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A B S T R A C T

Due to the presence of natural and/or preparation-related fractures, the anisotropy of the matrix permeability of
shales is usually difficult to characterize. In this study, we used X-ray micro-computed tomography (XRμCT)
imaging to select samples from the Lower Cambrian and Upper Ordovician Wufeng Formation and the Lower
Silurian Longmaxi Formation of the Upper Yangtze Platform, China, showing no natural or artificial fractures.
From these samples, cubic specimens were prepared with a wire saw and then re-inspected for fractures. Using a
specially developed sample holder, the matrix permeability of these specimens were measured in the three
principal directions using the pulse decay method with N2 as the flowing fluid. To analyze the microscopic
lithological and structural controls on shale matrix permeability anisotropy, we employed a combined meth-
odology using thin sections, focused ion beam-scanning electron microscopy (FIB-SEM), and permeability
simulation.
The matrix permeability of the 15 shale samples ranged from 19.6 to 189.4 nD (19.6–189.4 × 10− 21 m2)

parallel to bedding and from 2.4 to 24.7 nD (2.4–24.7 × 10− 21 m2) perpendicular to bedding, at a constant
confining pressure of 1500 psi (10.3 MPa). Tectonic stress resulting from structural deformation leads to the
deformation of OM pores within solid bitumen, which is the main factor controlling the matrix permeability. The
ratio of the matrix permeability coefficients parallel and perpendicular to bedding (kx/kz) varied from 3.4 to
29.6, primarily due to cleavage zones along the bedding-parallel platy mica and clay altered from mica. The
matrix permeability ratio in the two orthogonal horizontal directions (kx/ky) typically did not exceed a value of
2, but for samples with oriented graptolites and siltstone layers ratios as high as 2.9 and 2.3, respectively, were
observed. The microfractures between graptolite and minerals, together with the elongated pores within the
graptolites, enhance the permeability and facilitate gas flow along the bedding planes. The higher proportion of
brittle minerals in siltstone renders it more prone to cracking compared to shale, which causes the anisotropy in
the parallel-to-bedding directions.
For three shales from the strongly deformed northeast Chongqing with high-angle fractures parallel to the

lamination, permeability parallel to bedding varied between 627.2 and 6820.3 nD, while permeability perpen-
dicular to bedding ranged between 11.3 and 27.8 nD. The presence of microfracture parallel to the lamination in
three shale samples resulted in a permeability higher by factors of 34 to 348 than the matrix permeability,
leading to a higher anisotropy ratio between both horizontal and vertical directions.

1. Introduction

Shale is a fine-grained clastic sedimentary rock that serves as both a
caprock of conventional oil and gas and a storage reservoir for shale gas/

oil, CO2 (Armitage et al., 2011; Hou et al., 2024; Li et al., 2024) and
radioactive waste (Wenk et al., 2008; Sasaki and Rutqvist, 2024) due to
its ultra-low permeability. Transport of fluid within shale is controlled
by the interconnectivity of mesopores and macropores within the shale
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matrix and the natural or hydraulic fracture systems (Ghanizadeh et al.,
2014a, 2014b). Given the significantly lower permeability of the shale
matrix compared to the fracture system, hydraulic fracturing induced
fractures are indispensable and regarded as the primary pathways for
gas production in commercial shale gas operations. Some previous
studies have indicated that despite the presence of hydraulic fractures,
fluid transport within the matrix, however, is the primary factor limiting
long-term gas production in shale gas plays (Boyer et al., 2006; Bustin
and Bustin, 2012; Patzek et al., 2013). The significance of fluid transport
in the shale matrix has been highlighted in previous shale gas reservoir
models (Luffel et al., 1993; Kalantari-Dahaghi, 2011; Bustin and Bustin,
2012). Several mathematical models have also been developed to
characterize fluid transport phenomena within the shale matrix (Fathi
and Akkutlu, 2009; Javadpour, 2009; Cipolla et al., 2010; Shi et al.,
2021). Shales exhibit weaknesses parallel to bedding, besides natural
fractures along bedding, sampling disturbances (e.g., coring) can readily
introduce microfractures along the bedding planes (Gale and Holder,
2010). The presence of any fractures will significantly influence flow
behavior, thereby hindering the proper characterization of matrix
permeability. Therefore, very few studies have experimentally investi-
gated the fluid flow mechanisms in the matrix of organic-rich shales
mainly due to problems associated with the availability and preparation
of appropriate shale samples.

Shale permeability is consistently higher in gas flows parallel to the
laminations compared to flows perpendicular to the laminations, with
anisotropic values ranging from 3.1 to 6800 (Pathi, 2008; Metwally and
Sondergeld, 2011; Chalmers et al., 2012; Ghanizadeh et al., 2014a;
Bhandari et al., 2015; Pan et al., 2015; Ma et al., 2016). Previous studies
have attributed permeability anisotropy in shales to the microstructure
(bedding/lamination planes), pre-existing microfractures, and the
orientation of clay-rich fabric and pores/cracks along a preferential di-
rection, resulting from sedimentation, compaction and diagenesis
(Georgi et al., 2002; Kwon et al., 2004; Pathi, 2008; Metwally and
Sondergeld, 2011; Kanitpanyacharoen et al., 2012; Ghanizadeh et al.,
2014b; Bhandari et al., 2015; Lyu et al., 2024). Additionally, fractures
formed by tectonic stress often exhibit directionality, leading to
permeability anisotropy in two horizontal directions (Ma et al., 2016;
Zhu et al., 2019). However, anisotropy of matrix permeability between
parallel to bedding directions remains poorly understood. A key issue is
how to accurately characterize the matrix permeability anisotropy.

Although permeability anisotropy is a well-known phenomenon in
petrophysics, it is under-represented in experimental studies. Laboratory
measurements of shale anisotropic permeability usually involve hori-
zontally or vertically drilled plugs from cores (Chalmers et al., 2012;
Ghanizadeh et al., 2014a, 2014b; Bhandari et al., 2015; Mukherjee and
Vishal, 2023). However, this method may not accurately represent the
actual permeability anisotropy of highly heterogeneous shales (Chen
et al., 2014; Pan et al., 2015), as the pore and microfracture systems can
vary significantly between plugs. Pan et al. (2015) first used cubic
specimens embedded in a 3D-printed membrane to measure the
permeability coefficients of the same sample for rocks in the three
principal directions. This method has since been widely used to char-
acterize the permeability anisotropy of rocks (Ma et al., 2016; Zhao
et al., 2022), allowing for the assessment of permeability anisotropy and
its relation to the pore and microfracture system of sedimentary rocks.

