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ABSTRACT

Organic-rich shale is a significant potential source of oil and gas that requires development through in
situ conversion technology. However, the evolution patterns of the internal three-dimensional (3D) pore
structure and kerogen distribution at high temperatures are not well understood, making it difficult to
microscopically explain the evolution of the flow conductivity in organic-rich shale at high temperatures.
This study utilizes high-resolution X-ray computed tomography (micro-nano CT) to obtain the distri-
bution of pores, kerogen, and inorganic matter at different temperatures. Combined with the pyrolysis
results for the rock, the evolution of the pore structure at various temperatures is quantitatively
analyzed. Based on three-phase segmentation technology, a model of kerogen distribution in organic-
rich shale is established by dividing the kerogen into clustered kerogen and dispersed kerogen stored
in the inorganic matter and the pores into inorganic pores and organic pores within the kerogen
skeleton.

The results show that the inorganic pores in organic-rich shale evolve through three stages as the
temperature increases: kerogen pyrolysis (200—400 °C), clay mineral decomposition (400—600 °C), and
carbonate mineral decomposition (600—800 °C). The inorganic pores porosity sequentially increases
from 3% to 11.4%, 13.1%, and 15.4%, and the roughness and connectivity of the inorganic pores gradually
increase during this process. When the pyrolysis temperature reaches 400 °C, the volume of clustered
kerogen decreases from 25% to 12.5%. During this process, the relative density of kerogen decreases from
9.5 g/cm® in its original state to 5.4 g/cm?, while the kerogen skeleton density increases from 1.15 g/cm>
in its original state to 1.54 g/cm>. Correspondingly, 7%—8% of organic pores develop within the clustered
kerogen, accounting for approximately 50% of the volume of clustered kerogen. In addition, approxi-
mately 30% of the kerogen in organic-rich shale exists in the form of dispersed kerogen within inorganic
matter, and its variation trend is similar to that of clustered kerogen, rapidly decreasing from 200 to
400 °C and stabilizing above 400 °C. The results of this study provide an essential microscopic theoretical
basis for the industrial development of organic-rich shale resources.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

As technology rapidly advances, energy issues have become
barriers to the rapid development of global productivity. The
traditional energy industry is committed to exploring new methods
of obtaining energy (Na et al.,, 2012; Hu et al., 2022; Li et al., 2022).
Organic-rich shale, which is a widely distributed and globally
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abundant unconventional energy resource (Qian et al., 2006; Knaus
etal, 2010; Niu et al., 2013; Han et al., 2014), is a potential source of
oil and gas. In China, organic-rich shale reserves are abundant (Liu
et al., 2006; Wang et al., 2012; Zou et al., 2012), with proven re-
serves reaching trillions of barrels. However, the difficulty and high
cost of extraction mean that large-scale development still requires
disruptive technological support (Liu and Liu, 2005).

Organic-rich shale is a heterogeneous, dense, sedimentary rock
that is rich in organic matter (Sun et al., 2014). It has a very low
original porosity comprising mostly micropores and mesopores
with poor connectivity, resulting in very low permeability and
posing significant challenges for hydrocarbon extraction (Liu et al.,
2023). To address these challenges, in situ pyrolysis is interna-
tionally recognized as a promising method of exploitation (Kang
et al.,, 2020; Zhao and Kang, 2020; Guo et al., 2022, 2023; Yang
et al, 2023), and this method involves heating underground
organic-rich shale reservoirs to induce the thermal decomposition
of kerogen into oil and gas, which can greatly improve the transport
capacity of organic-rich shale.

Inorganic matter (IOM) develops secondary pores and fractures
during in-situ high-temperature pyrolysis. Meanwhile, kerogen
pyrolysis not only generates oil and gas but also forms numerous
organic pores (OP). These newly formed pore structures constitute
multi-scale storage spaces, providing effective pathways for hy-
drocarbon migration and thus enhancing the transport capacity of
organic-rich shale to some extent. Given the pivotal role of the
internal pore structure of organic-rich shale in hydrocarbon
resource development and pyrolysis processes, accurate and in-
depth quantitative and qualitative characterization of it is of great
importance. This helps us comprehensively understand the char-
acteristics of organic-rich shale reservoirs, providing a solid scien-
tific basis for reservoir development and revealing the deep
mysteries of organic-rich shale pyrolysis mechanisms, offering
powerful theoretical support for optimizing pyrolysis processes and
increasing hydrocarbon production.

Micro-computed tomography (micro-CT) offers non-
destructively high-resolution imaging of specimen microstruc-
tures (Kang et al., 2017; Zou and Sun, 2020). It has been widely used
to study the internal structure of organic-rich shales (Tiwari et al.,
2013; Rabbani et al., 2017; Saif et al., 2019; Lin et al., 2022; Zhan
et al,, 2022). However, these studies overlooked the characteriza-
tion of kerogen, a crucial component in organic-rich shale. Huang
et al. (2021) proposed a three-phase segmentation method based
on the traditional two-phase segmentation approach (segmenting
data images into pores, kerogen, and matrix) to analyze changes in
kerogen content during the pyrolysis of organic-rich shale. Yet, they
did not conduct further research on kerogen.

