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ABSTRACT: Unlike traditional shale gas reservoirs, where
organic matter pores dominate, inorganic pores are the primary
reservoir space in the Sinian (Ediacaran) high-maturity Doush-
antou dolomitic shale in western Hubei Province, China. The
inorganic pore characteristics of Doushantuo shale and its influence
on shale gas aggregation were investigated by examining the TOC
content, thermal maturity, mineralogical composition, and field-
emission scanning electron microscopy (SEM) and focused ion
beam scanning electron microscopy (FIB-SEM) of drill cores. The
results show that the shale mineral composition in the study area is primarily dolomite and plate-shaped interparticle—
intercrystalline pores associated with dolomite are widespread inorganic pores in dolomitic shale. Interparticle—intercrystalline pores
account for 75% of the total pores, with a pore size distribution mainly between 50 and 300 nm, as extracted from the 3D pore
network model (PNM). Compared with organic pores, interparticle—intercrystalline pores provide greater space for gas storage and
have a strong coupling relationship with the hydrocarbon generation and evolution of organic matter. Therefore, the inorganic pores
in the Doushantuo Formation play a vital role in the enrichment and accumulation of shale gas. This study aims to establish a
scientific basis for understanding the enrichment mechanism of shale gas in Doushantuo dolomitic shale and other inorganic pore-
dominated shales in southern China.

1. INTRODUCTION their significance in shale gas accumulation need more
investigation. Currently, the tectonic and sedimentary
characteristics of the study area have been determined, along
with the distribution and geochemical properties of the
Doushantuo shale."”'* However, there is limited research on
shale pore characteristics.

Pore research methods include fluid invasion and radiation
methods. Fluid intrusion methods, such as mercury intrusion,
low-temperature nitrogen adsorption, CO, adsorption, and
nuclear magnetic resonance, rely on molecular probes that
enter the pores.'””'® Therefore, they can measure only
connected pores. Radiation methods, such as scanning electron
microscopy, transmission electron microscopy, and small-angle
scattering, can characterize the connected and nonconnected
pores in the shale. The combination of #m-CT and nm-CT or
FIB-SEM technology can not only realize three-dimensional
imaging of pores but also quantitatively simulate fluid flow

Shale gas has gradually become an increasingly significant
component of the global energy structure. Pores play a crucial
role in storing and transporting shale gas from its storage
location to fractures, serving as the primary channel for
hydrocarbon migration and accumulation throughout geo-
logical history."”” Shale pore types are commonly classified as
interparticle pores, intraparticle pores, and organic matter
pores.’

Numerous studies have demonstrated that organic matter
pores are the primary pore type in shale gas reservoirs,
including the Barnett shale," Marcellus shale,” Woodford
shale,” Eagle ford shale,” and Longmaxi shale.® Organic matter
pores possess a large surface area and excellent connectivity,
facilitating the storage and transport of shale gas.”” In recent
years, significant advancements have been made in shale gas
exploration, particularly in the Sinian Doushantuo formation in
western Hubei, which has become a hotspot for shale gas
exploration.'”"" Previous studies have shown that the
Doushantuo shale differs from other shale gas formations, in
that it contains over 50% inorganic pores, compared to only
10% in the Longmaxi shale."” Due to the high content and
wide distribution of inorganic pores in Doushantuo Formation
shale, the main types and characteristics of inorganic pores and
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Figure 1. Geological setting of study area. (a) Structural units of the middle Yangtze in southwestern China; (b) a regional diagram of the Yichang
slope;'" (c) stratigraphic column of the Doushantuo Formation in G2 well showing sampled horizons. (Adapted with permission from [reference

11]. Copyright [2019] [Elsevier].).

characteristics in nanopores. This technique has been widely
used in tight reservoirs such as coal and shale."”~*" FIB-SEM
has advantages over other experiments in studying pore
structures at the three-dimensional nanometer scale due to its
high resolution.