In this work, we present the results of permeability measurements on
18 shale samples performed on cubic specimens in the three principal
directions. The samples are from the Lower Cambrian and Upper
Ordovician Wufeng Formation and the Lower Silurian Longmaxi For-
mation from three tectonic deformation regions on the east in the upper
Yangtze Platform. Special care was taken to select matrix samples
without fractures. The samples were characterized by petrographic and
mineralogical methods. Finally, the geological controls on shale matrix
permeability anisotropy were analyzed.

2. Sample origins and experimental methods

2.1. Geological setting

A total of eighty shale core samples were collected from five shale gas
wells located on the Upper Yangtze Platform, which tectonically com-
prises the western part of the Yangtze Platform in South China and is
surrounded by the Longmenshan orogen in the west and the Qinling-
Dabie orogen in the north (Meng et al., 2005) (Figs. 1 and 2). The
regional geological setting of NE and SE Chongqing has been described
in detail in a previous study (Ma et al., 2020). The NE Chongqing area is
tectonically located in the Dabasha arc-like thrustfold belt, which was
formed during the collision orogenesis between the South Qinling and
the Yangtze block in the Late Triassic. Here tight folds and thrust faults
are common and the stratigraphic dip of the Lower Cambrian shales is
30–80◦ (Fig. 1a and b) referred to as a strongly deformed zone (Zhang
et al., 2001; Ma et al., 2020). The SE Chongqing area, outside of the
Sichuan Basin, tectonically appears as syncline in an NW-SE direction
(Fig. 1c) (Ma et al., 2020). The layers in this area are nearly horizontal
and can be reasonably considered as a non-deformed zone. The Central
Hunan area is tectonically located at the section where the direction of
strike of the Jiangnan-Xuefeng Uplift arc structure transitions from NNE
to NE-ENE, with the main part belonging to the Xuefeng Mountain
basement fold-thrust belt (Fig. 1d, cross section C-C′ in Fig. 1). This area
is characterized by well-developed folds and oblique thrust faults, with
numerous faults roughly parallel to the folds within the NE-NNE struc-
tural zone, and the stratigraphic dip of the Lower Cambrian shales range
from15 to 50◦ (Li et al., 2022). The Central Hunan area is referred to as
the moderately deformed zone. Therefore, based on the intensity of
structural deformation, the deformation is strongest in NE Chongqing
(A-A’), moderate in central Hunan (C-C′), and weakest in SE Chongqing
(B-B′). Both the Lower Cambrian and Upper Ordovician Wufeng -Lower
Silurian Longmaxi shales are organic rich shales deposited in a deep
shelf environment (Zhao et al., 2016). Sample numbers, well names,
series/formations, and depths are listed in Table 1.

2.2. Sample preparation

Freshly drilled shale core samples were initially used for canister
desorption tests using the method described by Ma et al. (2015) to
determine the gas content at the well site. Then, from shale cores
showing no natural or artificial fractures were selected for micro-CT
inspection cross and vertical section (Fig. 3a, b and c). For core sam-
ples with microfractures detected by micro-CT (with a resolution of 30
μm), we selected areas without microfractures, as indicated by the red
boxes in (Fig. 3b and c), for preparation of cubic samples. A digital
control wire-electrode cutting was used to cut the shale cubes with
lengths of 20 ± 0.1 mm vertically (Fig. 3d). Air, instead of water, was
used to cool the wire saw to avoid any reaction between water and shale.
The cubic shale samples were re-inspected using micro-CT to check for
any artificial fractures (with a resolution of 9.89 μm)that may have
formed during the wire saw cutting (Fig. 3e). Cubic shale samples
showing no detectable fractures were used for matrix permeability
measurements. The three samples from NE Chongqing with fractures
along bedding were also used to compare matrix and fracture perme-
ability. Before porosity and permeability measurements, the cubic
samples were dried at 35 ◦C under vacuum until their mass remained
constant for at least 24 h.

From the offcuts of the shale cubes in the two horizontal (x and y)
and the vertical (z) directions, material was taken for the preparation of
thin sections and for scanning electronmicroscopy (SEM). The rest of the
offcuts was crushed for TOC and X-ray diffraction analyses.

2.3. Permeability measurement

Permeability measurements on the cubic samples were performed on
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Fig. 1. Location of shale gas wells in the upper Yangtze Platform superimposed on the (a) Regional tectonic sketch-map (after Ma et al., 2007); (b), (b) and (d)
Simplified geological cross-section for AA’ (after Ma et al., 2020), BB’ (after Ma et al., 2020), and CC’(after Li et al., 2022). See (a) for the location of the
cross-section.
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a CoreLab PDP-200 permeameter, which uses the pulse-decay perme-
ability (PDP) method. This is a proven rapid and accurate procedure for
the determination of permeability coefficients down to the nanoDarcy
(nD) range (Mukherjee and Vishal, 2023; 1 nD ~ 10− 21 m2). This
method, originally described by Brace et al. (1968), and refined by
Dicker and Smits (1988) and Jones (1997), uses the general solution of
the pressure difference between upstream and downstream reservoir as
a function of time to determine the permeability coefficients.

The cubic samples were placed into a 3D-printed polymer membrane

with an outer diameter of 38.1 mm (1.5 in.) (Fig. 3f). Then the mem-
brane with the installed cubic sample was placed inside the measuring
cell, with upstream and downstream compartments of known volume,
and equipped with pressure transducers. A confining pressure of 1500
psi (10.34 MPa) and a pore pressure of 1100 psi (7.58 MPa) with a ΔP of
30 psi (0.21MPa) were used for all samples with nitrogen (N2) as the test
gas in all experiments.

The entire measuring device was placed in a temperature-regulated
glass protection box with the temperature kept constant at 20 ◦C. The

Fig. 2. Integrated columns showing the lithology, TOC content and desorbed gas content (DGC) in the study area. See Fig. 1 for the location of the wells.