Some studies indicated that as pyrolysis progresses, a consid-
erable amount of kerogen residue persists in organic-rich shale,
and numerous nanoscale pores develop within this kerogen (Saif
et al., 2017; Lei et al., 2021). However, due to the current limita-
tions in CT technology precision, even the most advanced CT
equipment cannot accurately capture these OP structures within
kerogen. Consequently, in previous CT studies, kerogen was often
simplified as a compact solid phase, and the evolution of its internal
pores was severely neglected. Furthermore, these studies primarily
focused on kerogen clusters that CT technology could identify while
lacking sufficient attention to the fine and dispersed kerogen (DK)
within clay intercalations.

This study establishes a model and characterization method for
the distribution of kerogen and pores in organic-rich shales. Based
on traditional three-phase segmentation, kerogen in the organic-
rich shale is divided into clustered kerogen (CK) and DK, and the
pores are divided into IOP and OP. CT can directly determine the CK
and IOP, whereas the OP in the CK and DK in the IOM need to be
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quantitatively obtained by combining rock pyrolysis analysis with
the density of the KS. This method is used to systematically study
the evolution of the pore structure during the pyrolysis of organic-
rich shale.

2. Materials and methods
2.1. Organic-rich shale specimens

In this study, organic-rich shale specimens were carefully
selected from the Huadian deposit in the Songliao Basin of Jilin
Province. The organic-rich shale from the Huadian Basin presents a
spectrum of colors, including gray-brown, brownish-gray, and
black, with a dense, blocky texture and a characteristic shell-like
fracture. It leaves a brown streak when rubbed and can be ignited
with a naked flame, indicating its rich organic content. The rock is
replete with various fossilized remains of both plant and animal
origins as well as plant debris (Wang et al., 2005).

The organic-rich shale in the Huadian Basin is found at relatively
shallow depths, ranging from 0 to 500 m, and is celebrated for its
high oil yield of between 8% and 13%. It also exhibits a commend-
ably low ash yield, ranging from 52.97% to 62.10%. These charac-
teristics categorize it as a superior-quality organic-rich shale
deposit (Wang et al., 2005), particularly in the industrial context. It
is recognized for its low ash and high oil content, which endow it
with substantial value for development and utilization.

The principal minerals in the Huadian organic-rich shale include
quartz, dolomite, illite—smectite mixed layers (I/S), calcite, and
pyrite. Notably, clay minerals such as illite, and I/S are found in
higher concentrations. Details of the mineral composition are
presented in Table 1, which provides a comprehensive accounting
of the constituents of the organic-rich shale.

To minimize the influence of the inherent heterogeneity of the
organic-rich shale on the pyrolysis experiments and CT scanning,
the specimens for this study were carefully selected from a uniform
stratum within a single organic-rich shale block. The specimens
were then processed into granules with a mesh size of 10—20,
providing a standardized form for the experiments.

The granulated organic-rich shale specimens were carefully
separated into seven equal groups of 40 (+0.1) g to ensure consis-
tency across all experimental conditions. Each group was subjected
to a controlled drying process in an oven maintained at 80 °C for
12 h.

Following the drying process, the specimens were sealed in
individual bags to maintain their integrity and prevent environ-
mental factors from affecting their composition before the experi-
ments. This rigorous preparation protocol was critical to ensure the
reliability and reproducibility of the outcomes of both the pyrolysis
experiments and the CT scanning analysis.

2.2. Distillation experiments with organic-rich shale at different
temperatures

The experimental setup and procedure for pyrolysis, as depicted
in Fig. 1, were described in our previous research (Xu et al., 2021).
First, the gas tightness of the apparatus was evaluated to ensure its
integrity. Once the apparatus was confirmed to have good gas
tightness, 40 g of raw organic-rich shale was placed on a metal wire
mesh in a quartz distillation flask (inner diameter: 50 mm, height:
140 mm). The metal wire mesh ensured complete contact between
the organic-rich shale and nitrogen during pyrolysis.

Nitrogen was introduced to the reaction vessel for 30 min to
ensure a pure reaction atmosphere. Subsequently, the shale spec-
imen was heated externally at 10 °C/min from ambient temperature
(23 °C) to target temperatures of 200, 300, 400, 500, 600, 700, and
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Table 1
Mineral composition of organic-rich shale.

Mineral composition Quartz Calcite Dolomite Chlorite Illite 1/S Others

Content, % 7.36 10.82 0.25 2.31 0.21 76.2 2.85

5
2 4 /
00 R
LT

Fig. 1. Schematic diagram of the experimental device (1: N; cylinder; 2: pressure gauge; 3: mass flowmeter; 4: flow controller; 5: temperature control panel; 6: specimen; 7: metal
mesh; 8: thermal insulation cotton; 9: furnace; 10: conical bottle; 11: condenser; 12: gas collection bag).

800 °C. Upon reaching the desired temperature, the specimens were
held for 2 h to ensure a complete reaction of the kerogen within the
organic-rich shale at the given temperature. After the distillation
experiment was completed, the samples were naturally cooled to
room temperature and collected for subsequent CT scanning
experiments.

During the experiment, a thermocouple was used to monitor
and maintain the external temperature of the specimen. The in-
ternal temperature varied owing to the high-temperature decom-
position of kerogen, self-heating effects, and other reactions. The
nitrogen flow rate was maintained at 80 mL/min throughout all
experiments using a flow control device. The specimens were
labeled according to their final pyrolysis temperatures as N-200, N-
300, N-400, N-500, N-600, N-700, and N-800. High-purity nitrogen
was used in the process.

The weight changes of the specimens were recorded throughout
the experiment, as shown in Fig. 2.

