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The three-dimensional (3D) pore structures and permeability of shale are critical for forecasting gas
production capacity and guiding pressure differential control in practical reservoir extraction. However,
few investigations have analyzed the effects of microscopic organic matter (OM) morphology and 3D
pore nanostructures on the stress sensitivity, which are precisely the most unique and controlling factors
of reservoir quality in shales. In this study, ultra-high nanoscale-resolution imaging experiments, i.e.
focused ion beam-scanning electron microscopy (FIB-SEMs), were conducted on two organic-rich shale
samples from Longmaxi and Wufeng Formations in northern Guizhou Depression, China. Pore
morphology, porosity of 3D pore nanostructures, pore size distribution, and connectivity of the six
selected regions of interest (including clump-shaped OMs, interstitial OMs, framboidal pyrite, and
microfractures) were qualitatively and quantitatively characterized. Pulse decay permeability (PDP)
measurement was used to investigate the variation patterns of stress-dependent permeability and stress
sensitivity of shales under different confining pressures and pore pressures, and the results were then
used to calculate the Biot coefficients for the two shale formations. The results showed that the samples
have high OM porosity and 85% of the OM pores have the radius of less than 40 nm. The OM morphology
and pore structure characteristics of the Longmaxi and Wufeng Formations were distinctly different. In
particular, the OM in the Wufeng Formation samples developed some OM pores with radius larger than
500 nm, which significantly improved the connectivity. The macroscopic permeability strongly depends
on the permeability of OM pores. The stress sensitivity of permeability of Wufeng Formation was
significantly lower than that of Longmaxi Formation, due to the differences in OM morphology and pore
structures. The Biot coefficients of 0.729 and 0.697 were obtained for the Longmaxi and Wufeng For-
mations, respectively.
© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

basin margins of the middle and upper part of the Yangtze Platform,
similar to the conditions in North America (Guo, 2013). In partic-

Globally, the Upper Ordovician—Lower Silurian organic-rich
shales are widely distributed and are a set of high-quality marine
shales (Liining et al., 2000). In China, these marine shales are
known as the Upper Ordovician Wufeng Formation and Lower
Silurian Longmaxi Formation, and are mainly distributed in the
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ular, the Wufeng—Longmaxi marine shales in the south of the
Sichuan Basin have good conditions for organic matter (OM)
development, i.e. high gas content and suitable burial depth (Huang
et al,, 2012; Xin et al., 2019). In this region, several shale gas fields
with commercial value have been built successively (He et al.,
2018). The northern Guizhou is structurally part of the northern
Guizhou—Wuling Depression beyond the southern margin of the
Sichuan Basin, China. Based on previous studies on the tectonic
background, organic-rich shale thickness, organic geochemical
characteristics, and OM preservation, it is considered to be suitable
to carry out the geological research of shale gas reservoirs in
northern Guizhou, China (Yan, 2017). In particular, Xishui County,
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located in the northern Guizhou Depression tectonics, has been
extensively developed for the Upper Ordovician Wufeng
Formation—Lower Silurian Longmaxi Formation shale reservoir.
However, the pore structures and physical properties, such as
porosity and permeability of shale reservoirs, have not been well
studied.

Compared with conventional oil and gas reservoirs, the complex
pore nanostructures in shale reservoirs is the bottleneck of long-
term sustainable exploitation of shale gas (Yang et al, 2017).
Fluids of different phases flow through or are adsorbed in the pores
between or inside the organic or mineral particles (Ji et al., 2012),
including nanoscale organic pores and pores between the pyrite
particles, microscale and nanoscale mineral pores, and micro-
fractures (Saraji and Piri, 2015; Ji et al., 2019a). Some of these pores
are isolated from each other, while some are interconnected and
form a pore network with natural or artificial fractures. In order to
further understand the mechanism of oil and gas storages and
migrations in shale, many researchers have numerically investigate
fluid flow and transport in these complex pore networks (Mehmani
et al.,, 2013; Tahmasebi et al., 2016; Xia et al., 2020). Therefore,
three-dimensional (3D) characterizations of pore nanostructures
(especially connected nanoscale pore networks) as well as OM and
mineral components are essential for understanding the produc-
tion performance of shale reservoirs.

Currently, the best method for 3D characterization as well as
quantitative and qualitative analysis of shale pore nanostructure
through direct visualization is focused ion beam-scanning electron
microscopy (FIB-SEM) with imaging resolution up to several
nanometers per voxel. The FIB-SEM employs a dual-beam system,
in which the gallium ion beam mills the sample surface to a spec-
ified thickness and the electron beam continuously images the
milled surface. With the help of 3D reconstruction algorithms, the
contiguous milling and sequential imaging of two-dimensional
(2D) image datasets can thus visualize the 3D structures of OM,
minerals, organic pores, and inorganic pores or fractures. The ob-
tained 3D image dataset can be further used for fluid flow simu-
lation and multiscale 3D digital core reconstructions. Goral et al.
(2019a) segmented images of the organic-rich region of Vaca
Muerta shale scanned by FIB-SEM at an ultra-high resolution of
2.5 nm x 2.5 nm x 5 nm (length x width x height) through ma-
chine learning. They then reconstructed the 3D pore structure and
quantitatively analyzed the organic pore size distribution and the
effective porosity. Zhang et al. (2019) studied the relationship be-
tween the element size and pore connectivity by analyzing 600
consecutive high-resolution SEM images of the Eagle Ford shale
sample, and obtained the size of representative elementary volume
(REV) describing the pore connectivity. Goral et al. (2020a) used
GeoDict software (Linden et al., 2018) to simulate the single-phase
fluid flow with the 3D pore structural model reconstructed from
FIB-SEM images. They compared changes in porosity and perme-
ability under different stresses. Numerous scholars are keen to
combine different imaging methods at different scales, such as FIB-
SEM, nano-CT, micro-CT, and industrial CT, to reconstruct 3D digital
cores for characterization of multiscale pore structures (Ma et al.,
2019; Goral et al., 2019b, 2020Db; Ji et al., 20193, b).