Y. Ma et al. International Journal of Coal Geology 297 (2025) 104670 

4 



membrane sample holder for the cubic shale samples was leak-tested
before use by installing a steel cube with the same dimensions as the
shale samples (Fig. 3e). As shown in Fig. 4a, the differential pressure in
the upstream and downstream remained unchanged for 14 h, demon-
strating that no flow occurred across the membrane and that the sample
was well sealed.

The permeability measurements were started by applying an
instantaneous differential pressure (ΔP) between the upstream and the
downstream compartment and recording the pressures in both com-
partments over time. After a certain period, the pressure difference be-
tween the upstream and downstream reservoirs approaches zero
(Fig. 4b). The recorded decay in pressure difference (decay curves, cv
Fig. 4) were evaluated using the PDP-200 software to obtain the
permeability coefficients.

For each cubic sample, two orthogonal horizontal permeabilities
were measured first, followed by vertical permeability. After each
measurement, the sample was re-oriented and placed in the triaxial cell
to assess permeability along each directional axis (Pan et al., 2015).

It is known that shale permeability decreases with increasing
confining pressure and mean gas pressure (Chalmers et al., 2012; Gha-
nizadeh et al., 2014a, 2014b). While our measurements do not reflect
permeability under reservoir conditions (where, assuming a hydrostatic
pressure gradient, pressures range from 797 psi [5.5 MPa] to 2915 psi
[20.1 MPa]), the experiments were conducted under consistent condi-
tions. Therefore, the comparison of permeability anisotropy among
different samples remains meaningful.

2.4. X-ray micro-CT measurement and interpretation technique

X-ray micro-CT can observe the internal structure of rock samples
(Liu et al., 2023) and a Sanying nanoVoxel-3000 was used in this study
for both the core samples and cubic specimens. Typical micro-CT image
cross section does not exceed 4000 voxels in each direction. Thus, the
size of the investigated core samples scales linearly decrease with the
resolution (Bazaikin et al., 2017). Two-dimensional CT scan images
were collected for core samples in three directions to characterize the
natural fractures with a resolution of 30 μm (Fig. 3b and c). Cubic
specimens were scanned and reconstructed in three dimensional to
inspect the microfractures with a resolution of 9.89 μm. The 3-D CT data
was imported into Avizo 9.0.1 imaging software to generate a 3D
rendering of the shale. The visual microfractures can be extracted based
on the images gray value histogram.

2.5. QEMSCAN, FIB-SEM reconstruction

The opposite sections of the cubic shale were initially mechanically
polished and then milled by the argon-ion-beam. Sample coated with
carbon were inserted into a Zeiss Merlin field emission scanning electron
microscopy (FE-SEM) for imaging and Quantitative Evaluation of Min-
erals by Scanning electron microscopy (QEMSCAN) analyses. The FE-
SEM equipped with a Amics software that can convert the elemental
composition in combination with back-scattered electron (BSE) and X-
ray count rate information into mineral phases. The QEMSCAN results
can provide quantitative analyses of bulk mineralogy, textural proper-
ties, particle, and mineral grain sizes (Fu et al., 2023). The pixel reso-
lution of the images in this study is 1 μm.

The SEM samples were then inserted into a Zeiss Crossbeam 540 FIB-
SEM for FIB milling and SEM imaging sequentially. The experimental
workflow was same as in a previous work described in Ma et al. (2015),
with an exception that the angle of the ion beam and electron beam are
adjusted from 52◦ to 54◦. Finally, a sequence of more than 800 SEM
images with a resolution of 10 nm are achieved. The FIB-SEM data were
also imported into Avizo 9.0.1 imaging software for 3-D rendering of
shale structure. Subsequent Quantitative analyses of organic matter and
pore networks were conducted by assigning gray-scale values and
setting thresholds to segment the features.Ta
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2.6. Absolute permeability simulations

Absolute permeability, defined as the ability of a porous medium to
transmit a single-phase fluid, is an intrinsic property that is independent
of external conditions. It can vary with the direction of flow and will
henceforth be referred to simply as permeability. After generating a 3-D
rendering of pore networks using FIB-SEM images, the absolute
permeability of the interconnected pore network can be quantified using
Avizo software by applying a finite element image-based simulation
method (Peng et al., 2014; Avizo, 2018; Callow et al., 2018, 2020). In
this method, each voxel corresponds to a mesh element, eliminating the
need for an additional meshing process (Callow et al., 2020).

In Avizo, it is assumed that the pore fluid behaves as a steady-state,
incompressible Newtonian fluid under laminar flow conditions (low
Reynolds number). The velocity of the simulated fluid flow through the

pore network can be calculated by solving the Stokes flow equation:
{

μ∇2v − ∇p = 0
∇ • v = 0 (1)

where, μ is the dynamic viscosity of the flowing fluid,∇2 is the Laplacian
operator, v is the fluid velocity, p is the simulated fluid pressure.

The boundary conditions for the simulation include a no-slip surface
at the pore-solid interface. Additionally, a solid plane, one voxel thick, is
placed parallel to the main flow direction to maintain the fluid within a
closed system. An experimental configuration is applied to the faces
perpendicular to the flow direction to create a quasi-static pressure state
and ensure fluid flows through the entire cross-sectional input and
output areas. To obtain reliable and repeatable permeability values, the
Stokes-flow simulations must converge with a low tolerance error. In the
Avizo fluid simulation, a convergence coefficient of 10− 5 was employed.

Fig. 3. Schematic diagram shows the workflow of cubic sample preparation for matrix permeability measurement in three directions. (a) Shale core sample, YC8–33;
(b) and (c) X-ray CT slice shows the cross and vertical section of shale core sample in (a), respectively. The red box mark the frame for cubic shale preparation; (d)
Cubic shale sample; (e) 3D reconstruction of cubic shale by X-ray CT images in (d); (f) 3D-printed polymer membrane with a steel test cube installed. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Pressure recordings in upstream and downstream compartments of the permeameter for a steel test cube (a) and a cubic shale sample in two horizontal and
one vertical direction placed inside the 3D-printed polymer membrane (b). Up-Upstream; Dn-Downstream.
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Once Eq. (1) is solved through convergence of the simulation and the
volumetric flow rate (Q) is calculated, the permeability (k) can be esti-
mated using Darcy’s law:

k =
μLQ
ΔPA

(2)

where k is the absolute permeability (m2), μ is the dynamic viscosity of
the flowing fluid (Pa.s), L is the sample length in the flow direction (m),
Q is the volumetric flow rate (m3/s), ΔP is the pressure difference across
the sample (Pa), and A is the cross sectional area (m2). In this study,
water was assumed as the pore fluid, with upstream and downstream
fluid pressures for the pore network calculations set to 1.3 × 105 Pa and
1.0 × 105 Pa, respectively.