This study examines the inorganic pores of Doushantuo
shale by using FIB-SEM and other methods. A pore network
model was reconstructed using Avizo software to analyze the
shape, connectivity, and pore size distribution characteristics of
inorganic pores in three dimensions. The significance of
inorganic pores in shale gas accumulation was also discussed.
This study has significance for other scholars seeking to
understand the characteristics and importance of inorganic
pores in the Doushantuo shale.

2. GEOLOGICAL SETTING AND SAMPLE

The Yichang slope study area is situated on the southeast side
of Huangling uplift, the upper Yangtze plate. During the Indo-
Chinese Movement, which took place in the late Jurassic to the
early Cretaceous period, complicated fold and fault systems
were formed due to the influence of the Qinling-Dabie
orogenesis in the northeast and Jiangnan-Xuefeng in the
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southeast (Figure 1a).”” Because of the protection provided by
the Huangling basement paleo-uplift and the stress relief of
boundary faults, the stratum in Yichang slope was not
broken.”® The Sinian and Cambrian strata are visible at the
edge of the Huangling uplift (Figure 1b). Shale of the
Doushantuo Formation in Sinian was deposited in carbonate
plate-basin environment."* The lithology consists of dolomitic
mudstone and dolomite. Ten core samples were selected from
well G2 (Figure 1c). The lithology of samples contains gray-
black dolomitic mudstone with lower total organic carbon
(TOC) and black dolomitic mudstone and shale with a higher
TOC content (Figure 2).

3. METHODS

3.1. TOC Content, Thermal Maturity, and Mineral
Components. To investigate the petrological characteristics
of the samples, ten sets of total organic content (TOC, wt %),
four sets of equivalent vitrinite reflectance, and ten sets of XRD
mineralogy analysis were carried out on the crushed samples
following the National standards of the people’s Republic of
China (GB/T) 19145-2003, the Chinese Oil and Gas Industry
Standard (SY/T) 5124-2012, and the Chinese Oil and Gas
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Figure 2. Sampling points of G2-2 and G2-4 and the lithologic
features.

Industry Standard (SY/T) 5163-2010. The equivalent vitrinite
reflectance (EqR,) was converted from the bitumen reflectance
(BR,) according to the equation:**

EqR, = (BR, + 0.2443)/1.0495 1

3.2. Scanning Electron Microscope Experiment.
Samples G2-2 to G2-7 were selected for the SEM experiment.
Small pieces, approximately 1 cm® in size, were cut from the
cores by mechanical cutting machines and then dried at 105
°C for 24 h. The section was observed using the Nova Nano
SEM 450 instrument perpendicular to the bedding after carbon
plating.

3.3. FIB-SEM Experiment. The SEM observations of ten
cores show that all samples contain inorganic pores more or
less (details in section 3.2). Therefore, sample G2-S, which has
a moderate proportion of these pores, was selected for FIB-
SEM experimentation. To make the FIB-SEM imaging field of
view more representative, an area that includes the inorganic
pores with common characteristics compared with other
regions in the wide-scale SEM imaging field of view was
selected.

3.3.1. 3D Image Stake Acquisition. A core plug measuring
2.5 cm in diameter and 1 cm in length was extracted from the
G2-5 sample. The plug was mechanically polished using dry
emery paper to form a flat surface and then milled by argon
ion. The sample was then dried for 24 h at a temperature of
105 °C and cooled to room temperature in a sealed container.
Carbon was coated on the sample surface to prevent the
electrostatic charging effect. The Helios NanoLab 650 FIB-
SEM dual-beam system was used for sample cutting and
imaging with an ion beam voltage of 30 kV, a current of 0.79
nA, an electron beam voltage of 2 kV, and a current of 0.4 NA.
The slice thickness was 20 nm, and the working distance was 4
mm. Holzer” et al. provided a detailed description of the
instrument composition, cutting and imaging process in detail.
During the experiment, the ion beam was perpendicular to the
sample surface (that is, parallel to the imaging surface) and the
electron beam and ion beam presented a 52° angle,
intersecting at the imaging surface of the sample. A group of
600 images with a pixel size of 8.16 X 8 16 nm and a resolution
of 2048% 1768 pixels were obtained.

