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a b s t r a c t

In-situ thermal upgrading significantly alters pore structure in low-maturity oil shales, yet the key 
mechanisms controlling this transformation remain to be defined. Deciphering pore geometry and 
seepage capacity is crucial, as they directly dictate the flow network connectivity and ultimate hy-
drocarbon recovery; however, systematic quantification of their dynamic anisotropic variations is 
currently lacking. We establish two novel two-dimensional coordinate mapping classification schemes 
based on geometric parameters extracted via machine learning. These represent a seepage capacity 
classification based on pore cross-sectional area (S) and perimeter (C), and a morphological classifica-
tion based on circularity (Circ.) and aspect ratio (AR). Observations reveal a pronounced anisotropy in 
pore evolution. Bedding-normal (nominally vertical), both seepage capacity and morphological 
complexity follow non-monotonic trajectories driven by stress. Bedding-parallel (nominally horizontal), 
however, permeability decreases with the increasing number and proportion of low seepage capacity 
pores (L-SC), and the quantity of each morphological pore type increase continuously, although 
morphological complexity is diluted by newly formed simple pores. Fractal dimension (D) and Pearson 
correlation analysis further corroborate this anisotropy: throughout the heating process, D values in 
bedding-parallel direction (D H ) remains consistently higher than in bedding-normal direction (D V ). D 
values monotonically increase in the bedding-normal direction, showing a significant positive corre-
lation with regular elongated pores; whereas bedding-parallel, D values fluctuate, exhibiting the 
strongest correlation with transitional pores. These newly established classification frameworks provide 
quantitative tools for characterizing the anisotropic evolution of pore architecture and offer theoretical 
support for efficient in-situ conversion of low-maturity oil shale.
© 2026 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-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Rising global energy demand is straining conventional oil and 
gas supplies and threatening long-term sustainable economic 
development worldwide (Syed et al., 2022; Xu et al., 2022; Xie 
et al., 2026). As a major unconventional energy resource, shale 
oil and gas has become strategically important for global energy 
security (Kang et al., 2020; Xu et al., 2022; Paul et al., 2025; Yan 
et al., 2026). The United States leads global shale oil and gas

production shifting from a net oil importer to an exporter and 
achieving energy self-sufficiently (Wang et al., 2023; McMahon 
et al., 2024; Zou et al., 2024). China possesses the second-largest 
oil shale reserves worldwide, trailing the United States geological 
reserve of 720 billion tons (Liu et al., 2006, 2017). Nevertheless, 
China's substantial oil shale deposits are immature or of low-
maturity in their thermal evolution (Hu et al., 2014; Liu et al., 
2017), necessitating stimulation methods like in-situ heating to 
generate mobile hydrocarbons (Pik et al., 2001; Hu et al., 2020; 
Kang et al., 2020; Zhang et al., 2024a; Hou et al., 2026; Zhu et al., 
2026). During in-situ heating, coupled physical-chemical re-
actions drastically alter the pore network (Z. Wang et al., 2021; He 
et al., 2022; Zhang et al., 2023; Guo et al., 2025; Cheng et al., 2026), 
such as kerogen and bitumen pyrolysis (Xie and Zhao, 2017; Zhao

* Corresponding author.
E-mail address: j.liu@scu.edu.cn (J. Liu).
Peer review under the responsibility of China University of Petroleum 

(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2026.06.059
1995-8226/© 2026 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-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Petroleum Science 23 (2026) 7169–7186

http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:j.liu@scu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2026.06.059&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2026.06.059
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://doi.org/10.1016/j.petsci.2026.06.059


and Kang, 2021), matrix dehydration (Lee et al., 2014; Su et al., 
2022), and thermal expansion (Wu et al., 2019; Li et al., 2025). 
These structural transformations dictate the dynamic evolution of 
seepage capacity, which directly controls fluid migration and ul-
timate recovery efficiency (Kang et al., 2011; Tian et al., 2023; Xu 
et al., 2023; Li et al., 2024; Zhang et al., 2025). The timing, 
strength and polarity of these feedbacks on pore structures define 
the resulting dynamic evolution of the seepage capacity as a result 
of the heating process. Thus, quantifying these pore-related 
mechanisms is foundational for optimizing in-situ upgrading for 
low-maturity oil shale.

The recognition, characterization and classification of shale 
pore systems have emerged as a prominent research focal point to 
evaluate unconventional reservoirs. Various classification theories 
have been developed and applied to assess hydrocarbon storage 
and transport capabilities. Traditionally, pore systems are classi-
fied by size (e.g., the IUPAC standard - micropores, mesopores and 
macropores) (Sing, 1985; Rouquerol et al., 1994a, 1994b; Chen 
et al., 2025a), genetic spatial relationships (e.g., interparticle, 
intraparticle, and organic-matter pores) (Loucks et al., 2012), vi-
sual morphology (e.g., uniform-spherical, ink-bottle and slit-
shaped pores) (Sing, 1982; Zhang et al., 2023), and connectivity 
(e.g., closed and open pores, or blind and throughgoing pores) 
(Rouquerol et al., 1994b; Zhang et al., 2021). While these schemes 
provide valuable insights, they exhibit inherent limitations for 
complex reservoir evaluation. Conventional classifications 
frequently adopt a unidimensional perspective—such as relying 
solely on pore size, which insufficiently captures the seepage ca-
pacity controlled by flow-path connectivity (Chen et al., 2025b). 
Rather, the interest in quantifying pore size should ultimately be 
driven by the need to evaluate the hydrocarbon storage and 
seepage properties. Furthermore, morphological classifications 
typically rely on subjective visual assessments, lacking universal 
applicability. To some extent, a rigorous, objective, and multi-
dimensional quantitative classification system remains largely 
absent.