2.7. Porosity, pore-size distribution (PSD) and surface area

The porosity of the cubic samples was determined using a CoreLab
UltraPore 300 helium pycnometer. The dried cubic specimens were first
measured for their overall dimensions to calculate bulk volumes (Vb).
They were then placed in a matrix cup with a diameter of 1.5 in. The
UltraPore 300 pycnometer applies Boyle’s Law to determine the grain
volume (Vg) by measuring the expansion of a known mass of helium at a
pressure of 200 psi (1.38 MPa) into the calibrated matrix cup. Porosity
(∅) can be calculated using the following equation:

∅ = 1 −
Vg

Vb
(3)

Repeated measurements showed an accuracy of less than 5 %.
Specific surface areas were determined by N2 and CO2 adsorption

with a Micromeritics ASAP 2020M apparatus using the same experi-
mental conditions described previously (Ma et al., 2020). The N2
adsorption was measured at 77.35 K up to a pressure of 101.3 kPa with
relative pressures (P/P0) ranging from 0.01 to 0.997. The five-point
Brunauer-Emmett-Teller (BET) method and the Barrett-Joyer-Halenda
(BJH) method were used to calculate the surface area and pore vol-
ume of pores (2–200 nm), respectively, from the N2 adsorption data. For
CO2 adsorption, the experimental temperature was maintained at 273 K,
with relative pressures (P/P0) ranging from 0.0003 to 0.023. The density
functional theory (DFT) method was used for the determination of
specific surface areas and specific volumes of the micropores (0–2 nm).

2.8. Total organic carbon (TOC) content and vitrinite reflectance

The total organic carbon (TOC) content (wt%) was determined using
a Leco-CS230 carbon and sulfur analyzer, with an analytical precision of
±0.5 %. Powdered samples (<200 mesh) were pretreated with 10 wt%
HCl to remove carbonate minerals, followed by washing with distilled
water to neutralize the solid residues. The solid residues were then dried
in an oven at 80 ◦C before TOC analysis.

Shale blocks, cut perpendicular to the bedding direction, were
embedded in a cold-setting epoxy-resin mixture. The blocks were then
ground and polished prior to microscopy. The reflectance of the solid
bitumen was measured using a Leica MPV-III microphotometer, with at
least 30 measurement points taken for each sample. The random
bitumen reflectance (Rb) was converted to equivalent vitrinite reflec-
tance (EqVRo) using Jacob’s (1989) equation:

EqVRo = 0.618Rb+0.4 (4)

2.9. X-ray diffraction (XRD)

Mineral phase identification for selected samples was performed
using X-ray diffraction (XRD) analysis with a Bruker D2 Discover pow-
der diffractometer. Approximately 10 g of crushed sample (<200 mesh)
was mixed with ethanol, hand-ground, and smear-mounted onto glass
slides. A normal-focus Cu X-ray tube was used at 40 kV and 40 mA. No

internal standard was applied in the XRD analysis, and measurements
were taken over a two-theta range of 5◦ to 80◦. Semi-quantitative
mineralogy was obtained by analyzing the spectra with Bruker AXS
Topas® V7.0 software.

3. Results

3.1. Geochemical characteristics

As shown in Fig. 2 and Table 1, the TOC content of the eighteen
samples varies from 0.59 to 12.55 % with an average value of 3.27 %.
The lower Cambrian shales exhibit a wider range of TOC content
(0.72–12.55 %) than the Upper Ordovician–Lower Silurian shales
(0.59–2.05 %). The thermal maturity of the studied shales ranges from
2.22 to 3.23 % EqVRo, indicating an over-mature source rock and a
strongly diagenetically overprinted reservoir rock. Apart from the Lower
Cambrian shales of YC2 well located in NE Chongqing, which exhibit
relatively high desorbed gas contents (DGC) (0.59–1.03 m3/t), the DGC
of all other samples is generally below 0.6 m3/t. The preservation of
Lower Cambrian shale gas has been extensively discussed by Ma et al.
(2015, 2020). In contrast, the poor performance of shale gas production
in SE Chongqing and Central Hunan is influenced by a series of complex
factors, including tectonic uplift, faults, and groundwater flow (Zhao
et al., 2016).

3.2. Mineralogy and shale fabric

All shales are rich in quartz and feldspar, particularly quartz, with a
mean value of 43.2 %, ranging from 30.5 to 68.4 % (Fig. 5 and Table 2).
Plagioclase averages 8.6 % with a range between zero and 19.2 %, while
K-feldspar is typically less than 5.7 %. Carbonates, including calcite and
dolomite, averaging 13.5 % and ranging from 2.7 to 35.3 %. Illite,
mixed-layer illite-smectite (I/S), and chlorite are the major clay min-
erals, constituting the total clay content, which averages 28.1 % and
ranges from 12.3 to 52.9 %. Pyrite averages 4.2 % with a range between
zero and 11.5 %.

Shale lamination is found in all samples, reflecting compositional
and textural variations. The dominant lithofacies are thin parallel
laminated shale (Fig. 6a-d), with some samples such as CY1–27 and
YC8–54 comprising interlaminated fine to medium-grained siltstone
(Figs. 6a and b, 7a-c). The preferred orientation of the long axes of
ellipsoidal clasts, carbonate cementation, platy mica and clay result in a
high degree of anisotropy for all shale samples (Figs. 6 and 7). Grapto-
lites are abundant in the Upper Ordovician Wufeng - Lower Silurian
Longmaxi shales and exhibit both random and oriented arrangements
(Fig. 8), indicating in-situ deposition as well as alignment by water flow,
respectively.