In addition to pore structure characterization, the stress-
dependent permeability and effective stress of the shale matrix
have critical implications for predicting shale gas production ca-
pacity and gas well production. Shale reservoirs with high stress
sensitivity have a rapid decrease in permeability at the beginning of
extraction, which significantly reduces gas production and affects
the stable production. Therefore, understanding the stress sensi-
tivity and actual effective stress of shale reservoirs can help guide
the differential control of production pressure and reduce pro-
duction damages during the extraction. Haghi et al. (2020) adopted

an innovative technique to measure the continuous change of
porosity and absolute permeability in Berea Sandstone under
various isotropic isothermal effective confining pressures. They
derived semi-empirical equations to analyze the stress-dependent
porosity and absolute permeability. Haghi et al. (2021) proposed a
novel coupling approach to quantify poromechanical impacts on
fluid-fluid displacement in porous media by coupling conceptual
proxy modeling and pore network modeling techniques to recon-
struct pore-deformation of water-wet Indiana limestone and
simulate multiphase flow within the deformed pore space. Unfor-
tunately, all these approaches cannot be employed to analyze shale
because of its low porosity and ultra-low permeability. In recent
years, some scholars have experimentally studied the stress
sensitivity and permeability of shales. However, little has been
done to analyze the stress sensitivity in the context of the micro-
scopic OM morphology and 3D pore nanostructures of shales,
which are precisely the most unique factors that determine the
reservoir quality in shales.

In this study, a number of Wufeng and Longmaxi samples
collected from Well Xike-3 in Xishui County were imaged by FIB-
SEM at different ultra-high resolutions. The samples contain ma-
terials of interest, including clump-shaped OMs, interstitial OMs,
framboidal pyrite, microfractures between the mineral particles,
and microfractures between clay platelets. We have qualitatively
and quantitatively characterized the 2D morphology and 3D pore
nanostructures porosity, pore size distribution, and pore connec-
tivity of shales. The pulse decay permeability (PDP) measurement
was also employed to investigate the stress-dependent perme-
ability variation patterns and stress sensitivity of shale under
different confining pressures and pore pressures. The results can
thus be used to calculate the Biot coefficients of the two afore-
mentioned shale formations. Finally, we combined the matrix and
pore characteristics data from FIB-SEM and stress-dependent
permeability measurement to analyze the differences in physical
properties between the Longmaxi and Wufeng Formations with the
Kozeny—Carman (K—C) models. The relevancies of microscopic OM
morphology and 3D pore nanostructure characteristics to the dif-
ference in stress sensitivity of shales of the two formations were
also investigated and rationally explained.

2. Samples and methods
2.1. Samples

Two types of core rock samples, i.e. Longmaxi and Wufeng
Formations, were obtained from Well Xike-3 in Xishui County,
northern Guizhou, China. The sampling locations were at depths of
618.54 m and 659.16 m, respectively. The studied area is located in
the northern Yunnan—Guizhou Depression outside the southern
margin of the Sichuan Basin and belongs to the Yangtze Platform.
The tectonic evolution of the northern Guizhou is consistent with
that of the Yangtze platform area (Zhou et al., 2016a; Zhou and
Liang, 2006). There is a great potential for shale gas resources in
the Yangtze Platform area. Many scholars have carried out re-
searches in the northern Guizhou to determine the distribution
pattern of the Wufeng—Longmaxi Formation black shale in north-
ern Guizhou. It is generally believed that the Wufeng-Longmaxi
Formation black shales in the Sichuan Basin and its surrounding
areas are mainly deposited near Chengkou County and Xishui
County, with a large sedimentary area. The tectonic uplift caused
the water body to penetrate deeper and formed a detained anoxic
environment, which is ideal for the preservation of OM (Wang,
2013; Ke, 2015; Kang et al., 2018). In this work, it was found that
the Upper Ordovician Wufeng Formation—Lower Silurian Longmaxi
Formation black shale samples were deep-water shelf deposit with
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high organic content and high gas content of 3.7 m>/t. The original
shale cores were processed into two cubic samples (i.e. S1 and S2)
and some cylindrical samples. The dimensions of the cubic samples
were 10 mm x 10 mm x 3 mm (length x width x height), and the
surface of the samples was polished by mechanical treatment and
argon-ion milling for FIB-SEM experiments. The dimensions of the
cylindrical samples were 25 mm in height and 25 mm in diameter
for PDP measurement.

2.2. FIB-SEM and serial section tomography method

At present, with its high resolution, FIB-SEM has been widely
used in studying the nanoscale pore throats in shale. In this
experiment, a Zeiss Crossbeam 540 FIB-SEM was used to mill the
samples and sequentially image the polished sections. The system
consists of two components: an ion beam and an electron beam.
The high-energy focused gallium ion beam mills the target area at a
high voltage of 30 kV, and the electron beam images the newly
milled area with the target accuracy (Fig. 1). After 1000 times of
milling and imaging, 1000 2D images of the target area of the
interior samples were obtained. Then, 3D digital core reconstruc-
tion was performed using Avizo reconstruction software to analyze
the 3D pore structure inside the target area of the sample.

Before milling and imaging, the electron beam was turned on to
scan the polished surface of the sample, based on which, the area
containing the object to be studied was selected and marked.
Considering the strong heterogeneity in microscale in the shale and
the comparison of pore nanostructure data, four regions of interest
were selected from the Longmaxi Formation samples (i.e. S1-1, S1-
2,S51-3 and S1-4) and two from the Wufeng Formation samples (i.e.
S2-1 and S2-2) (Fig. 2). It should be noted that none of these six
regions could represent the pore structure and morphology of the
entire formation sample. However, they did provide the typical
parameters of OM pores within characteristically selected sample
volumes.

