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a b s t r a c t

The Longmaxi Formation shale in the Sichuan Basin has been affected by late-stage tectonic uplift, 
leading to significant differences in the pore structures of reservoir formations across various structural 
units and burial depths in development wells. These differences result in variations in gas content and 
saturation, leading to noticeable disparities in development performance and issues such as unstable 
production. Therefore, understanding the rebound adjustment mechanisms of pore structures in shale 
reservoirs is a key scientific question for uncovering the dynamic adjustment and accumulation 
mechanisms of shale gas. This study employs high-pressure triaxial creep experiments combined with 
scanning electron microscopy and fractal theory to qualitatively and quantitatively characterize various 
pore structures in the organic-rich shale of the Longmaxi Formation, disclosing the mechanisms and 
patterns of rebound response of various pore types. The results indicate that as creep pressure de-
creases, the rebound adjustment patterns vary among pore types. The complexity and distribution of 
organic matter pores initially increase and then decrease, while intergranular pores exhibit a trend of 
first decreasing and then increasing. Furthermore, based on microscopic evolution and changes in 
fractal dimension characteristics, shale pore rebound adjustment mechanisms can be broadly classified 
into two types: the plastic and brittle rebound adjustment pathway. This study combines theoretical 
analysis with experimental results to develop rebound adjustment models and response mechanisms 
for different pore types. This approach is essential for explaining how late-stage tectonic uplift during 
geological history regulates dynamic changes in shale pore structures and the process of shale gas 
accumulation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, China has made significant progress in the 
exploration and development of deep shale gas, particularly in the 
Sichuan Basin, where deep shale gas resources have become a key 
focus for energy development (Guo et al., 2020, 2025; Zou et al.,

2022, 2024; Cai et al., 2023). Scholars have gained a better un-
derstanding of the geological characteristics, reservoir conditions, 
and pressure coefficients of deep shale gas. It is generally accepted 
that deep shale gas shares similar physical parameters, such as 
shale thickness, TOC content, and maturity, with shallow to 
medium-depth shales, but exhibits higher values in terms of gas 
content, porosity, pressure coefficients, and in-situ stress 
compared to shallow and medium-depth shales (Cai et al., 2023; 
Sun et al., 2023; Zou et al., 2024). Furthermore, scholars have 
increasingly recognized the key role of quartz minerals and over-
pressured fluids in the occurrence of deep shale gas, positing that 
"quartz compressive strength preserving pores" and "over-
pressured fluids in the reservoir" control the development and
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evolution of deep shale pores (Tenger et al., 2017; Guo et al., 2020; 
Cai et al., 2023). However, as exploration and development 
continue to expand, the focus in some production areas has shifted 
towards deeper formations. This shift has revealed significant 
differences in development outcomes among shale wells across 
various structural units and burial depths, along with challenges 
such as unstable production (Milliken et al., 2012; Gentzis, 2016; 
Nie et al., 2020; Li et al., 2021). An essential component of the 
efficient development of shale gas resources in intricate structural 
areas is the pore system, which acts as both a gas storage and flow 

space. Currently, extensive research on shale pore systems is being 
conducted both domestically and internationally, covering aspects 
such as pore types, distribution, and connectivity (Feng et al., 
2020; Zhang et al., 2021; Wang et al., 2022, 2023; Chen et al., 
2023; Liu et al., 2023; Sun et al., 2023; Du et al., 2024; Yang 
et al., 2024). Moreover, some scholars have compared the pore 
structure characteristics of shale at different structural positions, 
across various geological regions, and within different locations of 
the same geological structure, revealing variations in pore struc-
ture during tectonic evolution (Zhu et al., 2019; Li et al., 2021, 
2024; Cheng et al., 2024a; Sun et al., 2024). The evolution of 
shale pore structures in deep and complex structural regions 
needs more investigation, even though earlier studies have offered 
insightful information. This is especially true when it comes to 
pore evolution mechanisms under geological processes like tec-
tonic uplift.

Current research on the pore structure, morphology, adsorption 
capacity, and other properties of various shale pore types has 
yielded significant results. The findings indicate that, under the 
influence of tectonic forces, there are considerable differences in 
shale pore structure, morphological features, reservoir physical 
properties, and adsorption capacity (Xu et al., 2022; Xiang et al., 
2022, 2024; Chai et al., 2023; Li et al., 2024). During the final 
tectonic uplift, the overlying strata undergo erosion and thinning, 
leading to a reduction in load. This results in the shale reservoir 
experiencing unloading, causing depressurization, expansion, or 
extension of the pores, a process known as pore rebound (rebound 
effect) (Sun, 2004; Xu et al., 2012; Zeng et al., 2016; Dong, 2018; 
Guo et al., 2023; Yin et al., 2023). Previous studies have 
compared the pore morphology, porosity, permeability, and other 
physical properties of shale reservoirs under different burial con-
ditions, demonstrating that shale physical properties are highly 
sensitive to temperature and stress. The pore structure of shale is 
complex and varies under different burial conditions (Zeng et al., 
2016; Long et al., 2018; Dong, 2018; Liu et al., 2020; Guo et al., 
2020; Li et al., 2024; Sun et al., 2024). However, there is a lack of 
systematic research on the rebound effect of different pore types 
under tectonic uplift and its impact on reservoirs, with conflicting 
views among scholars. Some researchers argue that pore rebound 
in shale reservoirs during final tectonic uplift is a crucial factor 
influencing the evolution of reservoir pressure (Han et al., 2023), 
with microfractures and macropores undergoing significant 
changes in response to reservoir pressure (Guo et al., 2023; Yin 
et al., 2023). Other studies suggest that pore volume rebound in 
shale has a minimal effect on the internal pressure of the reservoir 
(Zhang et al., 2023; Sun et al., 2024), while under tectonic uplift, 
the pore volume and specific surface area of micropores and 
mesopores increase significantly, further affecting the reservoir's 
methane adsorption capacity (Zeng et al., 2016; Xu et al., 2022; Sun 
et al., 2024). In addition, although different pore types generally 
show an increase in volume, number, and complexity of pore 
structure under tectonic uplift (Xu et al., 2022; Cheng et al., 2024a; 
Guo et al., 2023; Yu et al., 2024), the rebound adjustment pathways 
of organic matter and mineral pores during final tectonic uplift 
exhibit significant differences. This limits the understanding of the

shale reservoir's response mechanism to tectonic uplift, a funda-
mental issue in shale gas research.

