in
turn trigger comprehensive physical and chemical processes,
referred as Water-Rock Interaction (WRI), which could bring
profound alteration to the shale reservoir properties (Ma et
al., 2016; Sui et al., 2018; Hua et al., 2021; Lin et al., 2022).
It has been confirmed that WRI can lead to the decomposition,
hydration and expansion of some minerals (clay minerals in
particular), the oxidation of pyrite, and changes in the energy
and pressure on rock surface (Rgyne et al., 2015; Chen et
al., 2017; Feng et al., 2020; Lu et al., 2020). As a result, the
mechanical properties of shale, such as compressive strength,
brittleness index and elastic modulus, are further weakened,
which affects the expansion of pore-fracture network (Dautriat
et al., 2016; Kang et al., 2016; Zhong et al., 2019; Velcin
et al.,, 2020). These changes deeply transform the native
occurrence modalities and migration dynamics of methane
within the reservoir (Song et al., 2022; Zou et al., 2024). Thus,
systematically investigating the WRI-induced transformations,
particularly in a quantitative manner, is critical for optimizing
shale gas recovery and enhancing reservoir reconstruction.
Existing studies have widely demonstrated that WRI in
shale can be affected by minerals, fracturing fluid composition
and action time (Roshan et al., 2015; Cai et al., 2024).
Clay minerals (especially montmorillonite and its mixed layer)
have strong imbibition ability, and some metal cations in
formation water readily accumulate on the surface of mineral
particles (Liu et al., 2016b). The cation charge is dissolved
and exchanged, changing the attraction and repulsion between
the mineral particles, as well as weakening the cohesion,
internal friction angle, compressive strength and structural
integrity of the rock (Tang et al., 2024). Therefore, shales
with high clay mineral content have been proposed to be more
susceptible to WRI (Zhong et al., 2019). Some aluminosilicate
and carbonate minerals can also be dissolved in water and
recrystallized at other locations. The shedding of minerals
caused by clay expansion and mineral dissolution can produce
new pores and fractures (Wang et al., 2020). In the oxygen-rich
environment, the chemical oxidation of organic matter may
form new pores (Jing et al., 2018a, 2018b). These secondary
reconstructions further expand the seepage channels of the
reservoir, thereby improving the gas flow capacity (Xu et
al., 2023). In addition, due to the complex stratifications, shale
has obvious permeability anisotropy and water is more likely
to enter the matrix along the stratifications, which may cause
differences in the strength of WRI (Heng et al., 2020).
Experimental techniques like spontaneous imbibition tests
and mercury intrusion porosimetry have elucidated the fluid
distribution patterns and pore-fracture characteristics (Kang et
al., 2016). However, these studies have failed to systematically
quantify the differences in reaction mechanisms and reac-
tion strengths among different minerals with water (Kelly et
al., 2016). Previous studies have documented the macroscopic
effects of WRI, such as reductions in compressive strength and
brittleness index (Lyu et al., 2018; Zhong et al., 2019). In fact,
the microscopic mechanical properties can more accurately

couple mineral hydration mechanisms with the generation of
pore-fracture networks (Wang et al., 2020; Li et al., 2022).
Besides, traditional analytical methods are often unable to
capture the anisotropic nature of microscopic mechanical and
hydraulic responses, particularly under stratified conditions
(Zhou et al., 2016a; Heng et al., 2020). These gaps hinder gain-
ing a holistic understanding of multi-scale impacts on reservoir
reconstruction. Therefore, it is necessary to systematically re-
veal the microscopic reaction mechanism of different minerals
and water in marine shale, clarify their comprehensive effects
on the microscopic mechanical properties and microscopic
pore structure of rocks, and subsequently analyze these effects
on the macroscopic pore-fracture network.

In this study, X-Ray Diffraction (XRD), nanoindenta-
tion, Focused Ion Beam Scanning Electron Microscopy (FIB-
SEM), and Micro-Computed Tomography (uCT) are used to
conduct a comprehensive analysis of WRI on marine shale
from the Longmaxi Formation, Sichuan Basin. The differ-
ences in mineral hydration strength are quantified, and the
correlation between mechanical weakening and pore-fracture
network expansion is analyzed. In addition, the relationship
between micro-scale hydration mechanism and macro-scale
porosity and permeability enhancement is established, and
the anisotropy of WRI is clarified. The findings provide a
robust theoretical foundation for informing and optimizing the
development strategies of shale gas wells, and help to enhance
their operational efficiency and economic viability.