3.3.2. Image Processing. To achieve more accurate image
segmentation results, it is necessary to preprocess the raw
image data obtained. This includes alining, cropping,
compensating for nonuniform illumination, and processing
the image (removing noise, enhancing contrast, and sharpen-
ing pore edges). The obtained continuous image slice photos
were imported into the Avizo software for image processing.
The electron beam was at a 52° angle to the imaging surface
during the image acquisition process, resulting in foreshorten-
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ing of the voxel size in the y-axis direction of the image and an
upward shift in the y—z plane (Figure 3a). Electron beam

z
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Figure 3. Image processing using FIB Stack Wizard. (a) Raw image
stack (parallel y—z, upward shift in the y-direction, pore is elongated);
(b) image after alinement (parallel y—z plane); (c) raw gray level
image (parallel x—z plane, lateral drift led to not smooth pore edges);
(d) image after alinement (parallel y—z plane, pores have smooth
edges); (e, f) before and after nonuniform illumination correction
(parallel x—y plane, blue represents a pixel value below 71).

voltage instability and other environmental factors can cause
lateral drift of the 3D image-stack, which is most obvious in the
x—z section (Figure 3c). Therefore, the actual size of the voxel
in the y direction should be y = y'/sin (52°) ~ 1.269 X y'.
Upward shift and drift were corrected by Alinement (Figure
3b,d).*® In addition, nonuniform illumination phenomena are
often present in images (Figure 3e), and a specified value is
necessary to normalize the pixel of the 3D image stack to
eliminate this phenomenon (Figure 1f). The above steps were
completed using the FIB Stack Wizard script module in the
Avizo software.

The FIB-SEM image contains numerous physical and
nonphysical artifacts. FFT and Fourier-wavelet filtering are
effective in removing stripe artifacts,”**’ while anisotropic
diffusion filtering is better for removing salt-and-pepper
noise.”® Other filters that are commonly used in shale FIB-
SEM images include median filter, nonlinear means filter”® and
non-local-mean filter.” In this paper, the FFT filter was used
to remove stripe artifacts and the non-local-mean filter was
used to smooth images. The results of the filtering process are
shown in Figure 4a,b.

3.3.3. Segmentation. Traditional segmentation methods
include multithreshold segmentation based on the Otsu
algorithm® and watershed segmentation based on the seeded
watershed region growing algorithm.’*> The segmentation
method based on the machine learning algorithm has better
application potential.>>~>* Further information on image
segmentation can be found in the results published by
Schliiter” et al. The multithreshold segmentation method
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Figure 4. Image processing procedure: (a) image from FIB Stack
Wizard (black is void; gray is mineral); (b) filtered image with FFT
filter and non-local-mean filter; (c) segmented image (blue is void).

based on the Otsu algorithm was used to segment particles and
pores.”” This method is effective in segmenting pores with
lower gray values and solid parts with higher gray values
(Figure 4c).

3.3.4. Pore Space Analysis. To analyze the shale pore
morphology and distribution, two steps are necessary: volume
rendering of pore space and extraction of a pore network
model. The binarized image, where the pixel value of the pore
space is 1 and the solid voxel is 0, was rendered in Avizo to
obtain a three-dimensional geometric model of the pore space.
The region of interest (ROI) was extracted by using the
Extract Subvolume module for further analysis of the pore
structure. Connectivity analysis was conducted on the 3D pore
dataset that was separated. Pores that share at least one
common vertex were defined as connected pores. The
connected pore spaces from the first slice to the last slice in
the specified direction (x, y, or z) were extracted. To
distinguish between plate-like pores and polyhedral pores,
the shape factor (G = S*/ (36 X 7 X V?)) was defined. A
typical sphere has a shape factor of 1, while a cube has a shape
factor of 1.91.

Pore network modeling methods include the erosion-
dilation method,***” the maximum ball approach®** and
the genetic algorithm.”* The maximum ball method is
considered more accurate than the erosion-dilation method,*®
and easier to operate than the genetic algorithm. Therefore, the
Generate Pore Network Module, which is based on the
maximum ball method in Avizo software, was used to extract
the PNM. Finally, the distribution analysis module was used to
perform pore statistical analysis of the pore characteristics,
including pore volume, pore surface area, and pore size
distribution, as well as throat size and distribution.”*'

Note that the ROI and its PNM cannot represent the pore
structure of the entire rock sample. They are selected and
imaged to characterize interesting nanosized inorganic pores
on a three-dimensional scale.