The purpose of this study is to identify the mechanisms and 
characteristics of the rebound response of shale pores under late-
stage tectonic uplift. First, a high-pressure triaxial test system was 
used to perform compression recovery on shale under varying 
confining pressure conditions. Scanning electron microscopy (Ar-
SEM), fractal theory analysis, and argon ion beam polishing were 
used to qualitatively and quantitatively analyze the organic matter 
pores, intergranular pores, and microfractures in creep-deformed 
shale samples. Based on the observed evolution patterns of 
organic matter pores, intergranular pores, and microfractures in 
mudstone under varying confining pressures, this study reveals 
the rebound response mechanisms of different pore types in 
mudstone during late-stage tectonic uplift. In contrast to earlier 
research on the development of mudstone pore structures, this 
study is innovative in that it suggests that mudstone pore struc-
tures have an innate propensity for rebound recovery in addition 
to removing the impact of non-deformation factors on pore 
structure re-bound recovery. Mudstone triaxial creep experiments 
were used to obtain the shale samples for this study under various 
burial depth conditions. Additionally, the samples were freshly 
collected from outcrops, ensuring that they had identical initial 
pore structures and organic geochemical characteristics before the 
triaxial creep experiments. Additionally, the initial pore structure 
characteristics had already undergone rebound recovery following 
the most recent tectonic uplift, ensuring that any differences in 
pore structure between shale samples before and after the creep 
experiments can be attributed to the rebound adjustment of the 
pore structure.

The results of this work address this fundamental scientific 
question by offering a thorough examination of how the pore 
structure of organic-rich shale reacts and modifies during rebound 
under the impact of the most recent tectonic uplift. This under-
standing is essential for explaining how the most recent tectonic 
uplift during geological history regulates dynamic changes in the 
pore architecture of shale and the accumulation of shale gas. Based 
on these insights, the research findings are expected to provide 
crucial support and a foundation for assessing shale gas resource 
potential and ensuring its efficient development in complex 
geological settings.

2. Background geology and sample gathering

2.1. Geological overview

The Sichuan Basin is situated on the western margin of the 
Upper Yangtze Platform, forming a composite basin that integrates 
a large Paleozoic cratonic basin with a Meso-Cenozoic foreland 
basin. The western side of the basin is bordered by the Emeishan-
Liangshan block fault zone and the Longmen Shan marginal fold-
thrust belt. The northern boundary is marked by the Micang 
Shan platform uplift and the Dabashan marginal fold-thrust belt, 
the eastern boundary by the Loushan-Bamian Shan fold-thrust 
belt, and the southern part gradually transitions into the 
Sichuan-Yunnan uplift zone (Fig. 1(a)) (Meng et al., 2005; Gu et al., 
2021; Liu et al., 2021).

Within the Sichuan Basin, the Eastern Sichuan High and Steep 
Fold Belt and the Southern Sichuan Low and Gentle Fold Belt are 
categorized as secondary tectonic units (Fig. 1(a)) (Liu et al., 2012; 
Wei et al., 2019). Every shale sample used in this investigation 
came from the Sichuan Basin's eastern and southern areas 
(marked in Fig. 1(a)). The strata in the southern Sichuan study 
region are almost east-west orientated, and the superposition of 
north-south and east-west trending folds and faults characterizes
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the structural pattern (Fig. 1(b2)) (Cheng et al., 2022; Cheng et al., 
2024a). In contrast, the strata in the eastern Sichuan study area are 
primarily oriented NE-SW, with structures predominantly con-
sisting of nearly north-south trending folds (Fig. 1(b1)).

The Cambrian to Jurassic strata in the research area are well 
formed, with the exception of the Devonian, Carboniferous, Creta-
ceous, Paleogene, and Neogene systems (Fig. 1(c)). The Lower 
Silurian Longmaxi Formation, which is widely disclosed in the 
study area, is one of the primary target strata for shale gas explo-
ration and production in the Sichuan Basin. According to the 
isopach map, the Longmaxi shale generally extends outward from

two central high-thickness areas: southern Sichuan's Luzhou and 
eastern Sichuan's Shizhu. In these high-thickness zones, the black 
shale exceeds 100 m in thickness, providing a material foundation 
for shale gas accumulation (Fig. 1(a)). There are essentially two 
parts to the Longmaxi Formation. The bottom portion, referred to as 
the First Member (Long 1), has a thickness of roughly 50–135 m and 
is composed of siliceous, dark gray siltstone, and organic-rich black 
carbonaceous shale. The upper section, known as the Second 
Member (Long 2), consists of gray or yellow-green shale inter-
bedded with siltstone or marlstone, with a lower content of grap-
tolites and a thickness ranging from 130 to 225 m (Shi et al., 2021;
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Cheng et al., 2024a). The Longmaxi Formation can be broadly 
categorized into three subsections: SQ1, SQ2, and SQ3 based on its 
stratigraphic evolution (Shi et al., 2021). The large shale samples 
collected for this study were all taken from the First Submember of 
the Longmaxi Formation, which primarily comprises black grap-
tolite shale (Fig. 1(d)).

2.2. Sample information and triaxial creep experiment

Investigating the mechanisms of the pore structure and 
rebound response characteristics in organic-rich shale under the 
impact of the most recent tectonic uplift is the primary goal of this 
study (Fig. 2(a)). Large samples of organic-rich black graptolite 
shale from the eastern and southern Sichuan structural zones' 
Lower Silurian Longmaxi Formation were gathered for the study. 
Systematic shale triaxial creep experiments were conducted under 
different creep pressure conditions to simulate the original 
geological burial state (Fig. 2(b)). Samples of deformed shale were 
collected during this procedure (Fig. 2(a)). On this basis, the study 
employed a combination of Ar-SEM technology and quantitative 
analysis with Image Pro Plus (IPP) software to examine the 
microstructural and morphological deformation characteristics of 
different pore types. This approach ultimately revealed the 
rebound response mechanisms of various pore types (pores of 
organic substances and intergranular) in shale under the influence 
of the most recent tectonic uplift (Fig. 2(d)).