Fig. 5. Mineralogical ternary plot of the shale samples in the five studied wells.
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3.3. Porosity and pore structure

Porosity of the 18 shale samples measured by helium expansion
ranges between 0.26 and 1.23 % (Table 3). These values are slightly
lower than the previously reported porosity range of 0.39 % to 2.7 % for
Lower Cambrian shales in NE and SE Chongqing (Cao et al., 2014; Ma
et al., 2015, 2020; Sun et al., 2015). This relatively low porosity is likely
due to the sample selection process, which specifically aimed to exclude
samples with natural fractures.

The lower Cambrian Shuijingtuo shales from NE Chongqing, referred

to as a strongly tectonically deformed zone, exhibit high-angle micro-
fractures along the bedding as revealed by X-ray micro-CT reconstruc-
tion (Fig. 9). These microfractures penetrate the cubic specimens in the
two horizontal directions (x and y) of but not in the vertical direction (z)
(Fig. 9). These microfractures were most likely formed by the intense
tectonic stress during the Qinling collision orogenesis. For the other 15
cubic specimens from the SE Chongqing and central Hunan, no visible
microfractures larger than 9.89 μm were detected by X-ray micro-CT.
These samples are therefore considered to represent the matrix pore
system, and their measured permeability coefficients are considered to

Table 2
Mineral composition of the studied samples.

Sample ID Mineral composition(wt%)

Quartz K-feldspar Plagioclase Calcite Dolomite Pyrite Total clay

YC8–2 34.3 0.2 5.0 1.2 4.2 2.2 52.9
YC8–33 34.5 1.2 5.6 3.8 0.5 2.1 52.3
YC8–39 32.3 1.1 6.7 5.3 7.0 1.7 45.7
YC8–54 36.3 1.9 8.1 15.1 5.9 4.6 28.1
YC8–84 44.8 7.0 17.7 4.5 0.4 1.7 24.1
YC8–92 43.0 5.7 12.6 9.5 3.2 2.2 23.8
XY3–5 48.4 2.8 8.6 8.7 8.4 4.4 18.7
XY3–6 56.5 2.1 10.0 0.0 4.0 4.3 23.0
XY3–8 40.6 3.9 9.5 1.5 2.4 0.0 42.1
CY1–2 45.9 3.4 8.9 3.9 0.0 9.6 28.2
CY1–3 38.6 4.5 6.8 10.3 11.1 11.5 17.1
CY1–27 44.9 0.7 4.3 0.3 35.0 2.5 12.3
XAD1–1 49.2 1.2 4.2 3.6 0.0 8.1 33.7
XAD1–2 68.4 2.1 0.0 2.7 0.0 5.1 21.7
XAD1–3 58.6 4.4 0.0 3.3 7.1 6.2 20.4
YC2–17 37.2 1.3 19.2 6.1 6.5 3.2 26.4
YC2–42 30.5 0.5 14.0 17.6 17.6 2.9 16.8
YC2–65 33.0 0.5 13.4 18.4 13.2 2.7 18.5

Fig. 6. Transmitted light thin section images for three Lower Cambrian shale samples in SE Chongqing with different matrix permeability. (a) and (b), fine laminated
siliceous and calcite cement with clay minerals, CY1–2; (c) and (d), thin evenly parallel laminated shale, CY1–3; (e)and (f), a transition from medium siltstone to
shale, CY1–27.
(− ) plane-polarized light; (+) cross polarized light.
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Fig. 7. SEM and QEMSCAN images showing the lamination, microfractures and pores associated with minerals, YC8–54. (a) Backscattered electron (BSE) image
showing the bedding between shale and siltstone; (b) Close-up view of the lamination shown in (a). High angle microfractures developed in the siltstone and pinch
out in the shale; (c) QEMSCAN image corresponding to the BSE image (a) with the mineral composition; (d) Distribution of mica and chlorite extracted from (c)
showing its preferred orientation parallel to bedding; (e) Amplified view of the chlorite in (d) showing the cleavage and pore-filling pyrite; (f) Amplified view of the
mica in (d) showing the cleavage.
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represent matrix permeability.
Detailed SEM observations of these over-matured shales reveal that

strong diagenesis, including compaction and cementation, have made
these fine-grained sedimentary rocks very tight (Fig. 7). According to the
classification by Loucks et al. (2012), matrix-related pores in shale,
including mineral matrix pores, organic-matter (OM) pores, and fracture
pores, which were identified in these samples.

(1) Mineral matrix pores: These include discrete pores between
mineral grains (Fig. 7e), bedding parallel micro-cracks between
sub-horizontal platy-shaped minerals such as clay and mica and

detrital grains contact (Fig. 7e), and elongated pores along
cleavage of the platy clay and mica (Fig. 7e and f).

(2) Organic matter (OM) pores: Pores within the micrometer-sized
solid bitumen are the dominant OM type in both shales
(Fig. 10), while pores associated with the graptolites form a
negligible portion of OM type pores for the Wufeng-Longmaxi
shales (Fig. 8). OM pores within the solid bitumen exhibit vary-
ing features in the Lower Cambrian shales across different re-
gions: pores are rounded or elliptical in SE Chongqing shales,
become small and appear as pinhole pores in Central Hunan
samples, and are not visible in NE Chongqing shales (Fig. 10),

Fig. 8. Photographs showing the Lower Silurian Longmaxi shales developing graptolites with directional and random arrangements and BSE images showing the
pore structure of graptolite. (a) Photo of the core shale sample showing graptolites with preferred orientation, YC8–39; (b) Photo of the core shale sample with
graptolites arranged randomly, YC8–33. (c) BSE image showing the graptolite periderms in a section perpendicular to bedding, YC8–39; (d) Part of the graptolite
periderm in (c) to show the microfractures between graptolite and minerals; (e) BSE image showing the microfractures between graptolite and minerals in a section
perpendicular to bedding, YC8–39; (f) Enlarged view of graptolite periderm showing the nanometer-sized spindle-shaped pores between cortical fibrils in a
cortical bandage.