4. RESULTS

4.1. Petrological Characteristics of Shale. The TOC
content of well G2 included two higher and two lower layers.
The higher values ranged from 1% to 2%, while the lower
values were less than 0.5% (Figure 1c). The maturity of the
four samples ranged between 2.30%R, and 2.33%R,. The shale
had generated gas in geological history but currently has little
hydrocarbon potential. Table 1 shows the basic characteristics
of the shale samples in the study area. The mineral
composition of the study area was dominated by dolomite,
which had an average content of 69.3%. Siliceous minerals had
an average content of 15.9%, while clay minerals accounted for
about 11%. Pyrite content was small, with an average of 2.2%,
and calcite was almost absent. Unlike other regions, the shale
in the study area contained a significant amount of dolomite
(Figure S).

0 25 50 75 100
Quartz, feldspar and others (%)

Figure S. Mineral components of the Doushantuo shales.

4.2. Two-Dimensional Characteristics of Inorganic
Pores. The SEM image revealed numerous inorganic pores,
including those found between dolomite particles, within
dolomite particles, and between dolomite or clay crystals. In
shale with lower TOC content, most of the dolomite particles
were nonautomorphic and had a large grain size. The particle
contact mode was either line contact or suture contact (Figure
6a). Smaller euhedral or semiautomorphic dolomite crystals
were present between the larger dolomite particles. Most of the
observed pores were located between dolomite crystals and
between dolomite crystals and dolomite grains. Those pores
were plate-like or wedge-shaped with straight boundaries,
intersected at certain angles. The presence of euhedral clay in
these pores decreased the pore volume but provided pores

Table 1. Characteristics of Shale Samples

dolomite content  siliceous minerals content

sample TOC R, (%) (%)
G2-1 0.67 - 76 20
G2-2 0.17 - 78 11
G2-3 0.19 - 67 25
G2-4 1.78 2.30 60 22
G2-5 0.49 - 70 22
G2-6 0.53 - 60 17
G2-7 1.29 2.32 66 10
G2-8 1.12 2.33 75 7
G2-9 1.74 2.33 77 6
G2-10 0.55 - 64 19
average 0.85 - 69.3 159

clay minerals content

pyrite content calcite content  feldspar content
(%) (%) (%) (%)
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Figure 6. SEM images of samples. a, b, ¢, and f are from sample G2-3
and G2-5, which have lower TOC than 0.5%, and f is FIB-SEM image
slice. d and e are from sample G2-4 which have a higher TOC than
1.5%.

with clay crystals. Additionally, some intraparticle pores were
observed in the dolomite particles, which were smaller in size
and had a more regular rhombus shape (Figure 6b,c). There
was no directionality observed in the distribution of minerals.
The shale with a higher TOC content exhibited similar mineral
and pore characteristics. In comparison, the particles in the
shale with higher TOC were mainly suspended or in point
contact, and the shale contained more euhedral or semi-
automorphic dolomite and clay crystals (Figure 6d,e).

Loucks® et al. defined the pores between particles after
crystal cementation as interparticle pores with an intercrystal-
line appearance. However, the generation relationship between
dolomite particles and crystals could not be confirmed, and the
size difference between the particles and crystals decreased in
the high TOC shale. Therefore, the term interparticle and
intercrystalline pore was used directly. The FIB-SEM image
showed angular semiautomorphic dolomite crystals. The pores
surrounding the dolomite crystals had straight boundaries. The
dolomite matrix contained quadrangular or polygonal pores.
Affected by the resolution, most of the polygonal pores
appeared to be circular (Figure 6f). The gray scale image did
not show a significant difference between interparticle pores
and intraparticle or intercrystalline pores, so the shape factor
was used to distinguish between the two types of pores. It was
found that polygonal pores can represent intraparticle pores,
while plate-shaped pores can represent both intraparticle and
intercrystalline pores. The shape factor of 4 was found to be
more effective in distinguishing polyhedral pores from plate-
shaped pores, as confirmed by comparing the extracted pores
with the original gray scale image.