First, all undeformed shale samples used in the triaxial creep 
experiments were newly collected large outcrop samples from the 
eastern and southern regions of the Sichuan Basin. This was car-
ried out in order to precisely describe the evolution characteristics 
and mechanisms of the shale pore rebound response and to 
guarantee that the shale samples had the same initial conditions 
before the experimental deformation. The specific locations are 
the Dafeng'ao Tunnel open stone dump in Shizhu County, 
Chongqing, Eastern Sichuan; the Tianba section in Wuxi County, 
Chongqing, Eastern Sichuan; and the Shuanghe open quarry in 
Changning County, Yibin, Southern Sichuan (Fig. 1(a)). Due to 
tunnel expansion and quarry excavation, both sites provided a 
large number of fresh, intact shale samples (Fig. 2(c)). The shale 
samples collected in this study are from the LM 1 biozone of the 
Lower Silurian Longmaxi Formation, and their physical and me-
chanical properties are presented in Table 1.

Secondly, to guarantee consistent geochemical and early pore 
structure properties, shale core samples were made from the 
identical sizable fresh outcrop samples for every univariate control 
group. To prevent water-clay mineral interactions in the shale 
cores during experimental deformation (Chaturvedi and Sharma, 
2022; Cheng et al., 2024b), a low-speed dry diamond wire cut-
ting pattern was used to prepare standard cylindrical specimens 
(100 mm in height, 50 mm in diameter).

This study employed a high-pressure geotechnical triaxial test 
system to conduct mechanical triaxial creep experiments under 
various confining pressure conditions. The system can achieve 
temperatures ranging from − 20 to 800 ◦ C, confining pressures 
from 0 to 30 MPa, and axial stresses up to 1.6 GPa (Fig. 2(b)). Palm 

oil was used as the confining pressure medium. Compared to an air 
medium, a solid medium offers greater rigidity, better simulating 
in-situ formation conditions and helping to maximize the integrity 
of the experimental samples. The shale triaxial creep experiment 
consists of three stages: a synchronous preloading confining 
pressure stage (simulating the burial process) with a loading rate 
of 5000 kPa/h; a confining pressure holding stage (simulating the 
underground preservation state) with a creep duration of 72 h; 
and a rapid confining pressure unloading stage. A detailed 
description of the deformation system and the loading/unloading

process can be found in the supplementary materials, with the 
experimental deformation data of the shale samples and the final 
results presented in Table 2 (see Table 3).

2.3. Method of fractal calculation

FE-SEM images are typically grayscale, with pores and minerals 
distinguishable based on different grayscale values. To extract pores 
from the grayscale image, a thresholding segmentation method is 
commonly used, which has been widely applied to analyze the 
development characteristics of irregular pores in heterogeneous 
solids such as shale and coal (Feng et al., 2019; Liu et al., 2023). The 
choice of threshold is crucial for the accuracy of pore selection. To 
minimize errors, the threshold range is determined by adjusting the 
contrast, saturation, and other properties of the pore image, 
thereby accurately delineating the pores for the optimal selection 
result (Fig. 2(d)). Therefore, assuming g(x; y) represents the gray-
scale value at a specific point in the image, the formula for binar-
izing the image is as follows (Voss et al., 1991; Feng et al., 2019):

g(x; y) = f (x) = 

{
0; f (x; y) > T
1; f (x; y) ≤ T

(1)

Here, g (x, y) represents the binarized image obtained after 
processing, and T is the determined threshold value.

This study calculates the fractal parameters of different types of 
shale pores using the Voss fractal model based on two-
dimensional image data. If the pore morphology in the sample 
images exhibits fractal characteristics, the relationship between 
pore area, equivalent perimeter, and fractal dimension is as follows 
(Voss et al., 1991):

log P = (D=2) log A + C (2)

Here, P represents the equivalent perimeter of the pore; A denotes 
the pore area; C is a constant; and D is the fractal dimension cor-
responding to the pore, as derived from the 2D image analysis. 

The structural parameters of different pore types (equivalent 
perimeter and pore area) are subjected to least squares linear fitting 
in a double-logarithmic coordinate system, yielding the slope of the 
line (Fig. 2(d)). The fractal dimension (D) of the different pore types 
in shale is then calculated using the following formula:

D = 2 × K (3)

Here, K represents the slope of the fitted line for the equivalent 
pore perimeter and pore area on the double-logarithmic plot. The 
fractal dimension (D) of shale pores ranges from 1 to 2, where 2 
represents a completely irregular or rough surface, and 1 repre-
sents a completely smooth surface (Sun et al., 2016; Feng et al., 
2019; Liu et al., 2023).

3. Results

3.1. Morphological traits and the rule of evolution of organic 
matter pores in shale

The organic matter in the shale samples may be roughly clas-
sified into two types: locally aggregated organic matter and 
diffused organic matter, according to this study's observations of 
the materials using SEM both before and after experimental 
deformation. Aggregated organic matter is primarily distributed 
between brittle minerals, particularly between quartz particles 
(Fig. 3(a)–(l)). Dispersed organic matter primarily exists in two 
forms: coexisting with pyrite or combining with clay minerals to 
form “organic-clay complexes” (Fig. 3(c) and (e)). Observational 
statistics indicate that the Longmaxi Formation shale
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Table 1
Physical property parameters of Longmaxi Formation shale samples.

Sample TOC, % Average VR eqv , % v G –v D Mineral content, %

Quartz Feldspar Clay Carbonate Pyrite

TB-1 7.8 3.04 265.35 79.2 4.1 16.7 0 0
SH-1 2.79 3.53 273.68 27.7 9 40.1 22.6 0
DFA-1 6.29 3.49 274.42 66.0 6.7 16.6 5.6 5.1

Y. Wang, H.-Y. Zhang, Y.-M. Zhu et al. Petroleum Science 23 (2026) 52–68

56



Table 2
Sample parameters, experimental conditions, and experimental results of the triaxial creep test on longmaxi shale.