2. Samples and methods

2.1 Samples

The Lower Cambrian Qiongzhusi Formation, Upper Or-
dovician Wufeng Formation, and Lower Silurian Longmaxi
Formation are deposited within the Sichuan Basin, which
constitutes a pivotal exploration region for marine shale gas
in southern China (Jin et al.,, 2018). For the purpose of
this study, a full-diameter marine shale core retrieved from
the Longmaxi Formation within the Changning Block of
the Sichuan Basin was chosen. The sample was obtained at
an approximate burial depth of 2,332.16 m. Subsequently,
crushed rock samples, thin-section rock samples, and one-
inch standard cores were prepared from the full-diameter
core, and a comprehensive suite of experimental analyses,
including XRD, nanoindentation, FIB-SEM, and uCT, was
systematically conducted to characterize the mineralogical
composition, mechanical properties, and pore-fracture network
of samples (Fig. 1).

2.2 Methods
2.2.1 X-ray diffraction

XRD can determine not only the chemical composition
of a sample material but also its crystal structure, crystal
defects, and crystal parameters (Yang et al., 2020; Das et
al., 2021). XRD can be regarded as the reflection of incident
X-rays by parallel and adjacent atoms inside the crystal (Liu
et al., 2023). According to the Bragg equation nA = 2dsin0,
the relationship between X-ray parameters and cell parameters
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Fig. 1. Experimental samples and methods.

can be determined (Elton and Jackson, 1966). The X-ray with
a fixed wavelength of A is used to impact the sample crystal,
and the interplanar spacing d can be obtained according to the
reflection order n and the grazing angle 6 of the diffracted
X-ray (MolCanov and Stilinovi¢, 2014). Next, the relative
content of different minerals can be established according to
the intensity information of diffraction X-ray.

Selected rock samples were crushed into small particles
and ground to a mesh size below 200 for use as XRD
experimental samples. The samples were divided into two
equal parts: The first part was directly analyzed, while the
second part was soaked in distilled water (to prevent interfer-
ence from other ions) for 96 h before analysis. For whole
rock samples, the pretreatment process involved identifica-
tion, solvent extraction to remove oil, crushing, preparation,
and slicing. Meanwhile, for clay samples, the pretreatment
process included identification, solvent extraction to remove
oil, crushing, soaking, siphoning, centrifugal precipitation, and
tableting.

The mineral composition of shale was analyzed by
the RINT-TTR3 diffractometer of Rigaku. Cu target
(monochrome) was used, the rotation angle was 2.5° ~ 60°,
the tube voltage was 40 kV, and the tube current was 100
mA. Quantitative analysis was carried out by step scanning.
The scanning speed was set to 0.25°/min, and sampling
interval was set to 0.01°. Given the robustness and exceptional
hydration resistance exhibited by quartz, coupled with the re-
quirement for aluminosilicates to undergo a high-temperature
process to attain a stable quartz structure, it is reasonable to
postulate that the absolute mass of quartz remains constant
throughout the WRI process. By leveraging this invariance
in quartz mass as a baseline, we can precisely quantify the
alterations in the mass of other constituent minerals within a
unit mass of shale.

2.2.2 Nanoindentation

Nanoindentation technology was first applied to homo-
geneous materials such as metals, glass and crystals, and
then gradually used to measure the mechanical parameters of
heterogeneous materials. It can measure the key mechanical
parameters of materials at the microscopic scale (Liu et
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al., 2016a). The principle of nanoindentation is to apply a load
of 0.1 ~500.0 mN to the surface of the material by a diamond
indenter and then use the load and displacement data to obtain
the load-displacement curve (P —h curve). The P —h curve
forms the basis for analyzing the microscopic deformation
of materials and calculating the mechanical parameters of
materials. By meticulously documenting the loading depth and
force exerted by the probe throughout the loading-holding-
unloading sequence conducted by the nanoindenter, it is fea-
sible to derive the microscopic mechanical parameters of the
indented location.

The hardness and equivalent elastic modulus of the material
can be analyzed and calculated by using the P —h curve as
follows (Richter et al., 2000):

]

max
A
g = VT 2)
2BVA
where H denotes the hardness, GPa; Py.x denotes the max-
imum load value, mN; A denotes the contact area at the
maximum load, nm?; E, denotes the equivalent elastic modu-
lus, GPa; S denotes the contact stiffness, mN/nm; 3 denotes
the indenter correction coefficient, dimensionless. For the
commonly used Berkovich indenter, § = 1.034.