To address this gap, we establish two novel two-dimensional 
coordinate mapping classification schemes based on geometric 
parameters extracted via machine learning—perimeter (C), area 
(S), circularity (Circ.), and aspect ratio (AR). The first scheme maps 
C against S to quantify low, medium, and high seepage capacity 
pores (L-SC, M-SC, H-SC). The second scheme maps Circ. against AR 
to classify geometric shapes (from near-circular to complex 
irregular) in a fully quantitative manner. The primary advantage of 
these schemes lies in providing a foundational, quantitative 
framework that eliminates subjective bias in pore evaluation, 
improving applicability, reproducibility and comparability. By 
mathematically mapping morphological descriptors, these 
schemes directly bridge the gap between microscopic pore ge-
ometry and macroscopic fluid transport potential. Specifically, 
they offer an unprecedented advantage in quantitatively tracking 
dynamic structural transformations during thermal maturation, 
accurately evaluating changing seepage behaviors, and ultimately 
guiding the optimization of in-situ conversion efficiency in low-
maturity shales. Utilizing these frameworks, we systematically 
quantify the anisotropic thermal evolution in low-maturity oil 
shale parallel and normal to bedding planes. Beyond that, unlike 
conventional studies that use fractal techniques merely for static 
reservoir evaluation (Wang et al., 2024; Yang and Liu, 2025), we 
dynamically employ the fractal dimension (D) and Pearson cor-
relation analysis to explicitly reveal the evolutionary trajectories of 
anisotropic structural complexity during the in-situ thermal 
upgrading, as well as the underlying driving mechanisms of spe-
cific pore types. This research not only proposes a robust theo-
retical classification system but also applies it to reveal the

anisotropic evolutionary laws of pores in oil shale, providing 
theoretical support for effective hydrocarbon recovery.

2. Materials and methodology

2.1. Sample preparation

The oil shale samples are procured from the Songliao Basin in 
northeastern China, specifically the Cretaceous Nenjiang Forma-
tion representing an abundant source rock reserve and a primary 
target for shale oil and gas exploration in the region (Kang et al., 
2025; Li et al., 2026). Coring yielded specimens from a subsur-
face depth of ~500 m. The shale samples exhibit low maturity, with 
a vitrinite reflectance (R o ) value of 0.64% and a total organic carbon 
(TOC) content of 5.89%. Mineralogical composition, determined by 
X-Ray diffraction measurement (XRD), is dominated by quartz and 
clay minerals, with subordinate constituents comprising feldspar, 
carbonate and pyrite—the respective proportions are shown in 
Fig. 1. To investigate anisotropic properties, samples are carefully 
cut and polished into two principal orientations: perpendicular-
to-bedding (designated as Vertical-V) and parallel-to-bedding 
(designated as Horizontal-H) (Fig. 2(a)). Herein, the samples for 
scanning electron microscope (SEM) observation were prepared 
with dimensions of 3–4 mm in length/width and ~0.5 mm in 
thickness.

2.2. Experimental and analytical methods

2.2.1. SEM imaging with in-situ heating
Fig. 2(b) exhibits the FE-SEM apparatus, equipped with a 

specialized in-situ heating stage. This serves to observe real-time 
microstructural changes under elevated temperature. The heat-
ing stage is composed of a silicon substrate, and attains precise 
temperature control by means of an external water chiller within a 
high-vacuum environment (3 × 10 − 3 Pa) to prevent oxidation of 
organic matter. As shown in Fig. 2(c), we heated samples from 25 
to 100, 200, 300, 400 and 500 ◦ C successively, with a gradual 
heating rate of 5 ◦ C/min applied to avoid thermal shock. Each 
temperature is maintained for 2 h to ensure steady-state condi-
tions and sufficient pyrolysis of organic matter within the sample. 
Throughout the thermal upgrading process, sequential SEM im-
ages of a pre-selected and fixed view region are continuously 
captured for both V and H samples (Fig. 2(d)), facilitating a 
consistent documentation of the dynamic evolution of the pore 
structure. In this work, four SEM areas were selected along both
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Fig. 1. Primary mineralogical composition of the oil shale samples.
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Fig. 2. In-situ heating and image processing workflow. (a) Orientation of the oil shale samples: bedding-normal (V) and bedding-parallel (H), (b) schematic of the field emission 
scanning electron microscopy (FE-SEM) apparatus with an in-situ heating stage and water chiller for temperature control, (c) programmed heating schedule, (d) acquisition of 
selected-view SEM images oil shale samples in V and H orientations, (e) image processing workflow using the Trainable Weka Segmentation (TWS) plugin in ImageJ software.
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the H and V directions—representative examples are shown in 
Fig. 2(d).

2.2.2. Pore recognition and morphological parameterization
SEM images are subjected to digital processing through ImageJ 

software interfaced with the TWS plugin, a machine learning-
driven tool for pixel-level classification, to obtain fine dis-
tinguishment of pore space from the solid matrix. The workflow is 
shown in Fig. 2(e). Prior to segmentation, image preprocessing is 
conducted using a non-local means filter to reduce background 
noise while strictly preserving the sharpness of pore boundaries. 
During the machine learning procedure, a Fast Random Forest 
classifier within the TWS plugin is utilized. The training set is 
established by manually annotating representative pixel regions 
across different gray-level thresholds into two distinct classes, viz., 
“Pore” and “Background”. This is followed by an iterative pore 
identification phase, wherein repeated training and validation are 
conducted to optimize recognition accuracy. To eliminate digital 
artifacts and background noise, an extraction criterion is applied to 
discard isolated features with an area smaller than 1 pixel, which 
are considered below the effective resolution limit. Subsequently, 
automated parameter measurement is performed to quantify key 
morphological descriptors of the identified pores, including C, S, 
Circ. and AR. Mathematically, S is determined as the total pixel 
count within the pore converted to actual area units (μm 2 ), while C 
denotes the length of its outer boundary. Circ. is calculated as:

Circ: = 
4πS 
C 2 

(1)

with a value ranging from 0 to 1, where 1 represents a perfect 
circle. Aspect ratio (AR) is defined as the ratio of the major axis 
length to the minor axis length of the best-fit ellipse for each pore. 
The comprehensive digitization process for various pore types 
effectively converts visual SEM information into quantitative dig-
ital parameters, establishing a robust foundation for successive 
statistical analysis and classification of pore systems.