Sample Diameter
before
experiment,
mm

Height before 
experiment, 
mm

Confining
pressure,
MPa

Creep 
time, h

Height
after
experiment,
mm

Diameter
after
experiment,
mm

Maximum
axial
displacement,
mm

Axial
strain,
% (a)

Maximum
radial
displacement,
mm

Radial 
strain, % (b)

TB-11 50.13 99.64 10 72 50.08 99.49 0.3209 0.322 0.0794 0.158
TB-1-2 50.11 100.13 20 72 50.07 100.06 0.1302 0.130 0.0446 0.089

DFA-1-1 50.14 100.16 10 72 50.12 100.14 0.254 0.254 0.1068 0.213
DFA-1-2 50.13 100.11 20 72 49.97 100.03 0.335 0.335 0.0026 0.005

SH-1-1 50.08 99.87 10 72 50.05 99.63 0.280 0.280 0.0618 0.123
SH-1-2 50.05 100.36 20 72 50.05 99.98 0.66 0.658 0.1921 0.384

(a) Axial strain, % = Maximum axial displacement/Height before experiment.
(b) Radial strain, % = Maximum radial displacement/Diameter before experiment.

Table 3
The calculated fractal dimensions of organic matter pores and intergranular pores under different confining pressure.

Sample number Pore type Statistical magnitude Fractal dimension Correlation coefficient

SH-1 Intergranular pores (20 MPa) 528 1.454 0.933
Intergranular pores (10 MPa) 633 1.174 0.876
Intergranular pores (0 MPa) 457 1.318 0.832

DFA-1 Organic matter pore (20 MPa) 210 1.032 0.896
Organic matter pore (10 MPa) 233 1.348 0.966
Organic matter pore (0 MPa) 389 1.066 0.87

TB-1 Organic matter pore (20 MPa) 485 1.074 0.930
Organic matter pore (10 MPa) 551 1.082 0.724
Organic matter pore (0 MPa) 512 1.050 0.928
Intergranular pores (20 MPa) 459 1.220 0.901
Intergranular pores (10 MPa) 262 1.178 0.932
Intergranular pores (0 MPa) 181 1.222 0.906
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Fig. 3. Organic matter pore characteristics of longmaxi shale at different burial depths.
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predominantly contains aggregated organic matter, followed by 
organic-clay complexes, with the lowest content being organic 
matter coexisting with pyrite. The pores within aggregated organic 
matter between mineral particles are primarily sponge-like, with 
elliptical, nearly circular, or slit-like shapes. Most aggregated 
organic matter pores typically range from tens to several hundred 
nanometers in diameter (Fig. 3(b)–(h) and (j)). Secondly, the pore 
shapes in organic-clay complexes are mostly slit-like and irregular. 
These pores are relatively small, typically ranging from a few 

nanometers to several tens of nanometers, with some reaching up 
to several hundred nanometers (Fig. 3(d)–(f) and (l)).

The growth of organic matter pores in the shale samples varied 
somewhat after going through several creep deformation tests. 
Organic matter pores formed between brittle mineral particles 
exhibited no significant change under various pressure conditions; 
they did not undergo identifiable deformation or alteration, and 
their shapes remained elliptical or nearly circular (Fig. 3(b)–(j) and 
(h)). In contrast, the pores within the 'organic-clay complexes' 
experienced intense compression under high creep pressure 
(20 MPa), causing the complexes to become tightly compacted. As a 
result, the pores within these complexes closed or contracted, 
forming numerous slit-like and directionally oriented organic 
matter pores (Fig. 3(d)). As the triaxial creep pressure decreases, the 
number of pores within the 'organic-clay complexes' increases, 
indicating that under moderate creep pressure (10 MPa), the 
compression effect on the complexes is relatively mild. The degree 
of pore contraction is weak, with most pores appearing wedge-
shaped and a few exhibiting irregular shapes (Fig. 3(f)). In the

undeformed shale samples, the 'organic-clay complexes' exhibit a 
high degree of pore development with numerous pores. Most of 
these pores are irregularly shaped, with only a few appearing 
wedge-shaped (Fig. 3(l)). In other words, during tectonic uplift, as 
confining pressure decreases, the evolution of the organic pore 
structure in mudstone increasingly exhibits ductile rebound char-
acteristics (Cheng et al., 2024a).

3.2. Morphological features and the development of mineral 
intergranular pores in shale

During diagenesis, shale is influenced by geological processes 
such as mineral cementation, mechanical compaction, replace-
ment, recrystallization, and dissolution. As a result, intergranular 
and intragranular pores develop within and between minerals, 
which can be observed through SEM. Intergranular pores refer to 
pores that form between quartz, feldspar, and clay minerals, 
created by their mutual support and contact, primarily occurring 
between quartz particles (Fig. 4(a)–(l)). Intergranular pores exhibit 
various shapes, primarily irregular polygonal, wedge-shaped, 
angular, and slit-like. Across shale samples subjected to different 
creep pressure conditions, the morphology of intergranular pores 
remains generally consistent, with relatively more forming be-
tween quartz minerals, though their sizes vary significantly. 

Under high creep pressure (20 MPa), intergranular pores are 
subjected to compressive stress, causing mineral fragments and 
clastic minerals to become tightly compacted. Some micro-
fractures within the minerals undergo compression and closure,

The observation point of the untested deformed
sample. A large number of intergranular pores are

distributed between mineral particles.

The boundary of mineral particles is clear, the edges
and corners are clear, and the intergranular pores are

mostly irregular.

Intergranular pores of different scales are distributed
between mineral particles.