As the key features of these regions were different, different
resolutions were selected according to the research targets. Spe-
cifically, since the main research focus was the OM pores, S1-1,S1-2
and S2-1 were imaged at an ultra-high resolution of 4 nm/pixel and
the milling thickness were set as 4 nm. Referring to previous
studies using FIB-SEM to characterize OMs and OM pores, the
resolution of 4 nm/pixel in the three regions at S1-1, S1-2 and S2-1
is sufficiently high to characterize the majority of OM pores, and an
imaging region close to 5 um is sufficient to represent the
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Fig. 1. Operational diagram of FIB-SEM dual-beam system.

distribution of OMs (Figs. 2e and 3). Wang et al. (2019) determined
the REV of each phase at different scales for a typical Longmaxi
Formation sample by multiscale tomography methods with pixel
size ranging from 10 nm to 3.25 um. Their results showed that the
size of a RVE cube at a pixel size of 10 nm is 4—5 pm. S1-3 contained
framboidal pyrite and had a high resolution of 4 nm/pixel, under
which OM pores between pyrite microcrystalline particles can be
identified, but a thickness of 10 nm was selected in order to expand
the volume of S1-3. The main research focuses of S1-4 were the
microfractures and interparticle pores developed between clay
minerals, while S2-2 contained framboidal pyrite and a micro-
fracture. Both cases had a lower resolution of 10 nm/pixel and were
divided into 10 nm slices (Table 1). The surface of the milling image
was defined as the x-y plane, and the distance interval between
successive milling images was defined as the increment on the z-
plane.

2.3. PDP measurement

Among various laboratory measurements of rock permeability,
PDP measurement is currently the most applicable one to tight
rocks, such as shales. The experiments were conducted with Cor-
eLab PDP-200 permeameter, which is featured by its high accuracy,
at a fixed indoor temperature of 22 °C.

Considering the hardware limitations of the pressure loading
conditions of the PDP equipment and the original ground stress
conditions of the shale cores, the pore pressure was set in the range
of 5—13 MPa, and the confining pressure was above 11 MPa. A series
of experiments was conducted on the rock samples of the Wufeng
and Longmaxi Formations under different confining pressures and
pore pressures step by step by determining the confining pressure,
respectively, to investigate the stress-dependent permeability of
shale in different formations. Thirty six tests were conducted in
total. The axes of the cylindrical shale samples were all made par-
allel to the bedding plane of the shale. Two groups of three samples
with similar bedding morphology in the Longmaxi and Wufeng
Formations were tested at a pore pressure of 9 MPa and a confining
pressure of 11 MPa. The results were similar. Thus, one sample from
each group was selected for analysis of the stress-dependent
permeability.

3. Results and discussion
3.1. 2D and 3D imaging and characterization of pore structures

In this work, two marine shale samples S1 and S2 were analyzed
based on FIB-SEM. The 2D images obtained from the SEM showed
that a large amount of framboidal pyrites were visible in both S1
and S2, indicating that both samples were mainly formed in deep-
water shelf environment. Although the origin of framboidal pyrite
is still controversial, it is generally considered to be the product of
chemical deposition in anoxic environment (Schieber and Baird,
2001; Schieber, 2002). The framboidal structure is generally
considered to be a unique feature of early pyrite, and its diameter is
affected by hydrodynamic effects and greigite development. In
addition, the presence of framboidal pyrite could also suggest the
reduction of water content at that time, which was beneficial for
the preservation of OMs (Liu et al., 2016). The comparison of the
scanned images showed that both S1 and S2 were rich in OM, while
the morphological distribution of OM was distinctly different. S1
had a large amount of interstitial OMs as strips, while OMs in S2
were mostly scattered blocks (Fig. 3).

The 2D SEM images showed that nanopores, especially OM
pores and mineral matrix pores, were abundant in both S1 and S2,
and some microfractures also existed. To classify the internal pores
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Fig. 3. SEM images showing 2D morphology of OMs and OM pores: (a)—(c) Longmaxi samples and (d)—(f) Wufeng samples.

of shale reservoirs, the classification method by Loucks et al. (2012)
has been employed in this study to group the internal nanopore
structure of samples into four types: OM pores, interparticle
(interP) pores, intraparticle (intraP) pores, and microfracture pores.

OM pore is a special type of pore that has a significant impact on
the quality of shale reservoirs, which belongs to intragranular pore
developed inside the OM. Due to the uneven distribution of OM and
strong heterogeneity, OM pores have different shapes, such as cir-
cular, oval, triangular, and other irregular shapes (Fig. 3c—f). In
general, the OM pore size of the Longmaxi Formation sample (S1) is
smaller than that of the Wufeng Formation sample (S2). The OM in
S1 mainly has developed round or bubble-like pores, which are
consistent with the pore morphology of the Longmaxi Formation
samples at Qilong Section and Fuling shale gas field in the southern

Sichuan Basin, China (Wang, 2013; Yang et al.,, 2017). Considering
the importance of OM pores in shale reservoirs and gas flow
behavior, the 3D structure, pore connectivity, and specific data will
be discussed in detail in Sections 3.1 and 3.2.