For nanoindentation investigations, ultra-flat shale sheets
were prepared. Directions both vertical and parallel to the
stratification were selected. Those samples were initially sliced
into thin sections with a thickness about 10 mm. The surfaces
of samples were progressively polished using silicon carbide
sandpapers of 400, 600 and 1,500 mesh grades to achieve a
high degree of smoothness. This was followed by a series
of polishing steps using oil-based diamond suspensions of
decreasing particle sizes (6, 3 and 1 pm), culminating in
a final refinement by a precision argon ion beam polishing
instrument to ensure optimal surface quality. The samples
were then dried at 105 °C for 48 h and their mechanical
properties were measured. Subsequently, the samples were
immersed in simulated formation water (a calcium chloride
solution with a concentration of 50,000 mg/L) for 96 h to
promote water uptake and mitigate rock fragmentation. After

H=

(1)
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Fig. 2. Relative content of minerals (a) before and (b) after WRI. Qtz: Quartz; Kf: K-Feldspar; Pl: Plagioclase; Cal: Calcite;
Dol: Dolomite; Py: Pyrite; Cl: Clay; I1l: Illite; I/S: Illite-smectite mixed layer; Ch: Chlorite.

this treatment, the mechanical properties of the saturated
samples were evaluated.

The microscopic mechanical parameters of shale were
measured by a Bruker Hysitron TI Premier nano-indentation
instrument. For every sample, five 60 x 60 um matrices were
chosen and each matrix evenly suppressed 9 points. The
maximum loading force was 10,000 pN, the loading and
unloading time were 30 s, and the holding time was 5 s. P—h
curves for every point were acquired and the mechanical prop-
erties of each point were computed. In both the dry and wet
states, the mechanical characteristics of shale samples were
recorded in the directions parallel and vertical to stratifications.
At the nanometer scale, mechanical parameters acquired via
indentation points on the surface of diverse minerals exhibit
inherent volatility. To mitigate measurement uncertainties, ex-
tensive replication of shale sample assessments is imperative.
Therefore, this research adopted a rigorous mean statistical
approach to analyze the collected data.

2.2.3 Focused ion beam scanning electron microscopy

FIB-SEM is a system that combines Focused Ion Beam
(FIB) and Scanning Electron Microscope (SEM) functions
(Kelly et al., 2016; Song et al., 2022). In this system, the
electron beam is perpendicular to the sample stage and the
ion beam has a certain angle with the sample stage. During
the working process, the sample stage needs to be rotated to
a position of 52°. The ion beam and the sample stage are
in a vertical state, which is convenient for processing. The
electron beam and the sample stage are at a certain angle, and
the structure inside the cross-section can be observed.

The experimental samples of FIB-SEM were the same as
for nanoindentation. This study mainly compared the differ-
ences in the microscopic pore structure of shale in the planes
parallel and vertical to stratifications before and after the
water-rock interaction. The surface morphology was examined
using the Helios Nanolab 650 of FEI company, and the system
had an imaging voltage of 5 kV and a maximum resolution
of 0.8 nm.

2.2.4 Micro-computed tomography

CT uses cone-shaped X-rays to penetrate objects, enlarge
images through objective lenses of different multiples and

reconstruct a three-dimensional stereo model from X-ray at-
tenuation images obtained by 360° rotation (Thibault and
Elser, 2010). A CT image reflects the information of energy
attenuation of X-ray in the process of penetrating the object,
so it can truly reflect the pore structure and relative density
inside the core (Garum et al., 2020). During scanning, the
turntable drives the sample to rotate, and with each rotation
having a certain angle, X-ray irradiation of the sample is
performed to obtain a projection. A series of projection images
obtained after rotating 360° were reconstructed to obtain a
three-dimensional image of the core sample.

The puCT experimental sample is a cylindrical shale core
with a diameter of one inch. Prior to WRI, the sample
was dried at 105 °C for 96 h and then scanned to obtain
initial three-dimensional structural information. Subsequently,
the sample was placed in a core holder under a confining
pressure of 45 MPa to simulate formation pressure. High-
pressure water invasion was performed from one end of the
core using simulated formation water (a calcium chloride
solution with a concentration of 50,000 mg/L) at a pressure of
40 MPa to simulate hydraulic fracturing. The sample was then
continuously soaked under pressure to replicate the process of
working fluid invading the shale matrix. After the WRI, the
sample was scanned again to obtain the final three-dimensional
structural data.

The characteristics of shale pores and fractures were an-
alyzed by a Zeiss MicroXCT-400 three-dimensional X-ray
microscope. The maximum voltage of the ray tube of the
pUCT system was 300 kV, and the focal size was 2 um. The
utilization of Volume Graphics software facilitates a metic-
ulous analysis of the grayscale variations within the three-
dimensional data volume, enabling the extraction of crucial
pore and fracture characteristics from shale sample.