The mineral particles are interlaced and supported each
other to form irregular intergranular pores. The pore size

is between a few nanometers to hundreds of nanometers.
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Fig. 4. Characteristics of intergranular and intragranular pores at different burial depths in longmaxi formation shale.
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resulting in blurred particle boundaries. However, the elastic 
deformation of mineral particles allows some intergranular pores 
to persist. Still, under high confining pressure, intergranular pore 
sizes remain relatively small, mostly in the tens of nanometers 
range, with a few reaching up to several hundred nanometers 
(Fig. 4(a)–(d)). Under moderate confining pressure (10 MPa), the 
boundaries of mineral particles become relatively blurred, and the 
quantity and width of microfractures and intergranular pores be-
tween some mineral particles increase significantly. Most inter-
granular pores range from tens to several hundred nanometers in 
diameter (Fig. 4(e)–(h)). In undeformed shale samples, the 
boundaries of mineral particles are distinct. In some areas, intense 
elastic recovery occurs among mineral particles, resulting in 
numerous intergranular pores and microfractures, with pore sizes 
mostly in the hundreds of nanometers range (Fig. 4(i)–(l)). The 
study suggests that intergranular pores are significantly affected 
by mechanical compaction. As tectonic uplift occurs, the quantity 
and volume of intergranular pores between mineral particles and 
fragments increase rapidly. These intergranular pores connect to 
form a locally dense pore network, providing channels and space 
for the storage, diffusion, and migration of shale gas. In summary, 
during tectonic uplift, as confining pressure decreases, the evolu-
tion of intergranular pore structures in mudstone tends to exhibit 
brittle rebound characteristics (Cheng et al., 2024b). 

Furthermore, the shale samples from the Longmaxi Formation 
have well-developed intragranular pores. Microscopic observa-
tions reveal that these pores mainly occur within minerals such as 
quartz and pyrite, predominantly as quartz dissolution pores,

followed by moldic pores formed after the complete dissolution of 
pyrite (Fig. 4(i)–(l)). The pore shapes are primarily elliptical and 
quadrilateral, with sizes ranging from tens of nanometers to 
several micrometers. These intragranular pores generally develop 
in isolation, exhibiting poor or no interconnectivity, which is un-
favorable for shale gas storage and migration.

3.3. Morphological characteristics and evolution patterns of 
microfractures in shale

SEM observations reveal that numerous microfractures are 
present in the Longmaxi Formation shale samples. Based on their 
location, these fractures can be broadly categorized into two types: 
microfractures within mineral particles and microfractures be-
tween mineral particles (Fig. 5). The shale samples predominantly 
exhibit microfractures within mineral particles. These micro-
fractures mainly consist of those formed by the dissolution of 
brittle minerals, those generated by the compressive fracturing of 
brittle minerals, and interlayer microfractures within clay 
minerals.

Under high creep pressure (20 MPa), compressive deformation 
occurs in the interparticle fractures between brittle mineral frag-
ments and particles, as well as in the interlayer fractures within 
clay minerals. However, under high confining pressure, interlayer 
fractures formed by clay minerals are rare, likely due to their 
closure under compressive stress. The initiation and propagation 
of microfractures between brittle mineral fragments and particles 
are significantly inhibited, resulting in microfractures that are
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Fig. 5. Characteristics of microcracks and microchannels in longmaxi shale at different burial depths.
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relatively straight, with shorter lengths (ranging from a few mi-
crometers) and narrower widths (falling between a few and tens of 
nanometers) (Fig. 5(a)–(d)). Under moderate creep pressure, the 
microfractures formed between brittle mineral fragments and 
particles do not exhibit noticeable deformation or alteration, and 
the interlayer fractures formed by clay minerals remain clearly

recognizable. Under these pressure conditions, the microfractures 
display a greater degree of curvature and relatively longer lengths 
(ranging from a few micrometers to over 10 μm). Between the 
micro-fractures, there are also some mineral pieces and particles, 
whose widths still vary from a few nanometers to tens of nano-
meters (Fig. 5(e)–(h)). In undeformed shale samples, the
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Fig. 6. Using Image-Pro Plus software, the organic matter pores and intergranular pores under different confining pressure were extracted: (a) TB-1, 0 MPa organic matter pores;
(b) TB-1, 10 MPa organic matter pores; (c) TB-1, 20 MPa organic matter pores; (d) TB-1, 0 MPa intergranular pores; (e) TB-1, 10 MPa intergranular pores; (f) TB-1, 20 MPa 
intergranular pores; (g) DFA-1, 0 MPa organic matter pores; (h) DFA-1, 10 MPa organic matter pores; (i) DFA-1, 20 MPa organic matter pores; (j) SH-1, 0 MPa intergranular pores; 
(k) SH-1, 10 MPa intergranular pores; (l) SH-1, 20 MPa intergranular pores.
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microfractures between mineral particles include both grain 
boundary fractures between brittle mineral particles and 
shrinkage fractures between organic matter and mineral particles. 
In the absence of pressure, these microfractures are mostly jagged 
and angular, with lengths ranging from a few micrometers to over 
10 μm, and widths primarily in the tens of nanometers 
(Fig. 5(i)–(l)). Observations reveal that, in the same series of shale 
samples, under different triaxial creep pressure conditions, there 
is a trend where, as the confining pressure decreases, the length of 
the microfractures changes little, while the width gradually in-
creases. Additionally, during this process, the intensity of brittle 
deformation between mineral particles and fragments gradually 
decreases, leading to the formation of numerous intergranular 
pores at the nano- and microscale. These pores connect with 
microfractures, altering the shale pore structure and thereby 
affecting the shale reservoir's capacity for storage, migration, and 
fluid flow.

4. Discussions

4.1. Pore evolution and fractal characteristics during the last 
tectonic uplift

The shale strata of the Longmaxi Formation have been influ-
enced by sedimentary burial, compaction diagenesis, thermal 
evolution, and multiple phases of tectonic stress, leading to the 
development of various types of pores. This has resulted in a highly 
heterogeneous pore structure within the shale reservoir. The great 
variety of shale pore structures controls the adsorption,

desorption, diffusion, migration, and storage of gases in shale 
reservoirs. Fractal theory has been used extensively in the inves-
tigation and characterization of pore structures and their charac-
teristics and is a useful tool for assessing pore heterogeneity (Gao 
et al., 2022; Liu et al., 2023; Du et al., 2024; Sun et al., 2024; Tian 
et al., 2024). The complexity and dispersion properties of shale 
pores can be described by the fractal dimension D. Previous 
research has shown that the fractal dimension of a 2D model 
ranges from 1 to 2, while for a 3D model, it ranges from 2 to 3. A 
larger fractal dimension indicates greater pore complexity and a 
more random distribution (Sun et al., 2016; Feng et al., 2019; Liu 
et al., 2023).