2.2.3. Seepage capacity characterization
The Hagen-Poiseuille model has been widely and reliably 

applied to quantify the seepage capacity in porous media (Godoy 
et al., 2025; Xiao et al., 2025; Zhou et al., 2026). Accordingly, the 
volumetric flow rate in a single capillary (q, μm 3 /s) is,

q= 
πd i

4

128μ
× 

Δp 
L H

(2) 

where Δp is the pressure difference (Pa), d i is the capillary diam-
eter (μm), L H is the capillary length (μm) and μ is the fluid dynamic 
viscosity (Pa⋅s). The diameter of irregular oil shale pores is difficult 
to measure, thus being approximated using the concept of an 
equivalent hydraulic diameter (d ie ) of the flow channel (Gong and 
Qian, 2024), which is defined as,

d ie= 
4S i
C i

(3)

where S i (μm 2 ) and C i (μm) are the cross-sectional area and 
perimeter of the i-th capillary, namely the area and perimeter of 
the i-th pore. As a result, substituting the equivalent hydraulic 
diameter (d ie ) for the capillary diameter (d i ) in Eq. (2) yields,

q = 

2π 
( 
S i
C i

) 4

μ
× 

Δp 
L H

(4)

Herein, all pore parameters are derived from 2D SEM obser-
vations, which cannot fully capture the full 3D pore geometry. To 
enable quantitative estimation of seepage capacity while 
acknowledging this limitation, we conceptually project the 2D 
SEM observed aperture into an idealized 3D flow channel by 
assigning it a unit thickness (L = L H = 1 μm)—as if assuming the 
fluid is flowing through a very short channel while traversing this 
2D pore cross-section (Fig. 3). Under the premise of an identical 
fluid medium (same viscosity) and pressure difference, Eq. (4) 
dictates that the volumetric flow rate through a single pore is 
predominantly determined by its hydraulic diameter. Since a 
higher volumetric flow rate under identical pressure conditions 
directly reflects greater seepage capacity, which is the funda-
mental physical implication of permeability (Zhang et al., 2024b), 
we select the fourth power of (S i /C i ) as the evaluation index to 
evaluate the seepage capacity of an individual pore. As a result, the 
individual pore area (S i ) and perimeter (C i ), extracted via machine 
learning from the corresponding SEM image at each temperature, 
enable the estimation of the pore-scale seepage capacity in this 
work.

2.2.4. Fractal dimension (D) characterization
Fractal theory is employed to quantitatively characterize the 

complexity and heterogeneity of the pore structure (Dathe and 
Thullner, 2005; Zhang et al., 2018; Wu et al., 2022). Fractal 
dimension can be defined through multiple mathematical frame-
works depending on the target of characterization, including the 
box-counting fractal dimension, the surface fractal dimension, the 
mass fractal dimension and the perimeter-area fractal dimension 
(L. Wang et al., 2021; Datseris et al., 2023; Silva et al., 2025). 
Among these, the perimeter-area fractal model is particularly 
suitable for 2D SEM derived pore morphologies, as it directly links 
pore boundary tortuosity and shape irregularity to fluid flow tor-
tuosity and seepage resistance. This method could better reflect 
the actual geometric control on permeability in low-maturity 
shale during thermal treatment. D is determined based on the 
relationship between C and S, serving as a valuable parameter to 
characterize seepage behaviors in a porous medium more accu-
rately, thereby elevating the prediction accuracy of permeability in 
low-permeability reservoirs during in-situ thermal treatment. 
According to fractal geometry, the perimeter-area relationship can 
be reformulated as (Liu et al., 2011; Qi et al., 2014):

log C = 
D 
2 
log S + c 1 (5)

where c 1 represents a constant intercept. This formulation estab-
lishes that for a fractal pore structure, a log-log plot of C against S 
should exhibit a linear relationship, with the slope of the best-fit
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Fig. 3. Hypothetical 3D flow channel from 2D SEM imaging.
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line equal to D/2. The D value is subsequently calculated as twice 
the slope value obtained from linear regression analysis of the log 
C versus log S data. To ensure absolute objectivity and avoid 
manual selection errors, the linear regression is automatically 
executed using the ordinary least-squares method encompassing 
the entire dataset of extracted pores at each temperature stage. D 
strictly range between 1 and 2, and a value approaching D = 1 
implies a perfectly smooth, circular pore geometry, whereas a 
value approaching D = 2 corresponds to increasingly complex, 
highly tortuous pore boundaries that exert greater resistance to 
fluid flow.

3. Results

The morphological and seepage capacity parameters of pores, 
including C, S, Circ. and AR, are systematically extracted from the 
high-resolution FE-SEM images at 25 ◦ C using the machine 
learning-aided segmentation workflow (Fig. 2(e)). To transform 

these quantitative descriptors into a structured and interpretable 
framework for pore system characterization, two novel two-
dimensional coordinate-based classification schemes are 
established.

3.1. Seepage capacity (SC) coordinate mapping categorization

Based on the Hagen-Poiseuille model, the seepage capacity of 
an individual pore is evaluated, wherein the volumetric flow rate is 
proportional to the fourth power of the hydraulic diameter under 
identical pressure conditions. Since the hydraulic diameter for an 
irregular pore cross-section can be approximated as d ie = 4S i /C i , 
the parameter (S i /C i ) 4 serves as a direct proxy for the pore-scale 
seepage capacity (Eq. (4)). To establish a quantitative hierarchy, 
we select 3735 pore samples identified from the initial state 
(25 ◦ C) FE-SEM images. By plotting these samples on a log-log 
coordinate system of S versus C, five isolines representing con-
stant (S/C) 4 values are drawn to delineate boundaries (Fig. 4). 
Based on the clustering characteristics of the sample data and the 
distribution density, two critical thresholds are determined: (S/ 
C) 4 = 1 × 10 − 6 and (S/C) 4 = 1 × 10 − 5 , aiming to capture the inherent 
inflection points of flow potential across the pore network. 
Consequently, the pores are classified into three distinct cate-
gories: 1) Low seepage capacity pores (L-SC): defined by (S/ 
C) 4 < 1 × 10 − 6 , 2) Medium seepage capacity pores (M-SC): defined 
by 1 × 10 − 6 ≤ (S/C) 4 < 1 × 10 − 5 , 3) High seepage capacity pores (H-
SC): defined by (S/C) 4 ≥ 1 × 10 − 5 ; more detailed descriptions about 
various pore types are shown in Table 1.

Based on the preset classification threshold, Fig. 5 shows the S-
C log-log scatter plots in both vertical and parallel bedding di-
rections at 25 ◦ C, along with the percentage distribution of the 
three different pore types. In the V direction (Fig. 5(a)), the pore 
system is overwhelmingly dominated by L-SC pores, accounting 
for approximately 67.29% of the total count, while H-SC pores 
constitute a negligible fraction that account for less than 5%. 
Conversely, in the H direction (Fig. 5(b)), although L-SC pores still 
comprise the majority, the proportion of M-SC and H-SC pores is 
relatively lower compared to the V direction. This discrepancy at 
the initial state (25 ◦ C) indicates that the native pore structure is 
strongly heterogeneous and governed by sedimentary bedding 
features. The relatively lower abundance of seepage-favorable 
pores (M-SC and H-SC) in the H direction suggests that, prior to 
thermal fracturing, the bedding planes are tightly compacted and 
do not yet serve as open seepage channels; instead, the dense 
arrangement of clay minerals and solid kerogen along these planes 
creates a barrier (He et al., 2022). At ambient temperature, the 
potential horizontal flow paths are effectively sealed by in-situ 
stress, consistent with the widely accepted understanding that 
pre-existing fractures contribute minimally to seepage until 
thermally activated (Burnham, 2017; Kang et al., 2011). Conse-
quently, regardless of orientation, the oil shale at 25 ◦ C is charac-
terized by high storage capacity because of abundant L-SC pores 
but extremely poor connectivity, highlighting the critical necessity 
of in-situ heating to generate the internal pressure with thermal 
fracturing required to transform these isolated storage spaces into 
a connected flow network, to activate seepage capacity.