4.3. Three-Dimensional Characteristics of Inorganic
Pores from FIB-SEM. 4.3.1. Pore Geometry. After
preprocessing, the subvolume size was 13.68 pym X 9.08
pumX 9 um. The volume rendering results are shown in Figure
7a—c. The complexity of the pore structure increased with the
pore shape factor, and the pore shape became more similar to a
plate shape. In general, the shape factor increased with the
increase in pore diameter. The pore shape factors of larger
pore sizes had both large and small values (Figure 7d). This
suggests that pores with smaller diameters were mainly
polyhedral pores, while pores with larger diameters were
composed of both polyhedral and plate-shaped pores.

The plate-like pores contributed the majority of the pore
volume. Their morphology was complex, and their volume was
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large (Figure 7e). The pore bodies were connected by narrow
throats. Some throats were long and thin tubules or plates,
while others were where the pore body narrowed rapidly.
Additionally, there were ink-bottle-shaped pores and plate-
shaped pores with one end open that were connected to the
pore network (Figure 7g). The polyhedral pores were mostly
isolated. Due to the influence of image resolution and section
thickness, they appeared ellipsoidal and short columnar in
three dimensions (Figure 7fh).

4.3.2. Pore Size Distribution. A total of 4306 pores and 327
throats were extracted from the pore network model (PNM).
The average pore volume was 4.6 X 10° nm® and the total
porosity was 1.94%. Plate-shaped pores and locally connected
pores had similar quantity, porosity, and size. Plate-shaped
pores contributed more porosity, and had larger pore volume
but shared fewer numbers compared to polyhedral pores
(Table 2). In all of the identified pores, the number of pores
decreased significantly with the increase of pore size. Pores
with a diameter less than 100 nm accounted for 81.5% of the
total number of pores, while pores with a diameter between
100 and 300 nm were the main contributors to the pore space
(Figure 8ab). Plate-like pores and polyhedral pores had
different pore size distribution characteristics. The number of
plate-like pores increased initially and then decreased as the
pore size increased. The diameter of plate-like pores ranged
from 100 to 150 nm (Figure 8c,d). The diameter of most
polyhedral pores was less than 100 nm, and pores with
diameters between 50 and 150 nm contributed to the main
pore space of polyhedral pores (Figure 8e,f). The number of
plate-like pores was much smaller than the polyhedral pores,
but it contributed to most of the pore volume. The polyhedral
pores contained only a few large pores.

4.3.3. Connectivity Analysis. The connectivity analysis
indicated that there are no connected pores through the
sample. 379 locally connected pores and 327 throats were
identified by applying a coordination number greater than or
equal to 1 (Table 2, Figure 8g). The number of throats of
plate-shaped pores accounted for 73.1% of the total throats,
and the pore size distribution characteristics of locally
connected pores were similar to those of plate-like pores
(Figure 8d,h). This indicated that most of the connected pores
in the samples were plate-like pores. The coordination number
of locally connected plate-like pores was less than 6. As the
coordination number increased, the number of pores and pore
volume decreased (Figure 9a). The majority of throat
diameters were less than 100 nm, with lengths ranging from
200 to 1200 nm. There was no obvious correlation between
throat length and 4 throat diameters (Figure 9b).