Based on the above research, the Longmaxi Formation shale 
exhibits different morphological changes in various types of pores 
under different triaxial creep pressures. By utilizing high-resolu-
tion SEM images and performing image analysis, structural pa-
rameters of different types of pores, including organic pores and 
intergranular pores, such as pore perimeter, area, and number, 
were quantified. Fractal theory was further applied to calculate the 
fractal dimension, enabling the assessment of heterogeneity var-
iations in shale pores under different burial conditions and 
exploring the rebound adjustment characteristics and patterns of 
shale pores influenced by the last tectonic uplift. To facilitate quick 
and efficient acquisition of pore structure parameters, IPP image 
processing software was used to capture and process SEM images, 
obtaining parameters such as the perimeter and area of pores in 
different regions and types.

Following the steps outlined above, threshold segmentation 
was applied to images of organic pores and intergranular pores in
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shale samples under different creep pressure conditions to obtain 
binarized images of the pores. Subsequently, pore structure pa-
rameters for organic and intergranular pores in Longmaxi For-
mation shale samples from different regions and under different 
creep pressure conditions were extracted. Using fractal theory, the 
fractal dimension of the pores was calculated (Fig. 6).

The calculated fractal dimensions of organic and intergranular 
pores indicate that the organic and intergranular pores in Long-
maxi Formation shale exhibit distinct fractal characteristics. Spe-
cifically, the fractal dimension D of organic pores ranges from 

1.032 to 1.348, with correlation coefficients between 0.724 and 
0.966 (Table 3; Fig. 7). The fractal dimension D of the TB and DFA 
sample series has a trend of first increasing and then reducing 
when the formation pressure drops. This suggests that organic 
pores' rebound adjustment during tectonic uplift is a complicated 
and varied process rather than a straightforward linear one. The 
fractal dimension D of intergranular pores ranges from 1.174 to 
1.454, with correlation coefficients between 0.832 and 0.9323 
(Fig. 8). As formation pressure decreases, the trend in fractal di-
mensions of intergranular pores is opposite to that of organic 
pores, showing a pattern of first decreasing and then increasing.

4.2. Organic matter pores' rebound response properties during the 
most recent tectonic uplift

Based on the observed morphological evolution and changes in 
the fractal dimension of organic pores before and after experi-
mental deformation, this work developed an evolution model for 
organic pores in Longmaxi Formation shale under the impact of 
the most recent tectonic uplift (Fig. 9). The study suggests that

under conditions of greater burial depth (high formation pres-
sure), organic pores undergo plastic deformation due to 
compression. The pore shapes are predominantly slit-like, with 
the long axes of the pores showing a directional alignment 
(Fig. 3(a)–(d), Fig. 6(c) and (i) and Fig. 9(a)). Additionally, at high 
confining pressures, organic pores are generally smaller in scale 
and more uniform in shape, resulting in a lower fractal dimension 
of organic pores under 20 MPa creep pressure.

As tectonic uplift proceeds and the overlying formation pres-
sure decreases, the internal gas pressure within the organic pores 
gradually exceeds the external formation pressure, initiating pore 
rebound adjustment. However, since the formation pressure is not 
uniform throughout the organic matter, the rebound time, rate, 
and degree of adjustment vary across different regions. As a result, 
the organic pore structures exhibit diverse and complex shapes 
(Fig. 3(e)–(h), Fig. 6(b) and (h)), leading to a higher fractal 
dimension of organic pores under 10 MPa creep pressure.

As the uplift continues and the formation pressure becomes 
much lower than the internal gas pressure within the organic 
pores, the extent of pore rebound reaches its maximum, and the 
organic pores cease to change. The pore structures predominantly 
exhibit honeycomb, beaded, or irregular shapes, with relatively 
uniform morphology (Fig. 3(i)–(l), Fig. 6(a) and (g); Fig. 9(b)). 
However, due to variations in mineral and organic content among 
different shale samples, especially quartz and feldspar, which in-
fluence the degree of pore compression and affect the protective 
role of the mineral framework, there are differences in the 
rebound process of organic pores. This leads to different trends in 
the fractal dimension of organic pores in shale samples that have 
not undergone experimental deformation. Among these, shale
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samples from the Tianba and Dafengao areas (TB-1, DFA-1) have 
high brittle mineral content (with quartz and feldspar content 
exceeding 80%), which restricts the rebound evolution of organic 
pores, resulting in relatively uniform pore morphology (Fig. 6(a)) 
(Zhu et al., 2019, 2020, 2025; Shang et al., 2020; Yang et al., 2022). 
Consequently, the current fractal dimension of organic pores is 
lower. With a relatively low brittle mineral composition (below 

40% for quartz and feldspar) in the Longmaxi Formation sample 
from the SH area (SH-1), the mineral framework's limiting influ-
ence is less pronounced. As a result, after tectonic uplift, the cur-
rent fractal dimension of organic pores is higher than that of 
organic pores under deep burial conditions.

4.3. The rebound response characteristics of intergranular pores 
during the last tectonic uplift

Based on the observed morphological evolution and changes in 
fractal dimension of intergranular pores in Longmaxi Formation 
shale before and after experimental deformation, an evolution 
model of intergranular pores under the influence of the last tectonic 
uplift has been established (Fig. 10). The study suggests that inter-
granular pores are mainly irregular voids formed by the contact and 
compression of clay minerals and brittle mineral particles, with the 
extent of pore development being largely dependent on the relative 
positioning of the minerals. When the formation is buried at greater 
depth, high formation pressure generates strong reactive forces

between mineral particles, compressing and deforming the mineral 
pores. This causes the rigid mineral framework to begin contracting
and deforming, forming numerous, dense intergranular pores.
Meanwhile, larger pores are compressed, leading to diverse and 
complex intergranular pore morphologies, with a relatively high
fractal dimension (Fig. 4(a)–(d), Fig. 6(f) and (l), Fig. 10(a)).