3.2. Morphological coordinate mapping categorization

We establish a robust morphological classification scheme 
based on two fundamental geometric parameters: Circ. and AR to 
quantitatively analyze pore morphological complexity. To deter-
mine scientifically sound classification thresholds, we calculate 
the theoretical circularity values of standard basic geometric 
shapes according to Eq. (1) (Table 2). Considering the resolution of 
the SEM images and the tolerance for pore edge detection, we set 
the critical thresholds as follows.

1) Set Circ. = 0.85 as the lower limit for near-circular pores, which 
is slightly lower than that of a regular hexagon (0.91) but higher 
than a square (0.785), accommodating pores that are visually 
round but possess slight edge angularity.

2) Set Circ. = 0.6 as the boundary between regular and irregular/ 
transitional shapes, which approximates the circularity of an 
equilateral triangle, and below which the pore edges become 
significantly rough or the shape becomes highly distorted.
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Fig. 4. Coordinate mapping classification of pore seepage capacity based on the 
relationship between S and C.

Table 1
Seepage capacity (SC) classification scheme.

Pore type (S/C) 4 threshold Description

L-SC (S/C) 4 < 1 × 10 − 6 Pores with minimal 
contribution to fluid flow; 
typically, isolated micropores 
or pores with high specific 
surface area

M-SC 1 × 10 − 6 ≤ (S/C) 4 < 1
× 10 − 5

Pores with moderate flow 

potential; serve as transitional 
channels connecting storage 
spaces

H-SC (S/C) 4 ≥ 1 × 10 − 5 Pores with significant seepage 
capacity; mainly larger pores or 
fractures that dominate the 
macroscopic permeability
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3) Set Circ. = 0.4 as the threshold for complex pores, representing 
extremely irregular boundaries.

4) AR = 1.5, 2.5, and 5 are used to distinguish between blocky, 
short-columnar, and fracture-like pores. Specifically, AR ≥ 5 is 
defined as the criterion for slit-shaped fractures.

As shown in Table 3, based on the combination of these 
quantitative thresholds, the pore system is categorized into five 
distinct morphological types: near-circular, sub-circular, transi-
tional, regular elongated, and complex irregular pores.

Applying this scheme to the sample at 25 ◦ C, the statistical 
results (Fig. 6) show that, in the V direction (Fig. 6(a)), the pore 
system is overwhelmingly dominated by sub-circular and near-
circular pores. These two regular pore types collectively account 
for approximately 60.93% of the total number, with sub-circular 
pores alone constituting 42.9%. This distribution indicates that 
the native pore structure in the vertical cross-section consists 
primarily of interparticle or intracrystalline pores within the clay 
matrix, which have maintained relatively equiaxed shapes under 
overburden pressure (Loucks et al., 2012; Wang et al., 2023). 
Complex irregular pores also occupy a notable proportion, 
reflecting the inherent roughness of grain edges (Loucks et al., 
2012). In the H direction (Fig. 6(b)), while the dominance of sub-
circular pores persists, a subtle morphological differentiation is 
observed. The proportion of regular elongated pores, although low 

in absolute numbers at this immature stage, is comparatively 
higher than that in the V direction. This discrepancy suggests that 
even prior to thermal fracturing, the intrinsic bedding planes 
impose a directional control on pore geometry, creating flattened

or slit-like precursors along the horizontal interfaces. Overall, the 
scarcity of macroscopic pores in both directions confirms that the 
low-maturity oil shale at 25 ◦ C is characterized by a matrix-
storage-dominated system rather than a pore-seepage-
dominated one, providing a quantitative baseline for tracking the 
subsequent thermal evolution.

4. Discussion

4.1. Pore system evolution with increasing temperature

The total quantity of identified pores exhibits an overall 
increasing trend with rising temperature in both V and H di-
rections (Fig. 7). From 25 to 300 ◦ C, the number of pores increases 
mildly due to matrix dehydration shrinkage and initial microcrack 
formation (Lee et al., 2014). A sharp surge follows between 300 
and 400 ◦ C for pores in the H direction, driven by kerogen pyrolysis 
generating numerous organic nanopores (Hu et al., 2020). 
Crucially, a distinct decline occurs around 300–400 ◦ C in the V 
direction. This non-monotonic behavior is governed by the syn-
ergistic effects of thermal stress, organic matter decomposition, 
and bedding-controlled structural heterogeneity. It is attributed 
not only to the bitumen blocking effect (He et al., 2022; Fan et al.,
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Fig. 5. SC classification template established based on S and C and statistical proportions of three seepage capacity pore types at 25 ◦ C. (a) V direction, (b) H direction.

Table 2
Theoretical circularity values of standard basic geometric shapes used for threshold 
determination.

Geometric
shape

Theoretical
circularity

Classification
threshold
reference

Perfect circle 1.0 Upper limit
Regular octagon ≈0.95 /
Regular hexagon ≈0.91 0.85 (lower limit 

for near-circular) 
Regular pentagon ≈0.86 /
Square ≈0.785 /
Equilateral
triangle

≈0.60 0.6 (boundary for
regular/irregular)

Table 3
Morphological classification scheme.

Pore
type

AR
threshold

Circ.
threshold

Morphological
description

Near-circular AR < 1.5 0.85 ≤ Circ. Close to circular,
smooth boundaries 

Sub-circular AR < 1.5 0.6 ≤ Circ. < 0.85 Slightly deviated from
circular or short-axis,
relatively regular 

1.5 ≤ AR < 2.5 0.6 ≤ Circ.

Transitional AR < 2.5 0.4 ≤ Circ. < 0.6 Intermediate state
between regular and
irregular

2.5 ≤ AR < 5 0.4 ≤ Circ.