The original volume of the specimen obtained in the drainage
experiment was 24.24 cm>. Assuming that the volume of the
specimens remained unchanged during the pyrolysis process, their
densities were calculated as summarized in Table 2.

2.3. Rock pyrolysis experiments

The experimental apparatus used is an OG-2000V rock pyrolysis
instrument (Oil and Gas Display Evaluation Apparatus) produced
by Shandong Jinpu Analysis Co., Ltd. (Fig. 3). This equipment is an
oil and gas display evaluation instrument developed following the
GB/T18602-2012 standard for oil fields, coal mines, geological
exploration, coalbed methane, and shale gas development. It per-
forms the functions of rock pyrolysis and analysis of the residual
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Fig. 2. Change in specimen quality during dry distillation.

Table 2
Specimen densities.

Specimen N-200 N-300 N-400 N-500 N-600 N-700 N-800
Density, g/cm®  1.63 1.55 129 1.24 1.22 1.15 1.10
carbon content.

The operational procedures and experimental materials
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Fig. 3. Rock pyrolizer.

followed the national standard (GB/T18602-2012), with measured
parameters comprising the content of residual hydrocarbons, py-
rolytic hydrocarbons, CO, generated by pyrolysis, and residual
organic carbon produced by pyrolysis. The content of hydrocarbons
in the specimens is listed in Table 3.

M =S +S5+5S; +s§°-cm/com+s§02-cm/c02m (1)

In Eq. (1), M is the Organic matter content, mg/g, S is the re-
sidual hydrocarbon content, mg/g, S, is the content of cracked hy-
drocarbon, mg/g, S3 is the CO, produced by pyrolysis, mg/g, S, is the
residual organic carbon after pyrolysis, mg/g (which can be divided
into two forms: CO and CO,), Cy, is the molecular weight of carbon,
Cop, is the molecular weight of carbon monoxide, and COp, is the
molecular weight of carbon dioxide.

The pyrolysis results indicate that the Huadian organic-rich
shale has a minimal content of residual hydrocarbons (S7), with
the oil and gas predominantly present as pyrolytic hydrocarbons
(S2). These pyrolytic hydrocarbons undergo a minor degree of py-
rolysis between 200 and 300 °C, with the principal pyrolysis taking
place in the temperature range of 300—400 °C. Above 400 °C, the
pyrolysis of S, is sufficient. After pyrolysis, the organic matter is
primarily residual in the form of S4. The residual content of S, after
the thermal decomposition of organic matter is substantial,
constituting 36.5% of the total organic matter mass. The content of
each component remains stable after pyrolysis at 500 °C, indicating
that the organic matter has undergone sufficient pyrolysis at
500 °C. Beyond 500 °C, organic matter primarily exists in the form
of residual carbon.

Metal é{ipper
e
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Table 3
Rock pyrolysis results.

Specimen  S;,mg/g S, mg/g  Simglg SO mglg  S§. mglg
N-200 067 135.12 5.14 26.09 255.82
N-300 0.92 112.76 3.75 3650 256.94
N-400 0.66 1.51 2.42 3651 227.19
N-500 057 0.47 1.63 37.75 24181
N-600 038 025 1.09 3827 240.81
N-700 0.48 027 0.99 38.42 241.36
N-800 035 0.44 0.40 37.81 241.41

2.4. Micro-nano CT scanning and image analysis

2.4.1. Micro-nano CT scanning

During the micro-CT scanning experiment, the samples used
were derived from the organic-rich shale semi-coke after the
distillation process. Due to the limitations of the flat panel detector
in the CT equipment, the size of the samples was strictly controlled
to a width of approximately 0.5 mm and a length of 1 mm to ensure
high-resolution data and maximize the imaging range. The scan-
ning experiment was conducted under ambient temperature and
pressure conditions.

The experimental procedure employs a Sanying nanovoxel-
5000 series micro-CT scanner, which is a state-of-the-art imaging
tool that facilitates non-destructive, high-resolution 3D visualiza-
tion of specimens. Specimens were fixed onto a metallic clamping
device which is affixed to a rotational stage through a ball-and-
socket joint (Fig. 4). llluminated by a micro-focus X-ray source,
the X-rays traverse the specimen to capture density information
that is projected onto a detector. The photosensitive components of
the detector transform this information into visual data. Acquisition
of images from multiple angles generates a composite 3D image
through software reconstruction. The scanner maintains a high
pixel resolution and delivers accurate quantitative analysis.

The pixel detail resolution shows the physical dimension rep-
resented by a single pixel in the CT image, whereas the spatial
resolution represents the ability of the scanner to discern minor
distinguishable geometric details within the image. The imaging
area is an expansion of the photosensitive region of the detector,
and the pixel matrix represents the density of these photosensitive
points. Detailed specifications of the CT scanner are listed in Table 4.