InterP pores are the primary pores in the sample, which are
usually polygonal and elongated, mainly developed at the con-
tacting areas of mineral particles. The size of interP pores is usually
larger than that of OM pores, and some interP pores are filled with
OM pores. Fig. 4a and b shows the interP pores together with the
surrounding clay. This is because when the plastic clay minerals
come into contact with the brittle mineral particles, the clay
platelets will deform around the brittle particles, creating new
pores. Similarly, interP pores were also developed between clay
platelets due to the transformation and compaction (Fig. 4f). IntraP
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Table 1

Pore morphology parameters of 3D reconstruction models in the six regions of samples.
Region ID S1-1 S1-2 S1-3 S1-4 S2-1 S2-2
Formation Longmaxi Longmaxi Longmaxi Longmaxi Wufeng Wufeng
Pixel dimension (nm x nm x nm) 4x4x4 4 x4 x4 4 x4 x10 10 x 10 x 10 4x4x4 10 x 10 x 10
Model dimension (um x pm x pm) 48 x 4.8 x 4 48 x 4.8 x 4 48 x 4.8 x 10 10 x 10 x 10 48 x 4.8 x 4 10 x 10 x 10
Total pore volume (pm?) 2.75 1.06 0.77 4 4.72 1.14
Total pore area (umz) 557.23 184.03 166.95 457.5 343.59 127.59
Porosity (%) 2.98 1.15 0.33 3.14 5.13 0.14
SSA (um™ 1) 202.67 174.38 215.97 114.48 72.74 111.76
Maximum pore radius (nm) 166.09 252.7 187.4 395.39 1310.34 377.88
Minimum pore radius (nm) 4.96 4.96 6.74 12.41 4.96 12.41
Average pore radius (nm) 23.33 28.22 14.3 34.11 23.93 27.04
Standard deviation of pore radius 16.98 17.2 10.98 20.68 44.15 22.19
Total number of pores 133879 33944 124644 73954 11019 2074

Note: SSA denotes the specific surface area.

pores mainly include the intercrystalline pores within framboidal
pyrite, the pores of the pyrite mold, and the dissolution pores in the
mineral particles (Fig. 4). High-resolution SEM images show that
most of the pores between the pyrite crystal particles within
framboidal pyrite are filled with OM pores, with few intercrystal-
line pores (Fig. 4c and d). Framboidal pyrites are irregular aggre-
gates of early sedimentary pyrites under shallow compaction
(Wilkin et al., 1996). Dissolution pores are mainly developed by the
dissolution of minerals such as carbonate by organic acids in the
process of hydrocarbon generation and expulsion of OM. The
intragranular dissolution pores are generally clustered but not
connected, which cannot be used as an effective storage space for
shale gas (Fig. 4e). Microfractures are important for gas storage in
shale reservoirs, and more importantly, they can effectively connect
isolated pores and improve the permeability of gas flow in shale
reservoirs (Curtis, 2002; Gale at al., 2007). The microfractures be-
tween clay platelets shown in Fig. 4f are not filled with OM pores,
which may be developed during the dehydration and trans-
formation of clay minerals. They can form a network of fracture
system which can increase the gas permeability in shale reservoirs.

The image datasets obtained by FIB-SEM were first cropped and
enhanced by filter processing to remove noise, and then imported
into Avizo imaging software for 3D reconstruction. In the 2D SEM
images, gray values (0—255) for different phases were used to
accurately segment the pore and fracture phase (0—75), organic
phase (76—100), mineral phase (100—200), and pyrite (200—255).
We reconstructed the 3D structures of the six regions (i.e. S1-1, S1-
2, S1-3, S1-4, S2-1 and S2-2). Figs. 5—10 show the visualized and
quantified 3D reconstruction models of the six regions recon-
structed from the datasets of 1000 sequential FIB-SEM images.
Table 2 summarizes the volume fractions of the pore, organic, and
mineral phases of the six regions.

The 3D reconstruction models of S1-1 and S1-2 both have ultra-
high resolution of 4 nm/voxel. They were selected from the organic-
rich regions of interest of the Longmaxi Formation sample, and
were used to study the structural characterization of OM pores. S1-
1 represents the clump-shaped OMs wrapped on the surface of the
clay minerals, while S1-2 represents the interstitial OMs between
the clay mineral particles (Figs. 5 and 6). Figs. 5b and 6b show the
3D structure of multiple phases, such as the organic (green), phase
(red), and mineral phases (yellow) after segmentation. After data
processing, we found that all the collected pores in these two areas
were OM pores. It can be seen from Figs. 5¢ and 6c¢ that the OM
pores are abundant with small size and relatively uniform shape.
Most of small pores are close to spherical, elliptical and bubbly in
shape, while the larger ones are irregular. The pores are basically
isolated from each other, and do not have visually good connec-
tivity. The shape and size of OM pores are related to factors such as

organic thermal maturity and shale burial depth. Shales with high
total organic carbon (TOC) are more likely to develop such bubble-
like small circular pores through the evolution of hydrocarbon
generation and expulsion process. The result is consistent with
some published data related to the OM pore structure of the
Longmaxi Formation in the southern Sichuan Basin, China (Zhou
et al.,, 2016b; Ju et al., 2017; Yang et al., 2017). The models shown
in Figs. 5d and 6d are based on the statistics of each pore volume,
and the pores were rendered in four colors according to the pore
volume contribution. This model can to some extent reflect the
uniformity and connectivity of pore distributions. Specific quanti-
tative analysis of porosity, pore size, pore volume contribution, and
pore connectivity will be described in detail in Section 3.2.