Regular
elongated

AR ≥ 5 Any Circ. Significantly elongated, 
similar to 
microfractures or 
bedding seams, 
exhibiting 
directionality 

Complex
irregular

AR < 5 Circ. < 0.4 Extremely irregular, 
complex edges, high 
tortuosity
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2024; Zhu et al., 2025) where the generated viscous bitumen 
swells and fills the newly formed small pores, rendering them 

undetectable in SEM analysis, but also to pore coalescence 
(Chandra et al., 2021; Zhu et al., 2025; Guo et al., 2026) where the 
thin walls between adjacent micropores collapse as pyrolysis in-
tensifies, causing multiple isolated small pores to merge into 
fewer, larger interconnected pores or microfractures, thus 
reducing the total count while enlarging individual volumes. 
Beyond 400 ◦ C, the pore quantity rises again as bitumen volatilizes 
into gas and extensive thermal fractures develop. Importantly, this 
evolution manifests differently in the V and H directions, reflecting 
the strong structural anisotropy of the oil shale.

To visually corroborate these statistical trends, sequential high-
resolution SEM images directly capturing the pore morphology 
evolution are obtained in Fig. 8. The positions of the observation 
windows selected in the V and H directions are shown in Fig. 8(a) 
and (b). As demonstrated in the V direction (Fig. 8(c)), a long 
horizontal crack evolves from a “plugged” state at 25 ◦ C to a 
“microcrack-connected” longer crack at 300 ◦ C, and further to its 
“widest” expanded state at 400 ◦ C. This sequence documents a 
pore coalescence process, characterized by a decrease in pore 
count alongside an increase in spatial connectivity. This is because 
that local thermal stress at elevated temperatures can overcome

matrix tensile strength to connect adjacent cracks (Wang et al., 
2026). Conversely, in the H direction (Fig. 8(d)), we have 
observed that cracks are constantly forming and spreading along 
the original tight edge of a mineral grain (“original edge”). This 
preferential cracking behavior is consistent with Chen et al. 
(2025b), who attributed such phenomena to differential thermal 
expansion between mineral phases. By 500 ◦ C, continuous gen-
eration of new secondary micropores completely transforms the 
local matrix, reflecting a monotonic increase in pore quantity; this 
is driven by intensive kerogen pyrolysis along bedding planes 
(Huang et al., 2025; Li et al., 2025).

4.1.1. Evolution of seepage capacity distribution
According to the seepage capacity (SC) classification, the evo-

lution of the pore system demonstrates a distinct multi-stage 
characteristic, progressively enhancing anisotropy, as visualized 
in the SC coordinate mapping (Fig. 9) and quantitative statistics 
(Fig. 10). Fig. 9 visually reveals that the vast majority of pores 
cluster densely in the L-SC zone, confirming a system dominated 
by storage-type micropores, while H-SC pores appear as sparse 
points in the upper-right region. The specific evolutionary paths in 
the vertical and horizontal directions diverge significantly.

In the V direction, from 25 to 300 ◦ C, the number of seepage 
pores initially decrease in terms of proportion (Fig. 10(a)). While 
the absolute count of M-SC pores increases moderately from 474 to 
504 (Fig. 10(b)), the L-SC pore proportion rises significantly 
(Fig. 10(a)), which results in a dense concentration of data points in 
the lower-left region of Fig. 9(a), attributed to matrix dehydration 
and generating numerous unconnected shrinkage micropores that 
dilute the share of effective channels. However, between 300 and 
400 ◦ C, Fig. 9(a) exhibits a clear upward migration of data points. 
Quantitively, the proportion of H-SC and M-SC pores rises, while 
the L-SC proportion declines (Fig. 10(a)). The number of L-SC pores 
drops, whereas M-SC and H-SC pores rise slightly—the number of 
M-SC pores rises from 504 to 506 and that of H-SC pores rises from 

76 to 79 (Fig. 10(b)). This strongly supports a pore coalescence 
mechanism, where dense micropores merge into larger inter-
connected networks, effectively lifting the seepage capacity ceil-
ing. This structural transition from L-SC storage spaces to M-SC/H-
SC channels represents a critical flow regime transition. Analogous 
to multi-stage transport and fluid redistribution phenomena 
observed in tight and fractured reservoirs, the sudden enhance-
ment of pore-scale connectivity physically reduces the threshold 
pressure gradient required for fluid mobilization (Wang et al.,
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Fig. 6. Morphological classification template established based on Circ. and AR and statistical proportions of five pore types at 25 ◦ C. (a) V direction, (b) H direction.
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Fig. 8. In-situ sequential SEM images illustrating the distinct morphological evolution of pores and fractures during heating. (a) Selected imaging windows in the V direction, (b) 
selection imaging windows in the H direction, (c) evolution of a micro-channel in the V direction, (d) evolution of mineral edge separation and continuous generation of new 

micro-pores in the H direction.
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2025; Cui et al., 2026). This dynamic staging dictates how the 
generated viscous bitumen and light hydrocarbons overcome 
capillary resistance to migrate from deep matrix to primary frac-
ture networks (Nem � cok et al., 2025). This improvement is reversed

in the final stage (400–500 ◦ C): the bottom of the L-SC zone be-
comes denser as shown in Fig. 9(a). Statistics show the proportion 
of H-SC and M-SC pores declines (Fig. 10(a)), with the H-SC pores 
number dropping to its minimum of 69, while the M-SC pores

Fig. 9. Variation in SC coordinate mapping classification during heating operation. (a) V direction, (b) H direction.
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number reaches 558 (Fig. 10(b)). The sharp rise in the number of L-
SC pores (Fig. 10(b)) suggests that secondary cracking creates a 
massive number of tiny gas bubbles, which numerically dominate 
the pore system (Bernard et al., 2012; Guo et al., 2025), while some 
vertical fractures may close due to the overburden pressure (Ma 
et al., 2025).

However, the evolution in the H direction follows a different 
trajectory. A consistent decline in the H-SC pore proportion 
(Fig. 10(c)) attributes to that the number of L-SC pores rises 
continuously across the entire range (Fig. 10(d)). Fig. 9(b) shows a 
progressive thickening of the L-SC zone, indicating that the py-
rolysis organic matter primarily acts as a source of nanopores 
along the bedding planes. A key divergence is observed in the M-
SC pores: although their proportion fluctuates—decreasing from 

25 to 200 ◦ C, rising briefly at 200–300 ◦ C, then declining again 
(Fig. 10(c)), their absolute count increases significantly from 357 at 
25 ◦ C to 530 at 500 ◦ C (Fig. 10(d)). This reveals that while the 
seepage network is indeed expanding and connectivity is 
improving, the geometric proliferation of tiny L-SC pores is far 
faster, statistically masking this improvement. Furthermore, the 
absolute count of H-SC pores remains low and remarkably stable 
that it fluctuates between 41 and 48, with no sharp drop at high 
temperatures—from 44 at 400 ◦ C to 46 at 500 ◦ C (Fig. 10(d)). 
Unlike the vertical direction, horizontal bedding pores, once

formed, are better preserved, maintaining a stable albeit sparse 
network of high-efficiency flow channels and severely regulating 
mass transfer and deep flow behavior during the in-situ thermal 
recovery process.