When executing scanning tasks, several parameters are of
particular importance, including the voltage, current, source-to-
object distance (SOD), source-to-detector distance (SDD), expo-
sure time, image merge count, and scan frame number. These pa-
rameters are crucial for optimizing the scanning process to achieve
the desired image quality and resolution. The scanning parameters

Radioactive
source

Fig. 4. Specimen and equipment interior photos.
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Table 4
Device-dependent parameters.
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Pixel detail resolution
Spatial resolution
Type

Maximum voltage
Imaging area

Pixel matrix

Resolution

X-ray source

Flat panel detector

Specimen
Specimen bearing

Equipment size
Equipment weight

Physical parameters of equipment

Specimen size that can be detected

200 nm

500 nm

Open tube transmission (microfocus/nanofocus)
240 kv/160 kV

427 mm x 427 mm

3072 x 3072

600 mm x 600 mm

25 kg/100 kg

2770 mm x 1540 mm x 2040 mm

4500 kg/8000 kg

used in this study are listed in Table 5. A monochromatic X-ray
beam energy of 60 kV was used with the beam filtered by
Aluminum filters. The exposure time for projection was 16 s and
there were 1440 projections in total for each scan with a field of
view of 0.88 mm x 0.62 mm, The acquisition time for each scan was
4 s with a completed voxel size of 0.35 x 0.35 x 0.35 um°>. The
sample was positioned 2.73 mm away from the X-ray source and
380 mm away from the flat panel detector.

The voltage level determines the penetration power of the X-
rays. The higher the voltage, the greater the penetrating ability will
be. Because the specimens in this study are small and have rela-
tively low density, a lower voltage setting is selected to extract
sufficient material information. The current level dictates the
output power of the X-rays; the exposure time is the duration of
irradiation required for each two-dimensional projection image.
The longer the exposure time, the more precise the digital radi-
ography (DR) image will be. The image merge count indicates the
number of images combined to form a single DR image. The higher
the image merge count, the longer the irradiation time and the
higher the image precision will be. The scan frame number refers to
the quantity of images output as the specimen rotates by 360°. The
higher the scan frame number, the greater the image precision will
be.

In terms of image reconstruction, this experiment used the
Voxel Studio Recon software, employing cutting-edge techniques
such as the Filtered Back Projection (FBP) algorithm and Iterative
Reconstruction Algorithms (IRA) to efficiently process two-
dimensional projection data. Subsequently, precise corrections
and optimizations were implemented to obtain high-quality 3D
data, effectively mitigating beam hardening effects and enhancing
image clarity. To address potential misalignments between the
sedimentary bedding plane of the organic-rich shale and the co-
ordinate plane, a coordinate transformation was executed, aligning
the sedimentary bedding plane of the organic-rich shale digital
core perpendicular to the XOY plane of the three-dimensional co-
ordinate system. To enable comparisons among diverse samples,
we randomly selected four cubic volumes, each measuring
700 x 700 x 700 voxels, from each 3D CT image of the organic-rich
shale cores for detailed analysis.

In this study, there is a limitation in the experimental design
that may affect the universality and interpretability of our results.
The samples used in the scanning experiments were cooled to room
temperature before scanning. There are inevitable differences in
pore structure characteristics between these samples and those
under high-temperature conditions. Although some studies (Lu
et al., 2023) on thermal damage to shale under high temperatures
indicate that the natural cooling method used in this study has

Table 5
Key CT scanning parameters.

minimal impact on the structure of the shale sample, the differ-
ences require further investigation.

2.4.2. CT image analysis

This study employed the Avizo software to process the original
grayscale CT images with 16-bit unsigned binary data. The seg-
mentation method is based on a three-phase segmentation (Huang
et al,, 2021), dividing the specimen images into inorganic matter,
organic matter, and pores, which correspond to IOM, CK, and IOP in
this study. The primary basis for segmentation is the grayscale
gradient of the CT images (Fig. 5). The intensity of the gray values in
CT images is directly related to the material density, with higher
gray values (which appear brighter in the images) indicating higher
material density. Therefore, theoretically, a reasonable selection of
the gray value threshold can allow for the separation of compo-
nents with different densities in the grayscale images. The specific
operations of the three-phase segmentation method are as follows.

(1) Binarize the original grayscale CT image based on the Inter-
active Thresholding module. By adjusting the parameter
(where the parameter adopted is associated with the gray-
scale of the pixels) of the module ports, an appropriate
threshold was searched to separate the foreground (target)
from the background, thereby achieving image binarization.
In the binarized image, colorless regions represent areas of
no interest and are assigned a value of 0, while colored re-
gions represent regions of interest and are assigned a value of
1. This step preliminarily distinguishes pores and CK based
on grayscale gradients.

(2) Binarize the original CT grayscale image based on the Black
Top-Hat Transform method. This method works by per-
forming a closing operation, which includes dilation fol-
lowed by erosion, to expand bright areas and fill gaps. This
makes the bright regions more continuous. Then, the original
image is subtracted from the closed image. The subtraction
highlights changes in dark areas, such as shadows or low-
reflectance regions, making them more prominent and
easier to analyze. The Kernel size decides the dimensions of
the convolution filter. In the process of binarization in this
paper, the Kernel size is 13 x 13. It determines the extent of
the area over which the operation is applied. This step can
extract small pores that are not obvious in the image.

(3) Overlay the large pores obtained in step (1) with the small
pores obtained in step (2) and calculate the new gray value of
the image at each pixel according to the principle 0 + 0 = 0,
0+ 1=1,and 1 + 1 = 1. Through this step, IOP can be finally
identified.

V, kV LA SOD, mm SDD, mm

Exposure time, s

Image merge number Scan frame count

60 1.5 273 380

4

4 1440

2343



C.-E Zhu, T-L. Zhang, ].-E. Pan et al.

6000 4000

400

600 40

0P

N-200

N-400

Petroleum Science 22 (2025) 2339—2352

20000

2000

200

0P

20

N-600

Fig. 5. CT local grayscale image.