3. Results
3.1 Minerals

Quartz (Qtz) was the predominant mineral in the raw sam-
ples (averagely c.a. 42.9%), followed closely by calcite (Cal,
~17.3%), clay (Cl, ~16.4%) and dolomite (Dol, ~14.8%),
with minor contributions from plagioclase (Pl, ~4.9%), pyrite
(Py, ~3.1%) and K-feldspar (Kf, ~0.6%) (Fig. 2(a)). After
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Fig. 3. Distribution of elastic modulus and hardness in directions (a) parallel and (b) vertical to stratification before WRI;
distribution of elastic modulus and hardness in directions (c) parallel and (d) vertical to stratification after WRI.

WRI, the mass ratio of quartz increased to ~44.5%, and
that of calcite and dolomite also increased to ~18.5% and
~15.6%, respectively, while the relative contents of clay and
pyrite decreased to 13.8% and 2.5%, respectively (Fig. 2(b)).
Within the clay fraction, illite (Ill) dominated, averaging ap-
proximately 87%, with the proportions of illite-smectite mixed
layer (I/S) and chlorite (Ch) being essentially equivalent (Fig.
2(a)). After WRI, the relative abundance of illite decreased to
71%, accompanied by an increase in both the illite-smectite
mixed layer and chlorite proportions (Fig. 2(b)).

3.2 Microscopic mechanical parameters

Indentation measurements unveiled an inherent anisotropy
in the mechanical properties of shale at the nanoscale. For pris-
tine shale specimens, the elastic moduli parallel to stratification
exhibited a wide range, spanning from 3.7288 to 49.0638 GPa,
with an average value of 14.9437 GPa, and the hardness values
fluctuated between 0.3768 and 7.8638 GPa, averaging 1.6851
GPa (Fig. 3(a)). In the vertical orientation, the elastic moduli
ranged from 2.6406 to 26.9313 GPa, averaging 12.9070 GPa,
and the hardness values lied between 0.1489 and 4.9137 GPa,
with an average of 1.4244 GPa (Fig. 3(b)).

WRI conspicuously attenuates both the elastic modulus and
hardness of the samples. Specifically, in the parallel direction

to stratifications, the average elastic modulus diminished to
1.2421 GPa (ranging from 0.7131 to 1.8391 GPa), while
the average hardness plunged to 0.2455 GPa (spanning from
0.0924 to 0.4225 GPa) (Fig. 3(c)). In the vertical direction,
the elastic modulus experienced an average decline to 5.9036
GPa (ranging from 0.0003 to 12.5014 GPa), and the average
hardness was 0.6678 GPa (ranging from 0.0001 to 2.2083
GPa) (Fig. 3(d)).

In the initial state, the microscopic mechanical parameters
of shale parallel to stratification were slightly higher than those
in the vertical direction, but the difference was very small.
The average elastic modulus and hardness of the former were
115.78% and 118.30% of the latter, respectively. WRI not only
significantly reduces the microscopic mechanical parameters
of shale but also changes the difference in these parameters
between parallel and vertical directions to stratification. After
WRI, the parameters in the parallel direction were significantly
lower than those in the vertical direction. The average elastic
modulus and average hardness of the former were 21.04% and
36.76% of the latter, respectively.

3.3 Pores and fractures

The FIB-SEM images of selected samples show varied
morphological traits of distinct mineral compositions and
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Fig. 4. FIB-SEM images of sample (a) before and (b) after WRI.

micro-pore configurations in the virgin samples (Fig. 4(a)).
Organic matter is interspersed among inorganic minerals,
displaying minute organic pores arranged in a honeycomb-like
pattern with rounded or oval contours. Brittle minerals appear
as blocky distributions, accompanied by irregular dissolution
pores and slit-like fractures that traverse the matrix in a
discontinuous pattern. Clay minerals generally occupy the
interstices between organic matter and brittle minerals, exhibit-
ing numerous dissolution pores and interlayer microfractures.
Meanwhile, irregular fractures traverse layer boundaries and
mineral cementation zones, adopting a strip-like pattern in
planar views.

Prior to WRI, the edges of mineral cementation in shale
are sharp and distinct, with pores being scarce, isolated and
predominantly cylindrical or ink-bottle-shaped, while fractures
are short, narrow and infrequent, primarily localized within
the cementation of brittle and clay minerals, exhibiting poor
overall connectivity (Fig. 4(a)). Following WRI, the edges
of mineral cementation blur, particularly in clay-rich regions,
leading to an abundance of slit-shaped secondary pores and
fractures within both clay and brittle minerals, while fractures
evolve into longer, wider and more numerous features, dis-
playing tortuous trajectories and irregular shapes with better
connectivity (Fig. 4(b)).