5. DISCUSSION

5.1. Influence of Test Methods on Results. Resolution
is a crucial factor to consider when the image analysis method
is used in pore characteristic studies. Only textures larger than
the image resolution can be observed. The FIB-SEM image
stack used in this study has a pixel size of 16.31 nm X 16 31
nm X 20 nm, so it is unclear whether pores smaller than 20 nm
exist. Furthermore, it is worth noting that several pores are
linked to subvolume boundaries. It is possible that these pores
are interconnected in other regions. Many organic pores
obtained in SEM or FIB-SEM experiments may appear to be
disconnected, but they are known to be connected at a much
smaller scale (below the image resolution).”” Interparticle
pores are considered as the main channel for hydrocarbon
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Table 2. Pore Characteristics Extracted from PNM

type porosity (%) average pore volume (107 nm®)
plate-shaped pores 1.46 2.43
polyhedral pores 0.48 0.15
locally connected pores 113 3.36
total pores 1.94 0.46

number of pores number of throats judgment
677 239 shape factor >4
3629 24 shape factor <4
379 327 coordination number >1
4306 327 —

seepage.””” Therefore, the potential of the plate-like inter-
particle and intercrystalline pores obtained in this study, which
may be connected on a smaller scale, to provide storage and
seepage space for natural gas cannot be directly denied.
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Furthermore, the SEM images of the mechanically polished
samples exhibit significantly larger pore contents and sizes
compared to the FIB-SEM images. This is attributed to mineral
shedding on the sample surface during the sample cutting and
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Figure 8. PNM and void distributions. (a, b) Total pores; (c, d) plate-like pores; (e, f) polyhedral pores; (g, h) locally connected pores.

polishing process. However, qualitative information, such as
pore type and development location, can still be obtained from
cross sections or mechanical polishing surface.

5.2. Comparison between Inorganic Pores and
Organic Pores. The sedimentary characteristics of the study
area differ from those of other areas, resulting in unique pore
types and characteristics of the shale. According to some
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studies, the pore diameter in clay minerals and organic matters
are mainly less than 100 nm, and the number and coordination
number of pores is large.”*™*° In this study, the diameter of
plate-shaped interparticle and intercrystalline pores is mainly
over 100 nm, and the number and coordination number of
pores are small (Table 3). Organic pores have a larger specific
surface area, providing a greater methane adsorption space. In
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Table 3. Main Pore Type and Size of Some Rocks in
Previous Studies

contrast, inorganic pores have a larger pore volume and are
more likely to serve as a storage space for free gas. Many
scholars have defined small pores inside mineral grains as

ore size . . . . .
o T sample the main pore types Prange dissolution pores.42’47 However, in this study, small pores exist
Mengdi Wafeng shale organic pore less than in isolated minerals in three dimensions, so the groundwater
Sun’ 30 nm cannot flow to dissolve minerals. Therefore, they cannot be
Jan Goral>  Vaca Muerta shale  organic pore less than classified as dissolution pores, and the genesis of the polygonal
s . bl ) 57:0nm intraparticle pores remains to be further studied. As these
Tho ongmaxt shate orgatiic pore - polyhedral pores exist inside the grains and are not connected,
CR. Barnett shale organic pore less than they may have no contribution to hydrocarbon storage and
Clarkson** 20 nm migration.
Susanne boom clay interparticle and 20-100 nm, Inorganic pores are formed through deposition and
Hemes intercrystalline 3—10 ym di . . . . .
- iagenesis, while organic pores are primarily generated through
Yang Song®  COx claystone intercrystalline pore  4—6 nm, the hydrocarbon production of organic matter. The number
50—90 nm and size of organic pores increased gradually because of
Wenhao Xingouzui interparticle pore 20-250 nm hydrocarbon generation, and then decreased as a result of
Li argillaceous . . . . 48 .
delomite compaction during geological history.”™ The evolution of
this study Doushantuo shale  interparticle and 50—300 nm inorganic pores is more complex. No mineral dissolution was
intercrystalline observed in the scanning electron microscope images of shale.
pores Without considering the effect of dissolution, the inorganic
this study Doushantuo shale  intraparticle pore 20—100 nm . .
pores tend to decrease due to compaction and cementation
during the evolution process.
Time (Ma)
5([)0 4(I)0 3(?0 l(IJO
| o 1s] D | C | [ Pg [Ne

10004

20004

30004

4000+

Depth (m)

50004

60004

S
T

B o
B os5<r<13
[ w=r=<20
B 20<r

[ 2

90°C

Shale gas
accumulation stage

carbonate minerals

[

pore

R

clay

cking of OM and bitumen

: Gas 3
Shale gas accumulation A
dolomite bitumen pyrite natural gas

Figure 10. History of maturation thermal evolution and pore characteristics of the Doushantuo Formation shale.