It is important to emphasize that the rays passing through the
pores are partially absorbed by the pore walls owing to the ab-
sorption of X-rays by high-density materials. This property signif-
icantly affects small pores, leading to a higher grayscale value for
small pores. Therefore, based on traditional threshold segmenta-
tion, a local brightness difference segmentation method is used,
which extracts small pores based on the grayscale difference of the
local image.

3. Results and discussion
3.1. IOP characterization

3.1.1. Three-dimensional characterization of IOP

Temperature significantly influences the evolution of pores and
fractures in organic-rich shales; these pores and fractures serve as
the primary conduit for the migration of kerogen pyrolysis prod-
ucts. When high-temperature nitrogen gas is used as a heat carrier
for in situ heating of organic-rich shale, its ability to penetrate the
rock directly affects the allowable heating range and the oil and gas
conversion rate. Fig. 6 illustrates the distribution of pores and
fractures within the organic-rich shale, showing a microscopic
three-dimensional model of the pores. At 200 °C, the organic-rich
shale contains relatively few pore structures, with a minor pro-
portion of pores mainly consisting of fractures developed along the
bedding planes (accounting for 40% of the IOP). The pores in CK
develop significantly at a pyrolysis temperature of 300 °C, forming
the central part of the IOP structure. At a pyrolysis temperature of
400 °C, a large number of secondary fractures appear in the
organic-rich shale owing to thermal stress (occupying 7.9% of the
total volume); these secondary fractures are primarily distributed
along the bedding planes and connect the pores and fractures
caused by CK pyrolysis, thus greatly expanding the reach of high-
temperature gases. After pyrolysis at 500 °C, the fractures expand
(occupying 9.3% of the total volume), and the number of small pores
decreases (down 22% from N-400). According to a study by Sun
(Sun, 2013; Wang et al., 2013), when the retorting temperature
exceeds 500 °C, the clay minerals in the organic-rich shale (such as
kaolinite) will begin to pyrolyze, and the layered structure of the
clay minerals will deteriorate, resulting in a reduction in the pore
bedding structure. When the retorting temperature reaches 800 °C,
the layered structure is further reduced, and the study indicated
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that carbonate minerals will pyrolyze extensively after heating to
800 °C (Sun, 2013; Wang et al., 2013), causing the pore structure to
collapse and the bedding structure to weaken further.

Fig. 7 illustrates the trend in the IOP content in the organic-rich
shale during the heating process. The IOP in the organic-rich shale
mainly exhibits an increasing trend during pyrolysis, which can be
divided into two stages. From 300 to 400 °C, the kerogen in the
organic-rich shale begins to pyrolyze, leading to changes in the
pore structure. When the temperature exceeds 400 °C, the main
factors increasing the IOP porosity are cracking along the bedding
surface and the decomposition of inorganic minerals.

3.1.2. Pore size distribution

To further explore and quantify the evolution of the pore
structure during the pyrolysis of organic-rich shale, the equivalent
diameter and volume parameters of the pores are extracted and
plotted as pore volume growth curves. Differentiating the growth
curves yields the pore size distribution. Fig. 8 illustrates the pore
volume growth curves and pore size distribution for the IOP.
Because the pixel precision used in this study is
0.35 x 0.35 x 0.35 um° (equivalent diameter of 0.434 pm), the pore
size analysis in Fig. 8 started from 0.434 pm (434 nm).

Visual analysis reveals that the progression of the IOP volume
appears to be bifurcated at 10 pm, delineating two distinct phases.
This demarcation is mirrored in the pore size distribution graph,
which exhibits two pronounced peaks. The positioning of these
peaks corresponds to the most probable pore diameters, indicating
the pore size range with the highest frequency of occurrence, and
thus the characteristic pore diameters. The amplitudes of these
peaks indicate the relative abundance of pores.

As shown in Fig. 8, specimen N-200 is predominantly charac-
terized by small pores. Upon pyrolysis at 300 °C, a noticeable in-
crease in the quantity of small pores occurs, concomitant with an
enlargement in the pore dimensions. At 400 °C, the prevalence of
small pores reaches a peak, and the emergence of a novel peak at
50 pum indicates a substantial proliferation of pores and fractures.

As the temperature increases to 500 °C, a noticeable increase in
the number of larger pores is observed, while the peak shifts for-
ward. This shift indicates a decrease in the average pore diameter,
suggesting that the large pores within the specimen have reached a
mature state and with their sizes have reached their maximum
extent.
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Fig. 6. 3-D volume rendered image with the IOP shown in blue and fractures shown in colors (CT data dimensions: 700 x 700 x 700 pixels, with a pixel size of

0.35 um x 0.35 pm x 0.35 pm).

Between 500 and 600 °C, the pyrolysis of clay minerals leads to
the collapse of the stratified structure, resulting in a decrease in the
most probable pore diameter. This phase is marked by an enhanced
interconnectedness among small pores, with their relative quantity
gradually decreasing as the temperature increases. Beyond 700 °C,
the anterior shift in the small pore peak implies these pores have
converged into more expansive voids.

At 800 °C, the thermal decomposition of carbonate minerals in
the organic-rich shale specimen leads to a further anterior shift in
the peak position on the curve, highlighting temperature-induced
changes in the pore structure dynamics.
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3.1.3. Fractal dimension

The three-dimensional fractal dimension serves as a crucial in-
dicator for evaluating the complexity of pore structures in organic-
rich shale. It reflects the roughness of pore surfaces and their spatial
filling capacity, which is vital for understanding reservoir perme-
ability and oil/gas storage potential. Analysis of the fractal dimen-
sion enables guiding reservoir evaluation and optimization of block
development plans. In this study, fractal theory is utilized to
describe the geometric structure of pores at different pyrolysis
temperatures. The three-dimensional fractal dimension lies be-
tween 2 (exclusive) and 3 (inclusive), and the rougher the geo-
metric surface of the structure, the closer the fractal dimension
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approaches 3.