Cross-sectional images obtained via pCT provide clear vi-
sualization of the meso-scale fractures inside the shale samples
and their evolution over water invasion. In their virgin state,
the primary fractures are predominantly confined to the sample
stratifications (Figs. 5(a) and 5(e)). Upon the onset of water
intrusion, fractures undergo substantial expansion, and notable
deterioration and partial detachment are observed at the shale
edges (Figs. 5(b) and 5(f)). As the water intrusion extends,
further degradation ensues, characterized by the propagation
and widening of stratigraphy-oriented fractures, accompanied
by the emergence of additional fractures at the stratifications
and edges (Figs. 5(c) and 5(g), water intrusion for 102 h).
With the advanced stages of water intrusion, a remarkable
expansion of interconnected fractures is evident, with their
widths increasing from an initial dimension of less than 50
pum to approximately 200 wm (Figs. 5(d) and 5(h), water
intrusion for 142 h). This substantial alteration is accompanied

by catastrophic damage at the leading edge, marked by the
detachment of minerals from the shale matrix (Fig. 5(d)). The
original cracks propagate deeply into the matrix, and large-
scale cracks also manifest within the matrix regions that were
initially devoid of cracks or featured only narrow fractures
(Fig. 5(h)). Additionally, near large-scale fractures, a fog-like
accumulation of colloids resulting likely from clay hydration
is observed, with these recrystallized mineral particles filling
some pores and fractures (Fig. 5(g)). In contrast, the strength
of secondary reconstruction of water invasion front (Figs. 5(a)-
5(d)) is much greater than that of shale matrix (Figs. 5(e)-5(h)).

The 3D model of the samples obtained via pCT enables
a quantitative characterization of meso-scale pores and frac-
tures within shale samples. Originally, the pores and fractures
exhibited layered and concentrated distribution (Fig. 6(a)). By
combining with the nCT images, it can be determined that
these cavities are predominantly located within the stratifi-
cations. WRI does not alter the distribution characteristics
of pores and fractures but renders the pore-fracture network
of shale more intricate. A substantial number of secondary
pores emerge near the stratifications and the matrix, and large-
scale fractures start to expand and extend (Fig. 6(b)). This
leads to an increase in rock porosity from 0.08% to 0.28%,
as quantified by uCT. WRI significantly influences the pore-
fracture network, resulting in a remarkable increase in pore
quantity by 1,105.27%, a growth in pore volume by 230.17%,
and a rise in surface area by 375.15% (Fig. 6(c)). Notably, the
majority of the newly formed structures are composed of pores
with diameters less than 300 um and fractures with diameters
exceeding 1,000 pm. Specifically, increases are observed in the
proportion of pores with diameters below 300 pum within all
pores from 86.70% to 97.72%, their surface area proportion
from 28.38% to 63.32%, and their volume proportion from
23.43% to 52.96% (Fig. 6(c)).

As a crucial conduit linking pore structures of diverse
scales, pore throats exert a profound impact on the fluid flow
characteristics. The pore throat model constructed on the basis
of uCT data offers a reliable means for analyzing throat prop-
erties. In the pristine state, the throat, akin to pores, exhibits
a layered distribution and is concentrated within stratifications
(Fig. 7(a)). WRI not only enlarges the pore scale within
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the stratifications but also augments the connectivity between
stratifications (Fig. 7(b)). Moreover, for the pore throat model
at the identical position, WRI led to an 861.12% increment
in the number of throats and a 61.86% expansion in throat
volume (Fig. 7(c)). The majority of the newly added throats
are shorter than 200 um. The quantity of these short throats
has surged by 1,038.32%, and their volume has increased by
113.61%. Consequently, the proportion of these short throats
within the overall throat population has risen from 76.76% to
90.91%, while their volume proportion has risen from 61.33%
to 80.93% (Fig. 7(c)).

4. Discussion

4.1 Alteration of minerals

During shale gas production, multiple fluids like drilling
fluid, completion fluid and fracturing fluid are necessarily
injected into the reservoir, causing comprehensive alterations
to the physical and chemical shale properties, among which the
most direct change occurs to shale minerals (Hua et al., 2021;
Sui et al., 2018; Yang et al., 2023; Zeng et al., 2020; Zhong
et al.,, 2019). These complex reactions mainly include the
hydration of clay minerals, the dissolution of brittle minerals,
and the redox of pyrite, which could explain the mineral alter-
ation observed here. In specific, the content of aluminosilicate
minerals (predominantly clay minerals) and pyrite declined,
while that of quartz and carbonate minerals concomitantly
increased.