Y. Ma et al. International Journal of Coal Geology 297 (2025) 104670 

10 



corresponding to distinct structural deformation zones. Grapto-
lites, preserved as flattened in the section perpendicular to
bedding exhibit directionally arranged spindle-shaped pores be-
tween cortical fibrils, which are abundant within the graptolite.
Additionally, microfractures are common at the contacts between
graptolite and brittle minerals (Fig. 8).

(3) Microfractures: In addition to the micrometer-sized fractures
associated along graptolites and mica, the matrix pore system
also includes millimeter-sized fractures found in the siltstone
(Figs. 7a and b, 11). These millimeter-sized fractures are direc-
tionally distributed, extending within the siltstone and dis-
appearing within the shale. These microfractures were likely
formed under tectonic stress, and the difference in mineral

rigidity in the siltstone versus the higher contents of plastic clay
in the shale caused the microfractures to extend only within the
siltstone (Zhu et al., 2019; Ma et al., 2020).

3.4. Shale permeability anisotropy

The shale matrix permeability values measured at a constant
confining pressure of 1500 psi (10.3 MPa) in three directions are pre-
sented in Fig. 12 and Table 3. Shale matrix permeability parallel to
bedding ranges from 19.6 to 189.4 nD and is thus significantly higher
than the permeability perpendicular to bedding, which also varies
within a smaller range of 2.4 to 24.7 nD. The Lower Cambrian Niutitang
shales generally exhibit higher matrix permeability parallel to bedding

Table 3
Anisotropic matrix permeability and porosity of shale samples in this study.

Region Sample ID Depth(m) Formation Direction Permeability (nD) Kx/kya KHorizontal/kVerticalb Porosity(%)

SE Chongqing

YC8–2 784.13

Longmaxi

x 103.1 1.2 11.3 1.10
y 88.8 9.8
z 9.1

YC8–33 815.93 x 86.1 1.3 20.5 0.49
y 64.5 15.4 0.50
z 4.2

YC8–39 825.43 x 90.2 2.9 20.5 0.87
y 30.7 7.0
z 4.4

YC8–54 834.83 x 91.9 1.4 14.6 0.45
y 65.2 10.3
z 6.3

YC8–84 861.53 x 117.9 1.4 9.7 1.20
y 83.1 6.9 1.21
z 12.1

YC8–92 875.82 x 77.8 1.3 25.9 0.26
y 58.9 19.6
z 3

XY3–5 1805.24

Wufeng

x 69.3 2.0 10.3 1.14
y 35.5 5.3
z 6.7

XY3–6 1806.54 x 64.5 1.1 2.6 1.02
y 57.6 2.3 1.04
z 24.7

XY3–8 1808.04 x 37.6 1.4 8.7 0.69
y 27.2 6.3
z 4.3

CY1–2 1986.45

Niutitang

x 71.1 1.7 29.6 0.49
y 42.8 17.8
z 2.4

CY1–3 2000.48 x 121 1.4 22.4 0.59
y 89 16.5 0.61
z 5.4

CY1–27 2012.95 x 189.4 2.3 22.3 0.74
y 83.1 9.8
z 8.5

Central Hunan

XAD1–1 743.3

Niutitang

x 47.3 1.4 4.8 0.63
y 34.3 3.5
z 9.8

XAD1–2 822.1 x 22.9 1.2 4.0 0.39
y 19.6 3.4
z 5.7

XAD1–3 841.9 x 36.7 1.2 5.1 0.41
y 29.6 4.1 0.42
z 7.2

NE Chongqingc

YC2–17 556.75

Shuijingtuo

x 1637.4 2.6 144.9 1.01
y 627.2 55.5
z 11.3

YC2–42 810.4 x 5160.3 3.7 277.4 1.05
y 1383.7 74.4 1.08
z 18.6

YC2–65 1050.2 x 6820.3 4.4 245.3 1.23
y 1541.8 55.5 1.23
z 27.8

a Ratio of permeability in x-direction to y-direction.
b Ratio of horizontal permeability to vertical permeability.
c The three shale samples in NE Chongqing exhibit microfracture development.
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Fig. 9. X-ray CT results showing the microfracture in the Shuijing shale in NE Chongqing, YC2–17. Cubic shale is cut in the vertical direction of the formation. (a) (c)
(e) CT slice of cubic shale in (d) showing one vertical and two horizontal directions against with formation; (b) Delineated microfractures of the 3D block from (d); (d)
3D reconstruction of the cubic shale from gray-scale images.

Fig. 10. BSE images of the Lower Cambrian shales from three different tectonic deformation zones showing the OM pore structure with a consistent scale bar. (a)
Pores are rounded or elliptic within the solid bitumen in SE Chongqing, CY1–2,; (b) Small elongated pores or pinhole pores within the solid bitumen in Central
Hunan, XAD1–2; (c) No visible pores within the solid bitumen in NE Chongqing, YC2–65.
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(42.8–189.4 nD) than the shales in the Central Hunan samples
(19.6–47.3 nD), while there is no significant difference in the matrix
permeability in horizontal directions between the Longmaxi andWufeng
shales from SE Chongqing. The ratios of horizontal versus vertical
permeability coefficients (kx/kz) vary from 3.5 to 29.6, evidencing a
strong anisotropy. The ratio of matrix permeability in the two bedding-
parallel directions (kx/kz) ranges from 1.1 to 2.9, and for most samples
this ratio is below 2, with the exception of samples YC8–39 and CY1–27.

The Lower Cambrian Shuijing shales in NE Chongqing, with micro-
fractures developed along the bedding (Fig. 9), exhibit significantly
higher horizontal permeability coefficients, ranging from 627.2 to
6820.3 nD (Fig. 13, Table 3), than the samples without microfractures
(Fig. 12). However, the vertical permeability of these samples remains
within a similar range, from 11.3 to 27.8 nD. Thus, the Lower Cambrian
Shuijing shales in NE Chongqing have greater horizontal to vertical
permeability ratios from 55.5 to 277.4. Furthermore, the permeability
ratio between the two horizontal directions, specifically the x-direction
to the y-direction, increases to a range of 2.6 to 4.4.