Fig. 9 shows the variation in the fractal dimension of the pores
with the pyrolysis temperature of the organic-rich shale. Combined
with the three-dimensional morphology of the pores obtained in
Section 3.1.1, it can be found that the pores are initially mainly
round. After 300 °C, owing to the pyrolysis of kerogen, many
irregular pores develop in CK, and the fractal dimension increases.
After the organic-rich shale has been pyrolyzed at 400 °C, the
developed fractures connect with the pores in CK, significantly
increasing the roughness of the pore structure. In addition, the
spatial occupancy rate of the pores increases, and the connectivity
is enhanced, which significantly enhances the range and flow
ability of the high-temperature heating medium. Above 400 °C, the
fractal dimension fluctuates around 2.62, indicating that the
complexity of the pore surface of the organic-rich shale is relatively
stable after pyrolysis at 400 °C.

This stability is important for assessing the storage capacity and
fluid transport characteristics of organic-rich shale, as it can
elucidate the potential impact of changes in the pore structure on
the efficiency of oil and gas production at different pyrolysis stages.
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Fig. 9. Variation in the pore fractal dimension with pyrolysis temperature.

3.2. CK and OP analysis

3.2.1. Distribution of CK

In Section 2.4, the triphasic segmentation technique enabled the
identification of CK within organic-rich shale through CT imaging.
Using this approach, the distribution of CK during pyrolysis at
various temperatures was determined, as illustrated in Fig. 10.

Fig. 10 shows localized threshold segmentation maps of the CK.
At 200 °C, the organic-rich shale exhibits minimal development of
primary pores, which are predominantly found within the CK. At
300 °C, the pyrolysis of kerogen, influenced by thermal stress,
forms strip-like pores in the CK, indicating enhanced pore con-
nectivity and increased permeability. With a further increase in
temperature, images at 400 °C show the development of fractures
along stratigraphic planes, connecting with flake-like pores within
the CK. This results in increased permeability for high-temperature
gases along the stratification direction and a marked enhancement
in the mobility of kerogen pyrolysis products. At 500 °C, the
decomposition of clay minerals initiates the collapse of the strati-
graphic structure, producing a noticeable increase in the volume of
pores in the CK. At 800 °C, the pyrolysis of carbonates results in a
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Fig. 8. Pore volume growth curves and pore size distribution of the IOP.
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Fig. 10. Raw 2-D grayscale images and segmented image with CK shown in green.

reduction in the number of small pores, further expansion of
existing pores, and the emergence of tadpole-shaped mineral
dissolution pores.

3.2.2. OP analysis

In traditional research, scholars have defined the visible pores
within kerogen which can be detected by electron microscopy as
organic pores. These pores exist at the nanoscale and are too small
to be detected by even the most advanced CT technologies.
Therefore, in previous studies, kerogen has often been regarded as a
dense solid phase material, with the evolution of its internal pore
structure being overlooked. This study innovatively proposes an
analysis method for the internal organic pores of kerogen based on
micro-nano CT technology.

Building on previous research, this study abstracts kerogen as a
porous skeleton structure. Suekuni et al.'s research used helium
pycnometry to quantify the changes in kerogen skeleton density
with increasing maturity (Suekuni et al., 2022). The results showed
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that as maturity increases, the internal skeleton density of kerogen
gradually rises. In contrast, Vasileiadis et al.'s research indicated
that as thermal maturity increases, the relative density of kerogen
gradually decreases (Vasileiadis et al., 2017). These two research
findings may seem contradictory, but they actually reflect different
manifestations of the kerogen maturation process at different
scales.

At the macro scale, the maturation of kerogen is marked by a
decrease in both volume and relative density. This phenomenon
occurs as oil progressively separates from the kerogen structure,
resulting in an overall reduction in volume and a subsequent
decline in relative density. Conversely, at the micro-scale, kerogen
maturation is characterized by the separation of light components,
the condensation of heavy components, and a notable increase in
the density of the kerogen skeleton. During this process, the in-
ternal pore structure of kerogen undergoes complex changes,
including the formation, expansion, contraction, and even disap-
pearance of pores.
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To comprehensively analyze the evolution of internal organic
pores in kerogen, this study combines micro-nano CT technology
with previous research findings. The specific operational steps are
as follows.

(1) Established a linear relationship between image grayscale
and density based on the principle that CT image grayscale is
linearly related to relative density,

Vasileiadis et al. (2017) reported that the relative density of
kerogen decreases as the pyrolysis temperature increases. This
phenomenon can be observed in the CT images, where the gray
gradient between the CK and IOM increases. To quantify this phe-
nomenon, this study uses the principle that the X-ray absorption
capacity of a substance varies with its density to analyze the rela-
tive density of kerogen based on the gray value of the CT images.
Coshell et al. (1994) reported a robust positive linear correlation
between CT values and volumetric density. Using this finding as a
foundation, we adapted the CT analysis method typically used for
bone density to acquire the average CT values for the specimen and
CK using image-processing software. Employing Eq. (2), we estab-
lished a relationship between the relative density of kerogen and
the CT image grayscale. The results reveal how the relative density
of kerogen varies with temperature. In Eq. (2), the ratio of the
specimen density to the average CT value of the specimen repre-
sents a linear correlation between the density and CT value, and the
relative density of kerogen is derived from the CT values of the CK.
The results are summarized in Table 6. Fig. 11 shows the results in
combination with the volumetric content of CK obtained in Section
3.2.1.