Clay minerals exhibit the microstructure of plate-like units
and this structural feature makes it easier for them to undergo
ion hydration, surface hydration, and osmotic hydration upon
coming into contact with water (Fig. 8(a)) (Ghasemi and

Sharifi, 2021; Deon et al., 2022). The surface of clay mineral
particles is charged, which can adsorb ions in the solution and
exchange ions, thus changing the chemical composition and
properties of minerals (Xue et al., 2018; Zeng et al., 2021).
For example, magnesium aluminosilicate can react with hy-
drogen ions, resulting in the release of magnesium ions and
aluminum ions, as well as the formation of new minerals and
silicic acid (Wei et al., 2024). Quantitative data show that
the overall mass loss of clay is 3.10 g/100 g. Notably, not
all clay components exhibited a reduced relative content in
that illite indeed witnesses a significant decrease, while the
illite-smectite mixed layer and chlorite showed an upward
trend. The hydration and mutual transformation significantly
reduced the relative content of illite, while the relative content
of illite-smectite mixed layer and chlorite increased slightly
(Fig. 8(b)). Furthermore, illite underwent a significant mass
reduction of 4.82 g/100 g, and the illite-smectite mixed layer
and chlorite exhibited increases of 1.28 and 0.67 g/100 g,
respectively (Fig. 8(c)). This indicates that illite produces a
large amount of aluminum ions, magnesium ions, and silicate
ions after hydration. These ions are combined with other ions
to recombine and transform into aluminosilicate minerals such
as smectite and chlorite.

Certain mineral constituents within shale formations un-
dergo aqueous dissolution, yielding soluble ionic species. A
fraction of these dissolved components migrates from the
reservoir matrix via flowback fluids, while the remaining
portion may undergo secondary precipitation or participate
in neomineralization processes under specific physicochemical
conditions (e.g., temperature gradients, pressure fluctuations,
and pH variations) (Fatah et al., 2022). Plagioclase is a
common mineral type in shales and can be decomposed
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into silicate minerals and carbonate minerals under the com-
bined action of water and carbon dioxide (Fig. 8(a)) (Liu et
al., 2022b). K-feldspar can react with water and carbon dioxide
to form potassium bicarbonate and orthosilicic acid, then fur-
ther react to form kaolinite (Fig. 8(a)) (Liu et al., 2018; Wang
et al., 2024). In our experiment, these reactions reduced the
mass of plagioclase and potassium feldspar by 0.56 and 0.02
g/100 g, respectively (Fig. 8(c)). Magnesium ions, calcium
ions, and carbonate ions in dolomite can be dissolved in water
(Fig. 8(a)), while pyrite can react with water and oxygen to
form iron ions and sulfuric acid, thus changing the pH value
of formation water (Fig. 8(a)) (Emmings et al., 2022). This
reaction cannot be ignored. Although the relative content of
pyrite in shale is low, its mass is reduced to 0.69 g/100 g under
the same conditions. Besides, it may cause acidification of
the surrounding environment and further strengthen the WRI
(Figs. 8(b) and 8(c)).

The hydration of illite, the dissolution of plagioclase and

the redox of pyrite constitute the pivotal processes in the
reaction between shale and water. Given that shale harbors a
relatively high content of these minerals, it exhibits enhanced
WRI intensity.

4.2 Weakening of mechanical properties

Water and shale engage in complex physical and chemical
interactions, which subsequently exert an impact on the me-
chanical attributes and pore architectures of the rock. This
phenomenon is mainly caused by the expansion of clay
minerals during hydration. The process of clay hydration can
be divided into two distinct stages: surface hydration and
osmotic hydration. During the surface hydration stage, the
lattice expansion of clay particles takes place, accompanied by
the adsorption of water molecules, which does not exceed four
molecular layers in thickness, resulting in the expansion of
crystal layer spacing (Liu et al., 2022a). After the completion
of surface hydration, if the cation concentration within the
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interlayer spaces exceeds that of the surrounding fluid, water
molecules can penetrate into these spaces, leading to an
increase in interlayer spacing and the initiation of osmotic
hydration. The driving forces behind this stage are osmotic
pressure and the repulsive forces within the electric double
layer. Osmotic hydration leads to the formation of a diffuse
electric double layer, which results in a significantly larger
expansion volume compared to lattice expansion alone. This
expansion induces stress redistribution within the rock, reduces
interparticle cohesion and friction angles, and increases tip
stress, collectively leading to a decrease in critical strength
(Fig. 9(a)) (Liu et al., 2018). Furthermore, coupled geochemi-
cal processes involving the dissolution of feldspar minerals and
pyrite redox cycling generate extensive dissolution porosity.
This phenomenon structurally compromises the primary lithic
fabric, facilitates matrix disaggregation through texture evolu-
tion, and ultimately degrades the macro-scale geomechanical
integrity of the rock mass to a great extent. Specifically, in the
plane parallel to stratifications, the mean elastic modulus of
shale samples underwent a dramatic decrement, transitioning
from 14.9437 to 1.2421 GPa, and their average hardness ex-
perienced a notable reduction, shifting from 1.6851 to 0.2455
GPa (Fig. 9(b)). Correspondingly, in the direction vertical
to stratifications, the mean elastic modulus decreased from
12.9070 to 5.9036 GPa, while the average hardness diminished
from 1.4244 to 0.6678 GPa (Fig. 9(c)).