The 3D model of S1-3 was imaged and reconstructed with an
anisotropic voxel size of 4.8 um x 4.8 um x 10 um. The region was
mainly composed of mineral matrix and a small amount of free OM,
including a piece of framboidal pyrite (highlighted in blue in
Fig. 7b). Similar to the pores in S1-1 and S1-2, all the pores in the
reconstruction model were OM pores, including the microcrystal-
line particles of framboidal pyrite, which were all filled with OM
and OM pores. As can be seen in Fig. 7c, the OM pores inside the slit-
shaped OM are freely interspersed between the mineral matrixes
and have smaller pore sizes than pores developed in organic-rich
regions (i.e. S1-1 and S1-2). They are more isolated than the
pores in the concentrated OM in S1-1. It is interesting to note that
although the pores between the framboidal pyrite microcrystalline
particles are completely filled with OM and OM pores, the OM
surrounding the microcrystalline particles developed some large
OM pores (Fig. 7d). By comparing the 3D structural models of OM
pores between framboidal pyrite microcrystalline particles and
pores inside the free OM, it can be found that the former obviously
has a larger pore volume contribution and potentially better con-
nectivity, which can effectively form a gas reservoir. The pore
structure characterization and image datasets of this framboidal
pyrite can provide some new insights into multiscale modeling of
3D digital cores of shale in the future.

S1-4 contains some OM pores and 19 microfractures between
clay platelets, which were imaged at 10 nm/voxel. These micro-
fractures are about tens to hundreds of nanometers in width and
are completely penetrated along the z-axis direction (Fig. 8). Small
portion of these fractures were filled with OMs and small bubble-
like OM pores. In order to better understand the microfractures
in combination with the 3D structure, Table 3 lists the volume, SSA
and total porosity of the microfractures and pores in S1-4. These
microfractures between clay platelets are generally formed by
dehydration and transformation of clay minerals, and there is no
obvious connection between them and the surrounding OM pores
or the intragranular pores of minerals. However, it can be seen from
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Fig. 4. SEM images showing the 2D morphology of OM pores, interP pores, intraP pores, and microfractures: (a) InterP pores of mineral particle, intraP pores developed by
dissolution, microfractures and OM pores; (b) InterP pores of framboidal pyrite, microfractures and OM pores; (c) Framboidal pyrite; (d) Framboidal pyrite filled with pyrite crystal
particles, OM pores and intercrystalline pores; (e) IntraP pores developed by dissolution and microfractures; and (f) Microfractures between clay platelets.

Fig. 5. 3D reconstruction models for S1-1 with dimensions of 4.8 um x 4.8 um x 4 um (length x width x height): (a) Greyscale model; (b) Multiphase model showing OM (green)
and pores (red); (c) Pore structure; and (d) Pore volume distribution (green, blue, red and yellow represent the contribution of pore volume from small to large).
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Fig. 6. 3D reconstruction models for S1-2 with dimensions of 4.8 pm x 4.8 um x 4 pm (length x width x height): (a) Greyscale model; (b) Multiphase model showing OM (green),
pores (red), and the basic mineral matrix (yellow); (c) Pore structure; and (d) Pore volume distribution.

Fig. 8d that the OMs in the center and periphery of the fractures
developed some OM pores with large volume in this region, which
might be marginal pores between the OMs and the fractures.

Concerning the S2-1 region (Wufeng Formation), its OMs
continuously developed into clumps and were imaged at 4 nm/
voxel. The region entirely consisted of OMs and OM pores (Fig. 9b).
The shape and distribution of OM pores in this region are signifi-
cantly different from those in S1-1 and S1-2 (Longmaxi Formation).
The OM pores in S2-1 region have larger pore size, and their shape
is mainly irregular polygon with edge shrinkage and better con-
nectivity (Fig. 9c and d). The factors that cause these differences
may be TOC, organic thermal maturity, burial depth and structural
development. The OM pore morphology of S2-1 is consistent with
the published data of the Wufeng Formation in Fuling shale gas
field, southern Sichuan Basin, China (Chen et al., 2019).

Similar to S1-3, the S2-2 region contained mineral matrix and a
small amount of free OMs, as well as two pieces of framboidal pyrite
(Fig. 10b). In this region, there are large irregular intraP pores inside
the framboidal pyrite, small OM pores with regular shapes and
isolated distribution inside the free OMs, and seven microfractures
between the mineral particles. Comparing its morphology and
distribution of OM pores with those of S2-1, it was found that in S2-
2 region, the OM pores inside the slit-shaped OM that were freely
interspersed between the minerals were much smaller than the
pores in the concentrated OMs. They were mostly isolated in the
form of bubbles with significantly worse connectivity. In order to
better observe the OMs and pore morphology between framboidal
pyrite microcrystalline particles, two pieces of framboidal pyrite

were separately segmented and imaged (Fig. 10e—h). Similar to S1-
3, the two pieces of framboidal pyrite in S2-2 region also contained
large clustered connected pores, while these pores were not all OM
pores, with some intercrystalline and moldic pores.

3.2. Pore size distribution and pore connectivity

We statistically analyzed the image datasets of S1-1, S1-2, S1-3,
S1-4, S2-1 and S2-2. The morphology parameters of the pore
structural models were summarized in Table 1. As shown in Figs. 11
and 12, 12 charts were plotted to illustrate the pore size
distributions.

As shown in Table 1, the average radius of OM pores in the
organic-rich region of the Longmaxi Formation represented by S1-1
is 23.33 nm, which is slightly smaller than the results of Longmaxi
Formation in Fuling shale gas field, southern Sichuan Basin, China
(Zhou et al., 2016b; Ju et al., 2017), while the average radius of OM
pores in the organic-rich region of the Wufeng Formation repre-
sented by S2-1 is 23.93 nm. However, the results in Section 3.1
showed that the OM pore morphology and distribution of S1-1
and S2-1 are quite different. Thus, Figs. 11 and 12 are used to
further analyze the pore size distribution.