To quantitatively evaluate the permeability anisotropy of two
important pore types within the shale matrix, permeability simulations

were performed for three orthogonal directions based on 3D recon-
struction of muscovite and solid bitumen using FIB-SEM data (Figs. 14
and 15, Table 4). Muscovite appears as pseudo-hexagonal plates or
flakes, with pores primarily distributed along its cleavage planes in a
layered pattern (Fig. 14a-c). The modelling results for a single muscovite
grain indicate that permeability is isotropic along the cleavage planes
and 6.9 times higher than permeability perpendicular to the cleavage
direction (Fig. 14a-c, Table 4), which causes the permeability anisot-
ropy. The pores within solid bitumen exhibit no directional preference,
and permeability modelling reveals negligible anisotropy, with perme-
ability values being similar in all three principal directions (Fig. 15,
Table 4).

4. Discussion

4.1. Matrix permeability anisotropy (horizontal to vertical permeability
ratio)

Our results show that the matrix permeability coefficients of these
diagenetically altered shales vary from 19.6 to 189.4 nD in the

Fig. 11. Transmitted light thin images perpendicular to bedding showing that microfractures in siltstone and terminate at shale, CY1–27. (a) in x-direction; (b) in
y-direction.

Fig. 12. Measured matrix permeability in three directions of the Niutitang, Wufeng and Longmaxi shales in southeast Chongqing and Central Hunan.
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horizontal direction and from 2.4 to 24.7 nD in the vertical direction
(Fig. 12, Table 3). The presence of microfractures along bedding for the
Lower Cambrian shales in NE Chongqing (Fig. 9) results in an increase in
horizontal permeability to 627.2 and 6820.3 nD, i.e. around 34 to 348
times higher than the horizontal matrix permeability (Fig. 13, Table 3).
However, the vertical permeability coefficients of these shales range
between 11.3 and 27.8 nD, which is similar to the vertical matrix
permeability. This is mainly due to microfractures extending along
horizontal directions, with no interconnected fractures in the vertical
directions, despite the large dip angle of the Lower Cambrian shales in
NE Chongqing (Fig. 9). Fig. 16 shows the measured anisotropic perme-
ability of several shales using core plugs and cubic specimens at
confining pressures from 3 to 15 MPa in this study and from the litera-
ture. For shales with horizontal permeability coefficients above 600 nD,

visible fractures were observed (Pathi, 2008; Ma et al., 2016; this study).
Therefore, based on the measured matrix permeability and limited data
from previous studies, horizontal matrix permeability of shales is likely
to range from 17 to 280 nD, as indicated by the shaded area in Fig. 16.
Besides the two shales with high vertical permeability (135 and 179 nD)
that might contain microfractures (Pathi, 2008; Ghanizadeh et al.,
2014a), the vertical permeability for shales, with or without fractures,
ranges from 1.6 to 52.8 nD. This indicates that vertical permeability is
generally very low, even for shales with well-developed fractures par-
allel to the lamination.

Permeability anisotropy of sedimentary rocks is defined as the ratio
of the horizontal to vertical permeability coefficients. The horizontal
permeability of shales is typically much higher than the vertical
permeability, which results in high anisotropy values. The matrix

Fig. 13. Measured permeability in three directions of the Shuijingtuo shales in northeast Chongqing.

Fig. 14. 3D reconstruction of a mica volume from FIB-SEM images and permeability simulation of the pore network of the mica in three directions, XAD1–2-A. (a) 3D
solid block rendered from BSE images; (b) Delineated organic matter of the 3D block from (a); (c) Delineated pores of the 3D block from (a); (g) (h) (f) showing
simulation of permeability of pore network in (f) in x, y and z directions, respectively. Visualization of the illuminated streamlines representing the fluid velocity field
in the permeability simulation.
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permeability ratios (kx/kz) of the samples investigated in this study
range from 3.5 to 29.6 (Table 3), which is similar to previous studies
reporting values from 3.8 to 49.8 (Fig. 16b). For shales with fractures
parallel to the lamination this ratio increases to values between 55.5 and
277.4 (Table 3), which falls within the range 22.7 to 5583.4 as reported
in previous studies (Fig. 16b). This demonstrates that the presence of
fractures parallel to the lamination significantly enhances horizontal
permeability and is the primary cause of the pronounced permeability
anisotropy in shales.

Besides the great enhancement of permeability anisotropy ratio by
pre-existing fractures, geological controls on shale matrix permeability
anisotropy can be attributed to lamination and preferred orientation of
minerals. Permeability anisotropy of homogeneous and nonlayered
(isotropic) mudstones varies modestly between 1 and 4 (Clennell et al.,
1999; Leroueil et al., 1990; Yang and Aplin, 1998, 2007; Adams et al.,
2013). Considering the matrix permeability anisotropy of shales, which
ranges from 3.5 to 49.8, this indicates that layering or lamination
significantly increases shale permeability anisotropy. The SEM and
QEMSCAN results in Figs. 7 and 10 show that intergranular pores be-
tween elliptic detrital minerals and the OM pores within solid bitumen
do not have a preferential orientation and are isolated. Permeability
modelling confirmed that OM pores within the solid bitumen are
isotropic (Fig. 15). These intergranular and OM pores do not appear to
enhance flow capacity in either the parallel or perpendicular directions

to the bedding planes. The sub-horizontal platy-shaped muscovite or
chlorite formed by alteration of biotite caused a sheet-like fabric in the
shale. The microfractures along the mica and the elongated pores and
cleavage along the preferred orientation of platy or chlorite act as good
horizontal flow pathways (Fig. 7). Permeability simulation of mica
further confirmed that permeability along the cleavage planes is
significantly higher than perpendicular to the cleavage (Fig. 14).
Therefore, platy muscovite or chlorite significantly enhance gas flow
capacity parallel to the bedding planes while acting as barriers to gas
flow perpendicular to the bedding planes, which is the main cause of
matrix permeability anisotropy in shales (Fig. 14).