Compared to the vertical direction, shale in the parallel
direction exhibited greater susceptibility to water. Prior to
the WRI, the mechanical parameters measured parallel to
stratifications slightly exceeded those measured perpendicular
to stratifications, with differences of 13.63% and 15.47% for
the average elastic modulus and average hardness, respectively.
However, subsequent to WRI, the anisotropy of microscopic
mechanical parameters of shale became stronger, with the pa-
rameters in the vertical direction substantially surpassing those

in the parallel direction. Precisely, for samples measured in the
directions parallel and perpendicular to the stratifications, the
disparities in average elastic modulus and average hardness
reached -375.29% and -172.04%, respectively. This divergence
reflects the differential in reaction intensity and effect. The
stratifications, harboring more pores and fractures, serve to
retain water and facilitate reactions with minerals, thereby
augmenting the weakening impact of WRI on the microscopic
mechanical properties.

4.3 Expansion of pore-fracture network

The weakening of microscopic mechanical parameters trig-
gers the onset, propagation and interconnection of internal
micro-porosity and fractures in shale, while mineral dissolu-
tion also contributes to the formation of a substantial quantity
of dissolution pores, thereby augmenting porosity and perme-
ability (Figs. 10(a) and 10(b)). The majority of newly emerged
pores are of small-scale dimensions, with pore diameters less
than 300 pm, with those under 100 pm experiencing the
most pronounced increases in number, volume and surface
area, surpassing the average values significantly (Fig. 10(c)).
These small-scale pores resulted in a 50.95% decrement in
the mean throat radius (Fig. 10(d)) and a 3.36% increment
in average tortuosity (Fig. 10(e)), indicating the development
of a more intricate pore network architecture. Notably, the
increase in meso-scale pores (diameters range from 300 to
1,000 pwm) was less prominent, and even a decrease was
observed in the volume and surface area of pores with di-
ameters ranging from 600 to 1,000 wm, potentially attributed
to mineral recrystallization and precipitation processes (Fig.
10(c)). The expansion of clay exerts compressive forces on the
adjacent rock matrix, fostering the initiation and progression
of microcracks and markedly elevating the count of large-scale
fractures (with diameters over 1,000 um) (Fig. 10(c)). Collec-
tively, these alterations culminate in an augmented porosity of
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shale and concomitantly enhance gas flow capabilities. This
was substantiated by a remarkable escalation in the pulse-
decay permeability of the sample, which soared from 0.0014
to 1.5826 mD, representing an 1,129-fold augmentation (Fig.
10(f)).

It is crucial to acknowledge that the above observations
stem from controlled laboratory conditions. To mitigate the
influence of varying water contents, core samples underwent
drying, a process that may not fully emulate the natural
developmental mechanisms occurring in sifu. Despite this
constraint, these data impart valuable understanding of the
impact of WRI on the secondary reconstruction of shale
Ieservoirs.

4.4 Secondary reconstruction of reservoir

The secondary reconstruction of marine shale by WRI
involves the micro-, meso-, and macro-scales (Fig. 11). Strat-
ification is characterized by layered structures where particle
arrangement and contact modes at the interfaces are relatively
loose, resulting in inferior mechanical properties (Heng et
al., 2020). Consequently, these interfaces exhibit heightened
susceptibility to deformation and fracturing, giving rise to a
pore-fracture network that is either parallel or oblique to the
stratification plane. These interfaces also function as prefer-
ential zones for fluid accumulation and migration. Fracturing
fluids and drilling fluids can infiltrate the shale matrix through

these permeable pathways, becoming sequestered within the
stratified layers and thereby inducing WRI. The hydration
expansion of clay minerals, the dissolution and precipitation
dynamics of feldspar minerals, and the redox reactions in-
volving pyrite generate a substantial number of pores and
microfractures. The stress concentration arising from clay
hydration expansion, coupled with the mechanical weakening
due to the dissolution and shedding of feldspar minerals,
further facilitates the propagation of fractures. The secondary
reconstruction process, driven by WRI, interlinks the initial
pores and fractures, augmenting the width and length of exist-
ing fractures to form a more intricate pore-fracture network.
Consequently, WRI is mainly concentrated in the strata with
highly developed primary pores and fractures, which are also
the key areas for the secondary reconstruction of shale during
hydraulic fracturing and soaking.