*H;
pct:pSHS k (2)

In Eq. (2), pet is the relative density of CK, g/cm?; ps is the
specimen density, g/cm>; Hy is the CT value of CK; and H; is the
average CT value of the specimen.

The results indicate that the volume content of CK in the
organic-rich shale gradually decreases with the progress of pyrol-
ysis, and the main volume loss occurs between 300 and 400 °C. This
suggests that the pyrolysis reactions of kerogen primarily occur
between 300 and 400 °C. Furthermore, as the temperature in-
creases, the oil and gas are volatilized, leading to a gradual decrease
in the relative density of the kerogen. The pyrolysis of kerogen is a
complex reaction accompanied by an increase in volume and a
reduction in density.

(2) Correlate the maturity of kerogen in samples at different
temperatures with the research results of Suekuni to obtain
the skeletal density of kerogen.

Kerogen has a porous structure supported by an organic skel-
eton with internal pores that are mostly nanoscale micropores and
mesopores (Shi et al., 2024). As the pyrolysis temperature increases,

Table 6

CK relative density and related parameters.
Specimen H P, glcm® Hy
N-200 4763.57 1.63 2815.55
N-300 9961.61 1.55 5825.56
N-400 4234.75 1.29 2025.10
N-500 12387.31 1.24 5991.90
N-600 12683.70 1.22 6307.68
N-700 7532.02 1.15 3707.69
N-800 3636.27 1.10 1790.56
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volatile light components are released, leaving behind the heavier
components that constitute the skeleton, which ultimately remain
as fixed carbon. Suekuni et al. (2022) identified the relationship
between KS density and thermal maturity. Liu (2022) described the
pattern of maturity in Huadian organic-rich shale with increasing
pyrolysis temperature. Based on these studies, the KS densities of
the specimens were obtained at different pyrolysis temperatures,
as shown in Fig. 12.

(3) Calculate the organic pore content within kerogen by the
difference between the relative density and skeleton density
of the same volume of kerogen. The calculation method is
shown in Egs. (3) and (4).

_ Vk “Pks — Vk “Pet

%o Pis Vs

3)

Ve, :% (4)

S

where pis is the KS density of kerogen, g/cm?; ¢, is the porosity of
organic pores, %; Vi is the CK volume, cm®; and Vg, is the OP vol-
ume, cm>/g.
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Fig. 12. Kerogen skeletal density with pyrolysis temperature.
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Fig. 12 shows that at 300—400 °C, the pyrolysis of heavy hydro-
carbons leads to a rapid decrease in the volume and relative density
of kerogen. As the thermal maturity increases, the skeletal density of
the specimens increases rapidly, indicating that this stage is the main
developmental phase for OP within the kerogen (Fig. 13). Above
500 °C, as the pyrolysis of kerogen is completed, the OP porosity
tends to become relatively stable. Above 700 °C, a slight decrease in
the relative density of kerogen is observed, which may be attributed
to the reaction of CO, produced from the pyrolysis of carbonate
minerals with the internal carbon skeleton of the kerogen.

Incorporating the inorganic porosity from Section 3.1.1, the total
pore content variation of the organic-rich shale during pyrolysis is
predominantly governed by OP. When the temperature reaches
400 °C, the kerogen is sufficiently pyrolyzed, and oil and gas are
volatilized, leading to the development of a significant number of
organic pores within the kerogen. Additionally, owing to the ag-
gregation of kerogen and the development of fractures, the IOP
content increases and exceeds that of the OP, becoming the main
part of the pore structure. Above 400 °C, the pyrolysis of kerogen
concludes, and its internal structure becomes relatively stable. At
this stage, the OP is fully developed, maintaining a porosity of
approximately 7%—8%, which accounts for approximately 50% of
the CK volume. Furthermore, owing to the development of frac-
tures under thermal stress and the pyrolysis of inorganic minerals,
the porosity of IOP gradually increases with the increasing pyrolysis
temperature, reaching approximately 15% at 800 °C (Fig. 14).

3.3. IOM and DK analysis

3.3.1. Three-dimensional characterization of IOM

IOM, kerogen, and moisture are the main components of
organic-rich shale; kerogen is the predominant form of organic
matter, and the IOM has a complex composition. This study utilized
micro-nano CT to explore the internal changes in the IOM of
organic-rich shale, obtaining three-dimensional characterization
images of the IOM (Fig. 15) and determining the changes in the IOM
content (Fig. 16). It can be observed that during the pyrolysis pro-
cess, the volumetric content of IOM changes little, and the minor
variations are mainly due to specimen differences. Because of the
limited precision of CT, it is impossible to accurately distinguish
inorganic minerals and their three-dimensional structural pyrolysis
mechanisms based on density differences. It is only possible to
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Fig. 13. Porosity variation of organic pores.
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investigate the impact of inorganic mineral pyrolysis on the
porosity by relating it to previous research and changes in the IOP
(refer to Section 3.1.2).