4.1.2. Evolution of morphological distribution
Complementing the seepage capacity assessment, the 

morphological classification provides deeper insights into the 
geometric transformation of the pore system, further elucidating 
the anisotropic evolution mechanisms during in-situ heating. In 
terms of commonalities, the coordinate mapping (Fig. 11) and 
quantitative statistics (Fig. 12) reveal that the pore systems in both 
V and H directions share a fundamental storage-dominated char-
acteristic. Regardless of the orientation, the vast majority of pores 
cluster densely in the high-circularity zones, with near-circular 
and sub-circular pores consistently constituting the bulk of the 
pore space across all temperature stages—for V (Fig. 11(a)) and H 
direction (Fig. 11(b)). This indicates that matrix dehydration and 
organic matter pyrolysis universally generate spherical micropores 
as the primary storage space (He et al., 2022). Furthermore, 
broadly speaking, both directions exhibit a net expansion in pore 
quantity over the full heating range, reflecting the irreversible 
thermal degradation of the shale matrix (Yang et al., 2016; 
Burnham, 2017).
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Fig. 10. Variation in percentage distribution and absolute number of three SC pore types for V direction (a–b) and H direction (c–d).
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However, beneath these broad similarities lies a significant 
divergence during evolution, governed by the anisotropic response 
of the bedding structure to thermal stress. A sharp contrast ap-
pears in the intermediate temperature stage (300–400 ◦ C). In the V

direction, the evolution is non-monotonic (Fig. 12(a) and (b)). 
Contrary to the general trend of expansion, the number of all five 
types of pores decline significantly in this window (Fig. 12(b)). 
Concurrently, the proportion of regular elongated pores reaches a
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local peak, rising from 9.7% to 10.8% (Fig. 12(a)). This reduction in 
small, simple pores accompanied by the relative enrichment of 
elongated pores provides compelling evidence that dense, isolated 
micropores are physically merging to form larger channels under 
the influence of vertical thermal stress. Conversely, the pores in 
the H direction follow a monotonic trend of continuous growth 
(Fig. 12(c) and (d)), largely immune to this reduction. The counts of 
almost all pore types rise steadily without interruption; for 
instance, sub-circular pores increase from 1216 to 1332, and 
transitional pores surge from 758 to 1000 in the same interval. This 
implies that along the bedding planes, the pore network evolves 
primarily through the continuous generation of new pores, driven 
by the laminated distribution of organic matter, rather than the 
complex merging process observed vertically. It can be inferred 
that the distinct horizontal lamination restricts thermal expansion 
predominantly to the vertical axis, thereby shielding the parallel-
to-bedding structural defects from direct overburden compres-
sion. Consequently, pyrolysis-induced microfractures along hori-
zontal interfaces are readily preserved and continually multiplied.

This anisotropy is further highlighted by the behavior of 
fracture-like pores under high-temperature conditions. In the H

direction, although the relative proportion of regular elongated 
pores fluctuates between 8.3% and 10% (Fig. 12(c)), their number of 
regular elongated pores increases steadily and significantly from 

171 at 25 ◦ C to 403 at 500 ◦ C (Fig. 12(d)), whose consistent number 
growth further indicates that horizontal bedding fractures act as 
preferential pathways that are better preserved against confining 
stress. In contrast, the V direction exhibits instability that the 
number of regular elongated pores stagnates and even slightly 
reduces from 307 at 300 ◦ C to 300 at 400 ◦ C before rising again 
(Fig. 12(b)). Consequently, the horizontal evolution is cumulative 
and stable, facilitating the sustained development of planar flow 

channels, whereas the vertical fractures are more sensitive to 
closure or deformation due to overburden pressure or clogging by 
residues from pyrolysis, resulting in a more dynamic and tortuous 
evolution of the vertical pore system.

4.1.3. Conceptual model development
To systematically synthesize the complex and anisotropic 

mechanisms in V and H directions, a conceptual evolution path 
model is proposed in Fig. 13. This model visually encapsulates the 
divergent trajectories of seepage capacity and morphological
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complexity across heating stages. In the V direction, the process is 
fundamentally discontinuous: early dehydration shrinkage gives 
way to intense pore coalescence—causing the drop in L-SC pores 
and a spike in seepage capacity, followed by late-stage secondary 
cracking where massive generation of simple gas bubbles artifi-
cially dilutes the fracture proportion. Conversely, the H direction 
exhibits a highly continuous and cumulative evolution. Governed 
by the laminated organic matter distribution, kerogen pyrolysis 
and subsequent bitumen volatilization drive a relentless, mono-
tonic proliferation of L-SC pores. Although high-efficiency hori-
zontal fractures (elongated pores) are successfully generated and 
preserved, their statistical proportion is ultimately diluted by the 
sheer volume of newly formed nanopores. This comprehensive 
theoretical framework somewhat exhibits the intrinsic relation-
ship between microscopic structural transformations and macro-
scopic seepage behavior during thermal upgrading.

4.2. Fractal characterization of pore structure complexity

4.2.1. Fractal dimension (D)
The fractal dimension (D), based on the measurements of S 

and C, is employed to quantitatively characterize the roughness 
of pore boundaries and the complexity of their geometry 
throughout thermal evolution. Herein, all the plots of log S 
versus log C for samples in both V and H directions demonstrate 
distinct and strong linear correlations in their distribution with 
correlation coefficients (R 2 ) consistently exceeding 0.95, as pre-
sented in Fig. 14. The calculated D values are summarized in 
Fig. 15.