Unimodal pore size distributions by pore number and pore
volume are observed for the four regions (i.e. S1-1, S1-2, S1-3 and
S1-4) of the Longmaxi Formation (Figs. 11 and 12). As can be seen in
Fig. 11a and b, the OM pores in the two organic-rich regions are
mostly those with radius less than 40 nm, accounting for about 85%
of the total number of pores. However, these pores contribute less
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Fig. 7. 3D reconstruction models for S1-3 with dimensions of 4.8 pm x 4.8 um x 10 um (length x width x height): (a) Greyscale model; (b) Multiphase model showing OM (green),

pores (red), and pyrite (blue); (c) Pore structure; and (d) Pore volume distribution.

than 25% of the total pore volume (Fig. 12a and b). This finding is
basically consistent with the results of the OM pore size distribu-
tion of the Longmaxi Formation in Fuling shale gas field (Zhou et al.,
2016b; Ju et al., 2017). Our results also show that there are a large
number of pores with less than 10 nm, which may be resulted from
the high resolution used in this study. Goral et al. (2019a) studied
the organic-rich regions of the Vaca Muerta shale in Argentina with
FIB-SEM (resolution of 2.5 nm) and reconstruction technology.
Their results showed that the radius of 95% of the pores is less than
75 nm, which is smaller than ours. Pores with radius less than
10 nm account for more than 50% of total number of pores in S1-3
(Fig. 11c¢), indicating that there are many micropores in the slit-
shaped OM which are free from interstitial minerals in the Long-
maxi Formation. The SSA values in Table 1 show that the micro-
pores have a significant contribution to the SSA, while large pores
have a significant contribution to the pore volume. Due to the ex-
istence of microfractures between clay platelets, the OM developed
large pores in some fractures, contributing to about 8% of the pore
volume in S1-4 (Figs. 11d and 12d).

The pore size distribution of the region S2-1 in the Wufeng
Formation is different from that in the Longmaxi Formation that
85% of the pores contribute to only 0.5% of the pore volume, and 11
large pores with pore size greater than 500 nm amount to more
than half of the pore volume (Figs. 11e and 12e). This result is
completely different from the OM pore size distribution of the
Woufeng Formation in Fuling shale gas field discovered by Yang et al.
(2017): Yang’s results showed that pores with size less than 20 nm

contribute to 88% of the pore volume. Compared with that of the
Longmaxi Formation, the pore size distribution of the Wufeng
Formation is more uneven, which is reflected by the largest stan-
dard deviation of pore radius of S2-1 in Table 1. The OM pore size in
Longmaxi Formation is mainly distributed between 20 nm and
80 nm (where the slope of cumulative volume percentage curve is
large), while the pore volume of Wufeng Formation is more
contributed by macropores. In S2-1 region, there are a large num-
ber of micropores with radius less than 20 nm and large pores with
radius more than hundreds of nanometers, indicating a good
adsorption capacity of shale gas and accumulation space.

The porosity and connectivity of pores, especially the OM pores,
are important factors for evaluating the development potential of
shale gas reservoirs. High porosity and good connectivity indicate
rich accumulation and high migration of shale gas. Zhang et al.
(2019) assessed pore structure and complex pore connectivity by
analyzing 600 contiguous high-resolution SEM images of shale, and
the results suggested that the REV describing the pore connectivity
of shale is about 4 pm. After processing the original image datasets,
the connected pores and fractures in the investigated regions were
segmented and the reconstruction imaging was performed to
visualize the connected pores morphology inside the sample
(Fig. 13). Most of the OM pores in the Longmaxi Formation are
isolated from each other, while a few are connected in clusters, with
poor overall connectivity (Fig. 13a and e). Since the OM pore con-
nectivities in S1-2 and S1-3 are similar, they are not listed here. The
fractures in S1-4 throughout the entire area along the z-axis
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Fig. 8. 3D reconstruction models for S1-4 with dimensions of 10 pm x 10 pm x 10 pm (length x width x height): (a) Greyscale model; (b) Multiphase model showing OM (green),
pores (red) and fractures (blue); (c) Fracture (blue) and pore (red) structure; and (d) Pore volume distribution.

direction greatly increase the connectivity of the region (Fig. 13b
and f). The organic-rich region in the Wufeng Formation showed
good connectivity, and the connected irregularly shaped OM pores
distributed along the y-axis direction (Fig. 14c and g), which has not
been observed in previous studies. However, the slit-shaped OM
between the mineral matrixes of Wufeng Formation did not show
good connectivity (Fig. 13d and h).

Due to the strong anisotropy of the shale and the large differ-
ences between the selected regions, we unified the porosity and
connectivity parameters of regions with different research objects,
as shown in Table 4. For example, although both are taken from the
large continuous organic-rich regions, S1-1 and S2-1 have different
OM contents. In order to study the OM pores in the organic-rich
region, the porosity was converted into the ratio of OM pore vol-
ume to the OM volume. By comparing the converted OM porosities,
it is found that the porosities of OM pores in the Longmaxi and
Waufeng Formations are similar and larger than those reported by Ju
et al. (2017) and Huang et al. (2012). This result indicates good gas
adsorption capacity and storage property of OM pores in the
Longmaxi—Wufeng Formation in the northern Guizhou, China. The
large effective porosity of the clumped OMs of the Wufeng For-
mation suggested good gas migration performance.

3.3. Permeability and OM pore characteristic parameters
First, a pore pressure value of 9 MPa was selected. Then

permeability measurements were conducted on the samples of
Longmaxi and Wufeng Formations under the condition that the

confining pressure values increased step by step gradually and
were higher than the pore pressure value of 2 MPa—22 MPa and
38 MPa, respectively. The results are shown in Fig. 14, and the
horizontal coordinate ‘pressure difference’ is the difference be-
tween the confining pressure and the pore pressure.

Our analysis showed that the variations of permeability versus
pressure difference (or confining pressure) for the Longmaxi and
Wufeng samples can be well fitted by exponential functions. By
fitting with the least squares regression method, the permeability
values were obtained as 1.0624 x 103 mD and 1.4501 x 1072 mD
for the Longmaxi and Wufeng samples, respectively, at a zero
pressure difference value. This was also the closest to the zero-
confining pressure condition under which we conducted the FIB-
SEM imaging experiments.