It is evident that the minerals within shale engage in
intricate interactions with water, carbon dioxide, oxygen, and
various other substances, triggering processes such as min-
eral hydration, dissolution, precipitation, and redox reactions.
These complex physical and chemical phenomena exert a sig-
nificant influence on the mineral composition and mechanical
properties of shale, leading to the formation of a substantial
number of secondary pores and fractures. This large-scale
secondary reconstruction notably improves the seepage capac-
ity of reservoir and facilitates alternative pathways for shale
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gas migration. Consequently, the secondary reconstruction of
marine shale through WRI presents considerable potential for
optimization. Various strategies can be effectively utilized to
harness this process, including refining hydraulic fracturing
schemes, enhancing flowback systems, extending soaking du-
rations, and deploying targeted technologies. These measures
collectively aim to augment the pore-fracture network within
the reservoir, ultimately enhancing the development potential
of shale gas wells and improving their productivity.

5. Conclusions

Hydraulic fracturing and horizontal drilling drive the sig-
nificant accumulation of working fluids in reservoirs, initiating
WRI in marine shales. These interactions induce substantial
secondary reconstruction that exert a critical control on shale
gas development. To unravel the implications of such WRI-
driven reconstruction, we employed XRD, nanoindentation,
FIB-SEM, and pCT to systematically characterize the changes
in mineral composition, micromechanical properties, and pore-
fracture networks. The key observations can be summarized
as follows:

1) Water molecules interact with clay minerals via ion
hydration, surface hydration and osmotic hydration, fa-
cilitating ion release (e.g., K*, Mg, AI**, Si0327)
and exchange. Feldspars decompose into silicates and
carbonates in the presence of water and CO;, with pre-
cipitates forming secondary minerals. Pyrite undergoes
redox reactions with water and oxygen, acidifying the
surrounding environment and intensifying WRI. After 96
h of immersion, clay mass loss reached 3.10 g/100 g,
compared to 0.58 g/100 g for feldspars and 0.69 g/100
g for pyrite. These reactions weaken shale cohesion and
initiate pore-fracture network development.

2) Clay hydration-induced crystal expansion redistributes
internal stress, reducing interparticle cohesion, friction
angles, and critical strength. After 96 h of immersion,
samples parallel to stratifications exhibited a 91.69%
reduction in average elastic modulus and 85.43% in
hardness; the corresponding decreases for vertically ori-
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ented samples were 54.26% and 53.12%. Stratification
planes are particularly susceptible due to preferential fluid
infiltration and mineral reactivity.

3) Mechanical weakening promotes the initiation, propa-
gation and interconnection of pores and microfractures,
while the dissolution of intergranular cements drives sec-
ondary pore formation and mineral rearrangement. After
142 h of water invasion at 40 MPa, the pore count, vol-
ume and surface area increased by 1,212.58%, 230.17%
and 375.15%, respectively. Throat abundance rose by
861.12% with a 61.86% volume increase, accompanied
by a 50.95% reduction in average throat radius and 3.36%
increase in tortuosity. These changes, combined with
primary pores and fractures, resulted in the formation of
complex networks.

4) Primary pores and fractures, aligned with stratifications,
act as preferential pathways for fluid ingress, exacerbating
mineral expansion, dissolution and detachment, and am-
plifying mechanical heterogeneity. Initially, elastic modu-
lus and hardness differed by 13.63% and 15.47% between
parallel and perpendicular orientations; post-WRI, these
differences shifted to -375.29% and -172.04%, rendering
the stratification planes as critical zones for WRIL

5) Newly formed pores and fractures enhance fluid imbibi-
tion, further intensifying WRI and pore-fracture network
evolution. These dynamics inform optimized hydraulic
fracturing designs, including extended soaking and tar-
geted flowback management, in order to boost well
productivity.

This study bridges microscopic mechanisms with macro-
scopic reservoir performance, systematically elucidating WRI-
driven secondary reconstruction in marine shales, encom-
passing mineral hydration and dissolution, micromechanical
weakening, and pore-fracture network evolution. The findings
provide critical insights for optimizing shale gas development
strategies. Future work should integrate real-time monitoring
technologies, explore the long-term effects of fracturing fluids
under field conditions, and validate the laboratory results in
situ.
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