As the formation pressure decreases, the reactive forces be-
tween mineral particles also decrease, allowing intergranular
pores to rebound and expand. Small, dense pores that were orig-
inally present begin to connect and form relatively larger pores. 
However, due to the remaining formation pressure, some pores
remain compressed, resulting in increased uniformity of pore 
morphology (Fig. 4(e)–(h), Fig. 4(e) and (k)), which leads to a 
relatively lower fractal dimension. When the formation pressure 
completely dissipates, the relative positions of mineral particles
influence the extent of intergranular pore rebound, with some 
pores expanding more significantly. Meanwhile, other intergran-
ular pores are restricted by the contact and compression of par-
ticles, limiting their rebound. These pores are predominantly 
wedge–shaped, polygonal, or irregular, resulting in decreased 
uniformity and a relatively higher fractal dimension (Fig. 4(i)–(l), 
Figs. 6(d) and 10(b)). Overall, as formation pressure increases, 
the fractal dimension of intergranular holes varies, and this vari-
ation is strongly correlated with the amount of brittle minerals 
present. The fractal dimension changes less when the brittle 
mineral content is high, suggesting that the intergranular pore
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structure is less elastic or more stable under formation pressure. In 
contrast, when the brittle mineral content is low, greater changes 
in fractal dimension occur, suggesting that the intergranular pore 
structure is more sensitive and dynamic under pressure. This in-
dicates that the rebound evolution of intergranular pores in shale 
(i.e., the response of pore structure to pressure changes) is 
controlled by the brittle mineral content. Simply put, the higher 
the brittle mineral content, the less adaptive the pore structure is 
to pressure, while the lower the brittle mineral content, the more 
responsive the pore structure is to pressure changes.

4.4. Shale pore rebound response mechanism

Throughout their evolutionary history, the organic-rich shales 
of the Longmaxi Formation have experienced both deep burial and 
substantial uplift due to the numerous evolutionary cycles and 
periods of tectonic activity that have occurred in the Sichuan Basin 
and its adjacent areas (Chen et al., 2017; Liu et al., 2021; Cheng 
et al., 2022, 2024a). Similarly, shale pores have also undergone a 
complex evolutionary process. Based on previous research, the 
differences in pore structure evolution of experimentally 
deformed mud shale under various creep conditions are funda-
mentally the result of differing rebound evolution mechanisms 
across various pore types and structures.

Differential changes in organic matter pores and intergranular 
pores are caused by the shale's increased overburden pressure

during deep burial circumstances. According to studies, the organic 
matter pores found in the shales of the Longmaxi Formation can be 
broadly divided into two categories: diffused organic matter and 
locally aggregated organic matter (Fig. 3). Dispersed organic matter 
pores protected by the mineral framework remain largely uncom-
pressed and structurally unchanged as the overburden pressure
increases, due to the effective protective role of the mineral 
framework. In contrast, pores within organic-clay composites
experience greater load pressure than pore fluid pressure, resulting 
in compression and structural changes (reduction in pore size and 
volume). The structural characteristics of intergranular pores in 
shale exhibit slightly different variation patterns in response to
changes in overburden pressure (Fig. 4). When the effective pres-
sure on the intergranular pores in shale (the absolute value of the 
pressure differential between the pore fluid and the overburden) is 
less than the elastic deformation strength of the minerals, the
intergranular pores undergo compression, and pore volume de-
creases. Conversely, if the effective pressure exceeds the mineral 
elastic deformation strength, the minerals fracture, leading to 
damage in the pore structure.

In light of the study above, this study hypothesizes that the 
rebound adjustment of shale pores can be broadly categorized into 
two pathways: one associated with organic matter, clay, or other 
plastic mineral pores, and the other with intergranular pores 
formed by minerals such as quartz and feldspar (Fig. 11). When 
organic-rich shale undergoes a relatively stable uplift process and is
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not affected by intense subsequent tectonic activity, with favorable 
conditions for shale gas preservation, a significant amount of gas 
(such as CH 4 , CO 2 , etc.) within the organic matter pores can lead to 
an overpressure state in some of these pores. As tectonic uplift 
occurs and the overlying strata erode, the overburden pressure 
becomes less than the fluid pressure within the organic matter 
pores in the shale. This leads to an increase in the pressure coeffi-
cient of gases like CH 4 and CO 2 within the pores of plastic minerals 
such as organic matter. The gas expands, and diffusion pressure acts 
as a driving force, prompting the rebound adjustment of organic 
matter pores (Fig. 11(f1) and (g1)). Additionally, as tectonic uplift 
proceeds and the overlying strata erode, the overburden pressure 
becomes less than the mineral deformation strength and the sup-
porting forces between mineral particles in intergranular pores 
formed by minerals such as quartz and feldspar. This allows for the 
elastic recovery of the mineral particles, causing the compressed 
pores to undergo rebound adjustment, resulting in changes to the 
pore structure (Fig. 11(f2) and (g2)).

Therefore, moderate tectonic uplift can enhance the connec-
tivity of shale reservoirs, improving seepage and diffusion capac-
ity, which accelerates the adsorption and desorption rates of shale 
gas. However, if the tectonic uplift is too intense, it can weaken the 
adsorption capacity of the shale, leading to the formation of well-
connected network microfractures. These microfractures can 
connect with pores and macroscopic fractures, causing shale gas to 
escape and negatively impacting its storage and retention in the 
reservoir.

4.5. Insights into the development of marine shale gas in the 
Sichuan Basin

The differentiated rebound behavior of various pore types in 
the shale reservoir during the final stratigraphic uplift reveals the 
nonlinear characteristics of pore structure evolution and its com-
plex regulatory mechanisms for shale gas occurrence and migra-
tion. The variation patterns of fractal dimensions and their 
interactions across different pore types provide multi-scale theo-
retical support for reservoir evaluation and the optimization of 
development strategies.