There is a strong dependence of permeability on physical pa-
rameters such as porosity and SSA. However, due to the complex
pore structures of reservoirs, especially the tight reservoirs, it is
difficult to establish an accurate model to describe this relationship.
As a commonly used method, the K—C model is expressed as

3
¢
K= 22 (1

where ¢ is the porosity, S is the matrix SSA, c is the K—C constant,
and 7 is the pore tortuosity. For simple capillary tube models, c = 2;
and for tight reservoirs, the value of t usually ranges from 1.5 to 3. In
this research, we took the value ct? = 5.
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Fig. 9. 3D reconstruction models for S2-1 with dimensions of 4.8 um x 4.8 pm x 4 um (length x width x height): (a) Greyscale model; (b) Multiphase model showing OM (green)

and pores (red); (c) Pore structure; and (d) Pore volume distribution.

Latief and Fauzi (2012) proposed modified power laws of
porosity or multiplications by tuning parameters in the K—C
equation and applied the modified K—C equations to predicting
rock permeability, which resulted in well-matched curves. We have
selected three of these modified K—C equations that fit the char-
acteristic parameters of our shale samples to calculate the perme-
ability of the Longmaxi and Wufeng samples for regions S1-1 and
S2-1 (Table 5). The permeability of the Wufeng samples was 10.5,
11.6 and 17.9 times higher than that of the Longmaxi samples, while
the permeability of the Wufeng sample at a zero pressure differ-
ence value obtained by fitting the experimental data on perme-
ability was 13.6 times higher than that of the Longmaxi sample,
which corroborated each other. It can be seen that for the Wufeng—
Longmaxi Formation reservoir with high organic content and well-
developed OM pores, the macroscopic permeability strongly de-
pends on the permeability of OM pores.

3.4. Stress-dependent permeability and Biot coefficient

The measurements of permeability in Section 3.3 were followed
by an additional set of measurements with a confining pressure
value of 15 MPa and the pore pressure values being sequentially
2 MPa, 4 MPa, 6 MPa, 8 MPa and 10 MPa lower than the confining
pressure values. The results are shown in Fig. 15c and d. The rela-
tionship of permeability versus pore pressure can also be fitted by
exponential functions.

The stress sensitivity is defined as the effect of pressure differ-
ence on pore structures due to the influences of matrix stress and
pressure of fluids within the pores, which is reflected by the

amplitude of variation of the permeability with the change of
stress. In this paper, the decline curve of permeability and the
exponential value of the fitted exponential functions (Figs. 14 and
15) indicated the stress sensitivity of permeability. The stress
sensitivity of Wufeng samples in the permeability tests was
significantly lower than that of Longmaxi samples. This may be due
to several possibilities: (1) The OMs of Longmaxi samples were
mostly in the form of strips and freely distributed among clay
minerals, while the OMs of Wufeng samples were mostly in the
form of independent scattered blocks. The OM structures of the
former were more likely to be compressed and deformed under the
pressure difference; (2) The OM pores of Longmaxi samples were in
the shape of regular sphere, ellipsoid or bubble (Fig. 5), while the
OM pores of Wufeng samples were in the shape of irregular poly-
gon with edge shrinkage with obvious pore structure anisotropy
(Fig. 9). The stress sensitivity of the latter’s pore structures might be
lower; (3) Under the joint loading of confining and pore pressures,
the irregularly connected pore structures of Wufeng samples were
crushed and collapsed, while this process might coalesce pores that
are not originally connected, which had a resistance effect on the
decrease of stress-dependent permeability.

For oil and gas reservoir rocks, the effective stress is no longer
the stress difference between confining and pore pressures, but
defined as

Oeff = Pc — &Pp (2)

where pc is the confining pressure, p;, is the pore pressure, and « is
the Biot coefficient. Typically, for tight sandstones or shales, a < 1.
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Fig. 10. 3D reconstruction models for (a—d) S2-2 with dimensions of 10 um x 10 um x 10 um (length x width x height) and (e—h) two segmented regions of framboidal pyrite with
dimensions of 6 pm x 3 pm x 3 pm (length x width x height) and 3 um x 3 pm x 2 pm (length x width x height), respectively: (a) Greyscale model; (b) Multiphase model showing
OM (green), pores (red) and fractures (blue); (c) Fracture (blue) and pore (red) structures; (d) Pore volume distribution; and (e—h) Multiphase model showing OM (green), pores

(red), and pyrite (blue).

Table 2
Volume fractions of the pore, organic and mineral phases within the 3D recon-
struction models of S1-1, S1-2, S1-3, S1-4, S2-1 and S2-2.

Region ID Volume fraction (%)
Pore phase Organic phase Mineral phase
S1-1 2.98 47.94 49.08
S1-2 1.15 19.67 79.18
S1-3 0.34 15.48 84.18"
S1-4 3.14* 20.7 76.16
S2-1 513 94.87 0
S2-2 0.14¢ 143 98.43¢

Note: @ 2.74% of fracture, ® 5.51% of pyrite, © 0.025% fracture, and ¢ 1.13% pyrite.

In this study, we adopted the differential method to determine
the Biot coefficients of Longmaxi and Wufeng samples. The
permeability K can be expressed as a function of the effective stress

Oesr DY

K= K(aeff) - 1<(pc - app) (3)

When K is constant, the corresponding effective stress g is also
constant, thus we have

Table 3
Microfracture and nanoscale pore morphology parameters of 3D reconstruction
models for S1-4.