The evolution of D reveals a striking anisotropic phenomenon. 
Across the entire temperature range, the D in the horizontal di-
rection (D H ) is consistently higher than that in the vertical direc-
tion (D V ) (Fig. 15), indicating that the pore system along the 
bedding-parallel planes (H) inherently possesses lower uniformity 
of the pore size distribution, likely attributed to the heteroge-
neous, laminated distribution of organic matter and clay minerals 
(Ji et al., 2026). Anisotropically, D V exhibits a continuous upward 
trend, whereas D H displays a fluctuating pattern among

sequentially increasing-then-decreasing. In the V direction, the 
continuous increase in D correlates strongly with the progressive 
shift from simple storage pores to complex fracture networks 
(Fig. 12(a) and (b)). Although the absolute count of L-SC pores 
fluctuates in Fig. 10(b), the morphological transformation dictates 
the complexity. As seen in Fig. 12(a), the proportion of simple 
pores declines steadily: near-circular pores drop from 18% at 25 ◦ C 
to 12.5% at 500 ◦ C and sub-circular pores from 42.9% to 38.1%. 
Conversely, the proportion of geometrically complex pores rises 
continuously: transitional pores increase from 26% to 31.9%, reg-
ular elongated pores from 7.3% to 11.2% and complex irregular 
pores from 5.8% to 6.3%. Even during the 300–400 ◦ C stage where 
pore connection reduces the number of simple pores (Fig. 12(b)), 
the surviving pores are increasingly tortuous, and the proportion 
of regular elongated pores continues to rise (Fig. 12(a)). This sug-
gests that, the thermal evolution of pore structure complexity is 
dominated by the propagation of vertical microcracks facilitating 
the interconnection of pores in the V direction, which irreversibly 
increases the surface roughness and geometric irregularity, 
thereby driving a continuous increase in the D value. In the H di-
rection, during the 300–400 ◦ C stage, D increases aligning with the 
peak development of pore complexity shown in Fig. 12(c), where 
the total proportion of geometrically complex pores reaches its 
maximum of 47.8%. Within this peak, both the regular elongated 
pores and the complex irregular pore types exhibit their individual 
maximum proportions simultaneously, 10% and 7.7% respectively. 
The reduction during the 400–500 ◦ C stage can be explained by the 
rapid generation of simple pores. As shown in Fig. 10(d) and 12(d), 
the number of simple micropores (L-SC) and sub-circular pores 
surges drastically at 500 ◦ C. Specifically, the number of sub-
circular pores jumps from 1514 to 1897. This massive increase in 
smooth, round gas bubbles numerically overwhelms the number 
density of complex pores and fractures. Consequently, even 
though fractures still exist, their relative proportion drops (e.g., 
regular elongated falls from 10% to 8.6%, Fig. 12(c)). Since these 
new pores are geometrically simple and smooth, they lower the 
average roughness of the entire network, resulting in a final 
decrease in the D value.
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Fig. 13. Conceptual theoretical evolutionary path illustrating the anisotropic evolution patterns of pore systems in low-maturity oil shale reservoirs during in-situ heating.
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Although the baseline positive correlation between geometric 
complexity and fractal dimension is well-documented in existing 
literature (Lü et al., 2019; Xiao et al., 2023), our results provide 
novel insights into how this relationship dynamically responds to 
temperature. The evolution of D fundamentally mirrors the 
competition between two thermally induced mechanisms. In the V

direction, the continuous thermal propagation of microcracks 
completely dominates, irreversibly driving D upward. Conversely, 
in the H direction, the initial generation of complex interconnected 
channels is eventually numerically overwhelmed by the massive 
secondary generation of perfectly smooth gas bubbles at 500 ◦ C, 
causing an anomalous structural simplification and a
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corresponding drop in D. This anisotropic, temperature-dependent 
fluctuation uniquely highlights the complexity of thermal 
upgrading in low-maturity oil shales.

4.2.2. Correlation between pore classification and D
We conduct Pearson correlation analysis between the fractal 

dimension (D) and the proportion of pore types defined by the 
seepage capacity and morphological classification schemes to 
identify the specific pore types driving the variation in fractal 
complexity. The results are presented as heatmaps in Figs. 16 and 
17. In terms of seepage capacity (Fig. 16), the proportion of L-SC 
pores exhibits a positive correlation with D, whereas the M-SC and 
H-SC pores show a negative correlation. Notably, these correla-
tions are stronger in the V direction (Fig. 16(a)) than in the H di-
rection (Fig. 16(b)) implying that the vertical pore evolution is 
strictly governed by the accumulation of L-SC pores that signifi-
cantly outpaces the development of large storage pores (Fig. 10(a)). 
The weaker correlation in the H direction is attributed to a 
decoupling effect that the simultaneous surge in both rough L-SC 
and smooth M-SC pores (e.g., M-SC count rising from 357 to 530, 
Fig. 10(d)) disrupts correlations based solely on size.

Regarding the morphological classification (Fig. 17), D exhibits a 
negative correlation with simple pores (near-circular and sub-

circular) and a positive correlation with complex ones (transi-
tional, regular elongated and complex irregular) in both directions. 
However, the dominant pore types differ significantly. In the V 
direction (Fig. 17(a)), the negative correlation with near-circular 
pores and the positive correlation with regular elongated pores 
are strongest and most significant, which aligns perfectly with the 
morphological evolution in Fig. 12(a), where the proportion of 
regular elongated pores continuously rises from 7.3% to 11.2% 
while near-circular pores decline from 18% to 12.5%. This confirms 
that the monotonic rise of D V is dictated by the stress-induced 
propagation of vertical fractures. To the contrary, in the H direc-
tion (Fig. 17(b)), the transitional pores exhibit the highest corre-
lation significance, while the relevance of regular elongated pores 
is lower than that in the V direction due to the previously 
mentioned decoupling. Although complex irregular pores show 

higher significance in the H direction, the massive influx of smooth 
sub-circular pores at 500 ◦ C surges from 1514 to 1897 (Fig. 12(d)) 
and leads to a forced decline in the proportion of regular elongated 
pores. Therefore, the transitional type pores which bridge the gap 
between pores and fractures shows the strongest statistical tie to 
the D in the horizontal plane.

4.3. Applications and advantages of the proposed classification 
frameworks

4.3.1. Engineering implications for in-situ thermal upgrading of 
low-maturity oil shale

Although the theoretical association between microscopic pore 
evolution and macroscopic seepage capacity has been widely 
recognized, its ultimate value lies in guiding the engineering 
optimization of low-maturity oil shale in-situ conversion. The 
proposed quantitative classifications, combined with fractal 
analysis, offer a robust petrophysical foundation for evaluating 
fluid migration, predicting permeability evolution, and optimizing 
field-scale thermal upgrading strategies. Firstly, the dynamic 
tracking of the SC classification directly serves as a proxy for 
permeability evolution. Our findings reveal that the formation of 
effective permeability is not a linear process. The critical flow 

regime transition where isolated L-SC pores coalesce into
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Fig. 15. Variation in fractal dimension (D) with temperature.