8158

https://doi.org/10.1021/acsomega.3c08640
ACS Omega 2024, 9, 8151-8161


https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08640?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

5.3. Relationship between Inorganic Pore Evolution
and Gas Accumulation. Recent research indicates that the
dolomite formation in the Doushantuo Formation occurred at
temperatures below 60 °C,*” and the Doushantuo Formation
dolomite, which is widely found in South China, is syndeposi-
tional.>® Dolomite cements in the Dengying Formation above
the Doushantuo Formation were mainly formed during the
Paleozoic era.”' Shale began producing hydrocarbons relatively
late, with oil generation beginning around the Silurian period
and gas generation beginning around the Permian period
(Figure 10). Therefore, the inorganic pores closely related to
dolomite in this paper were formed prior to the hydrocarbon
generation of organic matter. The shale gas accumulation
process in the study area is believed to have occurred in several
stages. Prior to the Ordovician period, rocks underwent
sedimentary and diagenetic processes, resulting in the
formation of a reservoir dominated by inorganic pores formed.
From the Silurian to the Carboniferous period, organic matter
generated crude oil, some of which remained in shale while
some migrated to other strata. The portion retained in the
shale may have entered the inorganic pores under pressure.
From the Permian period to the Jurassic period, kerogen and
crude oil cracked into gas, some of which was trapped in
organic matter, while some transported to nearby inorganic
pores. Additionally, crude oil that entered inorganic pores
during the early stages was also cracked into natural gas.
Following the Jurassic period, hydrocarbon generation ceased
due to tectonic uplift. However, a significant amount of gas
remained in inorganic pores and eventually formed a gas
reservoir. Therefore, inorganic pores present in the Doush-
antuo Formation play a crucial role in the enrichment of shale
gas (Figure 10).

Although the inorganic pores of the Doushantuo Formation
shale have superior pore content, size, and free gas storage
capacity compared to most organic pores, their connectivity is
poor. Therefore, reservoir reformation measures, such as
fracturing, may still be necessary to increase productivity
during the process of exploitation. The inorganic pores
observed in this article are mainly between 100 and 300 nm
in diameter, which can become effective production channels
for shale gas if communicated. Inorganic pores, as a common
pore type in shale, must receive the same attention as organic
pores.

6. CONCLUSIONS

This paper mainly used SEM and FIB-SEM to investigate the
morphology, distribution, and connectivity of inorganic pores
developed in the Doushantuo shale in western Hubei. The
potential impact of inorganic pores on shale gas was discussed.
The following are the main conclusions:

(1) In the study area, dolomite accounts for more than 60%
of the Doushantuo shale. Plate-shaped interparticle—
intercrystalline pores and polyhedral intraparticle pores
associated with dolomite particles and crystals are two
kinds of widespread inorganic pore in both high TOC
shales and low TOC shales. Interparticle—intercrystal-
line pores exist between particles or between particles
and crystals or between crystals, while intraparticle pores
exist in the interior of dolomite.

(2) Interparticle—intercrystalline pores have large plate-

shaped pore bodies connected by narrow throats. The

pore size distribution of pore bodies mainly ranges from
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50 to 300 nm, while the diameter of throats is mainly
less than 100 nm. The porosity of interparticle—
intercrystalline pores is 1.46%. Intraparticle pores have
a porosity of 0.48%, and a pore size distribution mainly
ranging from 20 to 100 nm. The number of
interparticle—intercrystalline pores is much less than
that of intragranular pores, but the pore volume
contributed by interparticle—intercrystalline pores is
much larger than that of intraparticle pores.

(3) Intraparticle pores are isolated from each other and may
have no contribution to gas storage. Interparticle—
intercrystalline pores have potential connectivity. Mean-
while, compared to organic pores, interparticle—
intercrystalline pores have larger pore size to contribute
storage space. These pores have a significant coupling
relationship with the gas generation and evolution of
organic matter in the geological history, making them an

important contributor to the enrichment of shale gas.
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