Type Number Volume (pm?) Porosity (%) SSA (um™)
Fracture 19 27.44 2.74 17.27
Pore 73,954 4 0.4 114.48
oK oK
dK:(—)d + (2 ap, = 0 4
e Pc Dy Pp (4)
doefr = dpc —adpp = 0 (5)

Combining Egs. (4) and (5), following equation can be obtained:

o~ )/ ) ®

Thus, according to the fitted data in Fig. 15, the Biot coefficients
of 0.729 and 0.697 were obtained for Longmaxi and Wufeng sam-
ples, respectively, which were similar. These values are larger than
those for the tight gas sandstone (« = 0.509 and 0.612) obtained by
Qiao et al. (2011), and smaller than that for the coal shale
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Fig. 11. Statistics of pore size distributions by pore number for (a) S1-1, (b) S1-2, (c) S1-3, (d) S1-4, (e) S2-1, and (f) S2-2.

(a =0.996) measured by Zhang and Liu (2018). For shale reservoirs,
determination of the Biot coefficient can help researchers obtain
the true effective stress and provide guidance on shale gas
extraction.

4. Conclusions

We have quantitatively and qualitatively analyzed the pore
morphology, porosity, pore size distribution and pore connectivity
of Wufeng—Longmaxi Formation using ultra-high nanoscale-reso-
lution FIB-SEM imaging and 3D reconstruction techniques. We have
shown that the shale samples had high OM contents and developed
a large number of pores, as well as good reduced sedimentary
environment and OM storage conditions. Compared with previous

researches on the pore characterization of the Wufeng—Longmaxi
Formation in the southern Sichuan Basin, China, the OM porosity
is larger in this study, though the same pores morphology was
observed. Different from the isolated 3D pore structure in the
previous researches, the OM pores of the Wufeng Formation in our
study showed much better connectivity, which has never been
found before. These results indicated good conditions for adsorbed
gas and storage space in Wufeng—Longmaxi Formation and po-
tential for shale gas development. The nanoscale pores of the
Wufeng and Longmaxi Formations are mainly massive OM pores.
The OM pores with radius less than 40 nm account for about 85% in
number. We have further shown that OM and OM pore morphology
vary greatly in shales of different formations in the same region.
The OMs of Longmaxi Formation were mostly in the form of strips
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Fig. 12. Statistics of pore size distributions by pore volume of (a) S1-1, (b) S1-2, (c) S1-3, (d) S1-4, (e) S2-1, and (f) S2-2.

and distributed freely among clay minerals, while the OMs of
Wufeng Formation were mostly in the form of independent scat-
tered blocks. The OM pores of Longmaxi Formation were isolated
from each other, but only locally connected in clusters with small
pore size distribution. The OM pores of the Wufeng Formation
developed into irregular polygon-shape, and some pores even had
radius greater than 500 nm, which significantly improves the pore
connectivity of the Wufeng Formation.

We have explored the stress-dependent permeability of shales
by conducting four sets of PDP measurement under different
confining and pore pressures. The relationships of permeability
versus confining pressure and pore pressure for the Longmaxi and
Wufeng Formations have been fitted well by exponential func-
tions. We have further analyzed the PDP and the permeability
calculated using the K—C model and FIB-SEM pore parameters.

The results were in consistent with the permeability difference
between the Longmaxi and Wufeng Formations, which indicated
that the macroscopic permeability strongly depends on the
permeability of OM pores. The stress sensitivity of Wufeng For-
mation in terms of the permeability was significantly lower than
that of Longmaxi Formation, and this has been discussed in detail
with respect to the differences in microscopic OM and pore
morphological characteristics. Biot coefficients of 0.729 and 0.697
have been obtained for the Longmaxi and Wufeng Formations,
respectively.

The results of this study provide new insights into the complex
3D pore nanostructures, fluid migration mechanisms, and stress
sensitivity of permeability of the Upper Ordovician—Lower Silurian
organic-rich shales. This research could help evaluate the reservoir
quality and forecast gas production of shale reservoirs in the
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Fig. 13. Comparison of 3D reconstruction models of total porosity (a—d) and effective (connected) porosity (e—h) showing connectivity.
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Fig. 14. Permeability versus pressure difference of (a) Longmaxi and (b) Wufeng Formations.

Table 4
Porosity and connectivity parameters of 3D reconstruction models for S1-1, S1-4, S2-1 and S2-2.
Region Formation Pixel dimensions Total porositya Porosityb Fracture porosityc Converted OM Connected pores Effective porosity
ID (nm x nm x nm) (%) (%) (%) porosity (%) percentage (%) (%)
S1-1 Longmaxi 4 x 4 x 4 2.98 2.98 5.85 1.71 0.05
S1-4 Longmaxi 10 x 10 x 10 3.14 04 2.74 5.54 88.02 2.76
S2-1 Wufeng 4 x4 x4 5.13 5.13 5.13 24.94 1.28
S2-2 Wufeng 10 x 10 x 10 0.13 0.11 0.02 24.57 0.32

Note: a Porosity of all pores and fractures, b porosity of pores, ¢ porosity of fractures.

Table 5
Permeability of S1-1 and S2-1 calculated by K—C equation.
Region ID Pore characteristic parameter Permeability (m?)
o (%) S(um™") K = ¢3/(ct2s?) K = 102043 /(c125?) K = 15¢%/(ct25%)
S1-1 2.98 7.566 9.278 x 10720 1.064 x 10~'° 4152 x 10720
S2-1 5.13 5.263 9.72 x 10°1° 1.231 x 108 7.472 x 1071°

northern Guizhou Depression, China. The stress sensitivity and Biot and 3D pore nanostructures on the stress sensitivity of shale matrix
coefficient of shale reservoirs have significant impacts on the pro- can also help guide the differential control of production pressure
duction of gas wells. Thus, the role of microscopic OM morphology and reduce production damages during the extraction.
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