The aforementioned study indicates that the fractal dimension 
of intergranular pores first decreases and then increases with 
stratigraphic uplift. During the stage of weak final tectonic uplift 
(The formation depth remains greater than 1000 m), the reduction 
in overlying strata pressure promotes brittle rebound of inter-
granular pores, leading to the expansion of pore throats, a reduc-
tion in surface roughness, and an enhancement of pore 
permeability (Li et al., 2021; Shi et al., 2023) (Fig. 11(b)–(d), (f) and 
(g)). As the degree of uplift intensifies (The formation depth is less 
than 1000 m), the rearrangement of shale mineral particles in-
creases the roughness of pore edges, leading to a rise in fractal 
dimension, an increase in the tortuosity of pore flow paths, and the 
possible formation of heterogeneous flow barriers locally (Shi 
et al., 2023) (Fig. 11(c)–(e), (f), and (g)). Additionally, the fractal 
dimension of organic matter pores first increases and then de-
creases with stratigraphic uplift. During the stage of weak final 
tectonic uplift (The formation depth remains greater than 
1000 m), organic matter pores undergo plastic rebound adjust-
ment, increasing pore surface complexity and enhancing gas 
storage capacity. As tectonic uplift intensifies (the formation depth 
is less than 1000 m), organic matter pore throats merge, and 
connectivity increases, leading to a simplified pore structure. The 
adsorption–desorption rate and diffusion efficiency improve syn-
chronously (Cheng et al., 2024a). At the same time, with the uplift 
of strata, the complexity of microfracture networks increases, 
leading to a reduction in the effective storage space of the shale

(Sari et al., 2022). The coupled effect of these three factors 
significantly impacts the flow-storage balance in the shale reser-
voir. Furthermore, the flow advantage period of intergranular 
pores and the storage advantage period of organic matter pores are 
temporally and spatially consistent. This is evident during mod-
erate stratigraphic uplift (the formation depth remains greater 
than 1000 m), when the shale reservoir forms a "high perme-
ability-high gas storage" coupling zone. However, when strati-
graphic uplift becomes excessive (the formation depth is less than 
1000 m), it may trigger disordered expansion between organic 
pores, intergranular pores, microfractures, and fractures, leading 
to compression of effective storage space and gas dissipation. 

Therefore, moderate stratigraphic uplift helps improve the 
connectivity and gas storage capacity of the shale reservoir, en-
hances its permeability and diffusion capabilities, and accelerates 
the adsorption and desorption rates of shale gas. However, when 
the degree of stratigraphic uplift becomes excessive, it weakens 
the shale's adsorption capacity, forming a network of micro-
fractures with good connectivity that connects with pores and 
fractures, leading to rapid gas dissipation. Determining suitable 
burial depth conditions can, to some extent, enhance the shale's 
storage capacity and connectivity, which has practical significance 
for shale gas accumulation and the optimal development of sweet 
spots.

5. Conclusion

The study used fractal theory analysis, argon ion beam polish-
ing, and Ar-SEM on shale samples from various regions that were 
all disclosed to the same experimental conditions before and after 
deformation in order to uncover the evolutionary mechanisms of 
shale pores and the patterns of rebound response under the in-
fluence of the most recent tectonic uplift. This research effectively 
eliminated the interference of non-deformation factors in the 
analysis of pore structure evolution by using freshly extracted 
outcrop samples for triaxial creep experiments, in contrast to 
previous studies. Additionally, the shale samples had the same 
initial pore structures and organic geochemical characteristics 
before the triaxial creep experiments. Consequently, the rebound 
response of the pore structure can be used to explain the variations 
in pore structure between the shale samples before and after the 
creep trials. The following is a summary of the primary findings:

(1) The Longmaxi Formation shale exhibits extensive develop-
ment of intergranular and intragranular pores, organic 
pores, and microfractures, providing ample storage space for 
shale gas. As the creep pressure decreases, organic pores 
affected by compaction gradually undergo rebound adjust-
ments, with increasing complexity and distribution char-
acteristics that initially grow and then decrease, leading to 
an increase in pore quantity. As the creep pressure de-
creases, intergranular pores show a trend of increasing 
complexity and distribution, improving rebound and 
enlarging pore shapes. Microfractures, with the decrease in 
formation pressure, experience reactivation and expansion, 
becoming more developed with enhanced connectivity.

(2) Differences in the rebound evolution mechanisms of distinct 
pore types and structures are mainly the cause of the vari-
ances in the pore structure evolution of experimentally 
deformed shale under various creep settings. Based on 
microscopic evolution and fractal dimension variation 
characteristics, it is inferred that shale pore rebound 
adjustment generally follows two pathways: one involving 
organic pores or clay-rich plastic mineral pores, and the 
other involving intergranular pores formed by minerals such
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as quartz and feldspar. The driving forces in their rebound 
evolution primarily include the diffusion pressure of CH 4 , 
CO 2 , and other gases under overpressure conditions, as well 
as the deformation strength of quartz, feldspar, and the 
supporting forces between mineral grains.

This study has some limitations. First and foremost, the 
experimental deformation circumstances do not take into 
consideration the effects of differential stress and temperature on 
the evolution of pore structure; instead, they only take into ac-
count the effect of confining pressure on shale pore structure. In 
future research, we will incorporate control experiments with 
varying stress and temperature conditions to more closely mimic 
real geological conditions, thereby investigating the shale pore 
rebound and evolution process in greater detail. Additionally, this 
study provides a qualitative and semi-quantitative analysis of pore 
rebound and evolution mechanisms based on Ar-ion polishing, 
SEM observation, and fractal theory. However, it lacks a fully 
quantitative perspective. Therefore, in future research, we will 
employ quantitative analysis patterns to enhance our under-
standing of deformation characteristics and pore structure varia-
tions in experimentally deformed shale samples, addressing the 
limitations and shortcomings of the current study.
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