By incorporating the results from rock pyrolysis experiments, it
can be observed that the measured kerogen content exceeds the
amount identified by the CT image analysis. This discrepancy sug-
gests that CT image segmentation techniques cannot fully extract
the total kerogen content of the specimens. Consequently, it is
inferred that while a significant portion of the kerogen is present in
clustered forms, a fraction of the kerogen is dispersed throughout
the IOM.

3.3.2. DK content analysis

Electron microscopy image Fig. 17 shows that there are a large
number of clay minerals and kerogen interlayers inside the Hua-
dian sample, and the thickness of these interlayers is much smaller
than the detection accuracy of CT. According to the CT imaging
principles (1. Each pixel represents the average density of that area;
2. High-density materials can interfere with X-rays), the grayscale
of the kerogen/clay interlayers can be significantly higher than that
of the CK, due to the significant differences in density characteris-
tics between these mixed layers and CK. Similarly, in the CT images
in Section 3.2.1 (Fig. 10), it is observed that the grayscale value in
the area surrounding the CK is higher than that of the CK but lower
than that of the IOM. We believe that this is a mixed layer of
kerogen and IOM.

This detail, which has not been taken into account in previous
studies, is crucial for accurately interpreting CT images and un-
derstanding the evolution of the kerogen.

To characterize the DK content in the kerogen/clay interlayers,
the storage coefficient, K, is introduced to represent the mass ratio
of DK to CK as follows:

K:Mk/pct_ Vl( (5)
Vk

where K is the storage coefficient.

Fig. 18 shows the temperature-dependent variation in the
storage coefficient for organic-rich shale. The results suggest that
approximately 30% of the kerogen in Huadian organic-rich shale is
present as DK within IOM. The plot indicates that with increasing
pyrolysis temperature, the storage coefficient, K, tends to decrease,
following a similar pattern to the kerogen content curve. This may
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Fig. 15. 3-D volume rendered image with the IOM shown in blue (CT data dimensions: 700 x 700 x 700 pixels, with a pixel size of 0.35 pum x 0.35 pm x 0.35 pm).
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be due to the minor differences in the chemical composition of DK
compared to CK, leading to a higher quality of oil and gas generated
during pyrolysis.

Based on the above analysis, this study establishes a model for
the distribution of kerogen and pores in organic-rich shales (Fig. 19)
and its characterization method. Building on traditional three-
phase segmentation, the kerogen within the organic-rich shale is
divided into CK and DK, with pores categorized as inorganic and
organic. CT can be used to measure CK and IOP directly. In contrast,
OP and DK must be quantitatively obtained by combining rock
pyrolysis analysis with the density of the KS. The volume content of
each model part changes during pyrolysis, as shown in Fig. 20.

4. Conclusion

In this study, high-resolution micro-nano CT scanning coupled
with a triphasic segmentation approach is used to analyze the 3D
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pore structure, kerogen distribution, and IOM in organic-rich shale
specimens over a range of temperatures. By combining rock ther-
mal decomposition and kerogen physicochemical characteristics,
this study establishes the evolution of the organic and inorganic
porosities of organic-rich shale with temperature. A considerable
amount of DK is present within the IOM, and the pyrolytic behavior
of CK and DK within the organic-rich shale is also elucidated. The
principal results are summarized as follows.

(1) The evolution of IOP during the pyrolysis process of organic-
rich shale is divided into three stages. From 200 to 400 °C, the
pyrolysis of kerogen generates a large number of pores, and
fractures are produced along the weak stratigraphic planes
due to thermal stress, causing the IOP porosity to increase
from 3% to 11.4%. From 400 to 600 °C, thermal decomposition
of clay minerals occurs, leading to the collapse of larger pores
and a reduction in the layered structure. As a result, the
content of smaller pores begins to decrease, and the IOP
porosity increases from 11.4% to 13.1%. From 600 to 800 °C,
the thermal decomposition of carbonate minerals causes a
further reduction in smaller pores, with the IOP porosity
reaching 15.4%.

(2) The fractal dimension of [OP is relatively low at temperatures
of 200—300 °C, indicating that at low temperatures, the IOP
in organic-rich shale is primarily composed of pores with
high circularity. At 300—400 °C, the fractal dimension rapidly
increases and stabilizes at 400 °C, demonstrating that the
roughness and connectivity of the inorganic pores are
increased. This phenomenon is beneficial for expanding the
reach of the high-temperature media and improving the
heating efficiency of organic-rich shale reservoirs.

(3) The mass loss of CK in organic-rich shale predominantly
occurs at 300—400 °C, where the volumetric content de-
creases from 25% to 12.5%; it then remains relatively stable
above 400 °C. The relative density of CK gradually decreases
as the temperature increases from 9.5 to 5.4 g/cm3. Concur-
rently, the skeletal density of CK increases from 1.15 g/cm?> to
1.54 g/cm® with increasing pyrolysis temperature. Predomi-
nantly, OP develops within the CK, achieving an OP porosity
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Fig. 17. High-resolution electron microscope image.
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Fig. 20. Evolution of the volume content of organic-rich shale with temperature.

of 7%—8% at 400 °C, which accounts for approximately 50% of
the volume of CK.

(4) Approximately 30% of the kerogen in organic-rich shale is
present as DK within the IOM. The storage ratio, K, tends to
decrease with increasing pyrolysis temperature, following a
similar pattern to that of CK. It exhibits a decline between
200 and 400 °C and then stabilizes above 400 °C. The
chemical composition of DK varies slightly from that of CK,
leading to a somewhat higher quality of oil and gas generated
during pyrolysis.
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