Fig. 16. Heatmap of correlation between pore type proportion and fractal dimension 
(D) in SC classification scheme. (a) V direction, (b) H direction. Color gradient rep-
resents the Pearson correlation coefficient (r). Asterisks (*) denote the statistical 
significance level (p).

Fig. 17. Heatmap of correlation between pore type proportion and fractal dimension 
(D) in morphological classification scheme. (a) V direction, (b) H direction. The color 
gradient represents the Pearson correlation coefficient (r). Asterisks (*) denote the 
statistical significance level (p).

L.-J. Wu, W. Wang, D. Elsworth et al. Petroleum Science 23 (2026) 7169–7186

7183



connected M-SC and H-SC pores predominantly occurs in the 
300–400 ◦ C. From an engineering perspective, this indicates that 
the target formation must be reliably heated beyond this tem-
perature to successfully mobilize heavy bitumen and initiate deep 
fluid migration. Secondly, evaluating fluid migration resistance 
using morphological classification and fractal theory can help 
engineers design systems that enable hydrocarbons to flow and be 
recovered more efficiently along desired pathways within highly 
anisotropic shale formations. Finally, these microscopic insights 
suggest that blindly increasing the heating temperature may not 
yield proportionally higher fluid recovery. Instead, maintaining a 
steady optimal temperature phase (e.g., around 400 ◦ C) might 
better preserve the structural integrity of the H-SC fracture 
network while minimizing unnecessary energy consumption, ul-
timately maximizing the overall economic feasibility of the in-situ 
upgrading process.

4.3.2. Potential of expandable application
Apart from oil shale, the principal advantage of these newly 

proposed coordinate-based mapping schemes lies in their 
decoupling from specific lithologies. This portable toolkit relies 
entirely on basic geometric descriptors (C, S, Circ., AR) obtained 
through digital image analysis and demonstrates great potential 
for characterizing complex microstructural changes across a wide 
spectrum of subsurface energy and environmental systems 
(Fig. 18). Particularly in the field of CO 2 geological storage and 
utilization (CGUS), these frameworks can be employed to quanti-
tatively track microstructural alterations of pores system induced 
by CO 2 injection. By applying the SC mapping, operators can 
distinguish whether CO 2 -brine-rock reactions enhance flow 

pathways (shifting to H-SC/M-SC) or block them through mineral 
precipitation (shifting to L-SC). Simultaneously, morphological 
mapping could reveal whether CO 2 -induced dissolution leads to 
uniform spherical enlargement or highly channelized, elongated 
fractures. Such quantitative insights directly inform critical engi-
neering parameters, including injection sustainability, storage 
capacity and long-term sealing integrity.

Additionally, the frameworks are readily adaptable to other 
emerging domains, such as underground hydrogen storage (UGS) 
and enhanced geothermal systems (EGS). In UGS, the low viscosity 
and high diffusivity of hydrogen impose stringent requirements on

pore connectivity and seepage efficiency. Repeated injection/ 
withdrawal cycles may alter pore geometry and seepage efficiency 
- changes that can be systematically categorized using the pro-
posed morphological and SC criteria to evaluate reservoir stability 
and cycling performance. In EGS, the evolution of fracture net-
works under thermo-hydro-mechanical-chemical forcings can be 
quantified to distinguishing between efficient flow conduits 
(aligned with H-SC/regular elongated pores) and inefficient or 
sealed fractures. This capability is essential for optimizing stimu-
lation strategies and predicting long-term heat extraction perfor-
mance. The frameworks, as a standardized workflow - from 

machine learning parameter extraction to dynamic map-
ping—enables a seamless translation from microscopic geometric 
observations to macroscopic field-scale performance predictions 
across diverse applications.

5. Conclusions

This study provides an alternate quantitative classification of 
the multiscale evolution of pore structure in low-maturity oil shale 
during in-situ thermal treatment. We use high-resolution FE-SEM 

imaging coupled with a machine learning-aided segmentation 
workflow. The main conclusions yielded are as follows.

By introducing pore perimeter, area, circularity, and aspect 
ratio, two novel coordinate-based classification schemes are newly 
established. The first is a seepage capacity (SC) classification 
differentiating effective flow channels (M-SC/H-SC) from storage 
spaces (L-SC), and the second a morphological classification dis-
tinguishing five pore shapes.

The thermal evolution exhibits pronounced anisotropy. In the 
bedding-normal (vertical) direction, the evolution of seepage ca-
pacity follows a non-monotonic trajectory—initial reduction, 
subsequent enhancement, and final decline. Morphological 
changes are dominated by pore coalescence at 300–400 ◦ C, which 
is evidenced by a decrease in the pore count accompanied by a 
concurrent increase in the proportion of regular elongated pores. 
In the bedding-parallel (horizontal) direction, L-SC pores increase 
continuously while M-SC pores also rise in absolute number, 
forming a mixed-growth pattern; morphologically, all pore types 
show monotonic increases in count, although a large evolution of 
smooth sub-circular pores at 500 ◦ C dilutes overall complexity.

Seepage capacity
(SC) classification

Morphological
classification

(S/C)4 Circ. & AR
L-SC | M-SC | H-SC

CGUS Standard workflow

Shale hydration &
fracturing

UGS

EGS

C O C

Injectivity
caprock integrity

H2

Working capacity
cyclic stability

Heat extraction
well stimulation

Formation damage
clay swelling

SEM image → ML extraction → Classification →
Dynamic analysis → Engineering outputs

Universal
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Bridging

Coordinate-based classification schemes

Fig. 18. Conceptual framework illustrating the broad applicability of the proposed pore classification schemes across diverse subsurface energy and environmental systems.
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The pore system along the bedding planes is inherently more 
complex than in the bedding-normal (vertical) direction (D H > D V ). 
In this vertical direction, D rises monotonically correlating strongly 
with regular elongated pores, confirming fracture-driven growth 
in complexity. In the bedding-parallel (horizontal) direction, D 
fluctuates, peaking at 400 ◦ C then declining at 500 ◦ C, correlating 
most strongly with transitional pores.

The established classification schemes, based on fundamental 
geometric parameters rather than lithology-specific properties, 
offer broad applicability to other unconventional reservoirs. They 
bridge microscopic pore geometry with macroscopic transport 
behavior, providing a generalized framework for characterizing 
anisotropic pore evolution during thermal upgrading.
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