4.2. Geological controls on matrix permeability in horizontal directions

As discussed above, both, our results and previous studies show that
shale matrix permeability in horizontal directions varies within a small
range with values from 19.6 to 189.4 nD and 17 to 280 nD, respectively
(Figs. 12, 16, Table 3). Matrix permeability in horizontal directions does
not show a significant correlation with TOC content, mineral composi-
tion, or the volume and surface area of micro- to macropores. Horizontal
permeability of the Lower Cambrian shales exhibits significant regional
differences; the shales in NE Chongqing with fractures parallel to the
lamination show higher values (627.2–6820.3nD) than those in SE
Chongqing (42.8–189.4nD), which in turn are higher than those in

Fig. 15. 3D reconstruction of a shale volume from FIB-SEM images and permeability simulation of the pore network of the solid bitumen in three directions,
XAD1–2-B. (a) 3D solid block rendered from BSE images; (b) Delineated organic matter of the 3D block from (a); (c) Delineated pores of the 3D block from (a); (g) (h)
(f) showing simulation of permeability of pore network in (f) in x, y and z directions, respectively.

Table 4
Permeability calculation results using direct solution of N-S equations in Avizo from pore network in Figs. 14 and 15.

Sample ID Dimensions of FIB-SEM reconstruction for permeability simulation
(μm)

Resolution (nm) Direction Simulated permeability
(nD)

Kx/
ky

kHorizontal/
kVertical

XAD1–2-
A

6 × 6 × 5.08 10 × 10 × 10 x 1569.5 0.8 4.6
y 1933.1
z 338.5

XAD1–2-B 6 × 6 × 5.98 10 × 10 × 10
x 835.3 1.2 1.2
y 713.4
z 670.7
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Central Hunan (19.6–47.3nD). This indicates the control of tectonic
stress on shale microstructure and gas flow capacity.

Numerous studies have emphasized the critical role of OM-hosted
pores for gas storage and flow in shales (Loucks et al., 2009, 2012;
Mastalerz et al., 2018; Milliken et al., 2013, etc.). Detailed SEM obser-
vations have confirmed that OM porosity constitutes the primary pore
network in the Lower Cambrian shales (Fig. 10). Pores in OM are
thought to form as kerogen or solid bitumen converts to hydrocarbons,
leading to the generation of liquids and gases that coalesce into bubbles
(Mastalerz et al., 2018; Milliken et al., 2013; Katz and Arango, 2018; Ma
et al., 2020). Both, the Lower Cambrian shales in the eastern part of
Upper Yangtze Platform were deposited on passive continental margins
(Zhao et al., 2016), they are organic-rich and over-mature (Table 1).
Therefore, OM pores within the solid bitumen in the Lower Cambrian
shales in the three regions should be similar. When subjected to external
mechanical stress, such as structural deformation, the plastic OM in
shales is more likely to be affected, causing the collapse of meso-macro

OM-hosted pores. In contrast, smaller pores (<10 nm) are generally
considered resistant to mechanical compaction (Loucks et al., 2009; Katz
and Arango, 2018; Zhu et al., 2019). According to the degree of struc-
tural deformation, the tectonic stress on the Lower Cambrian shales is
strongest in NE Chongqing (strongly deformed zone), moderate in
Central Hunan (moderately deformed zone), and weakest in SE
Chongqing (non-deformed zone) (Fig. 1). Correspondingly, pores within
solid bitumen in the Lower Cambrian shales show significant variation
in response to the intensity of structural deformation. In SE Chongqing,
OM pores are rounded or elliptic; in Central Hunan, they become smaller
and pinhole-shaped; and in NE Chongqing, they fade away and are not
visible under the SEM (Fig. 10). Apparently, the intense thrust nappe
tectonics in the NE Chongqing area have not only led to the disap-
pearance of organic matter pores in the shales but also resulted in the
formation of numerous high-angle fractures parallel to the lamination
(Fig. 9).

In unconventional gas reservoirs, such as shale gas and coalbed

Fig. 16. Plots showing horizontal permeability versus vertical permeability (a) and permeability anisotropy ratio of shales in this study and in literature.
This study (a): measured matrix permeability of the 15 shales in this study.
This study (b): measured permeability of 3 Lower Cambrian shales in NE Chongqing developed with microfractures in this study.
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methane, gas flow is characterized by a combination of desorption and
diffusion within micropores (<2 nm) and mesopores (2–50 nm), along
with Darcy flow throughmacropores (>50 nm) and the fracture network
(Cui et al., 2009; Chalmers et al., 2012). Due to the decrease of OM pores
in the Lower Cambrian shales, from SE Chongqing to Central Hunan and
NE Chongqing (Fig. 10), gas flow in the shale matrix pore system be-
comes increasingly difficult. Consequently, matrix permeability of the
Lower Cambrian shales should decrease in this order. This is consistent
with the measured matrix permeability of the Lower Cambrian shales in
SE Chongqing and Central Hunan. However, the presence of fractures
parallel to the lamination in NE Chongqing greatly enhances gas flow
capacity, increasing permeability up to 350 times compared to matrix
permeability (Table 3).

4.3. Matrix permeability anisotropy in two orthogonal horizontal
directions

Unlike the well-studied permeability anisotropy in shales and mud-
stones, the matrix permeability of shales in two orthogonal have been
studied seldomly, due to challenges in specimen preparation. Combined
with cubic specimens and X-ray micro-CT, our results show that the ratio
of two orthogonal horizontal matrix permeability for most samples does
not exceed 2, indicating a transversely isotropic medium. The exceptions
are samples YC8–39 and CY1–27, which have permeability anisotropy
ratios of 2.9 and 2.3, respectively (Fig. 12 and Table 3). It is suggested
that the orientation of graptolites and the content of brittle mineral can
cause this relatively high matrix permeability anisotropic ratio (>2) in
horizontal directions.

As shown in Fig. 8, graptolites in the Longmaxi shales exhibit
anisotropic permeability depending on their orientation. For graptolites
arranged in a preferred orientation in sample YC8–39, the permeability
parallel to the long axis of the graptolites is 90.2 nD, which is three times
larger than the permeability perpendicular to predominant orientation
of the graptolites (30.7 nD) (Fig. 8). Since the sizes of graptolites are in
the centimeter range, there is an overlap with the numerous micro-
fractures and the orientated spindle-shaped pores provided by the
cortical fibrils of the graptolite. This significantly increases the gas flow
capacity along the long axes of the graptolites (Fig. 8). This is further
supported by the observation that for shale sample YC8–33 where
graptolites are randomly orientated parallel to the bedding, the matrix
permeability values in the two orthogonal horizontal directions are very

similar (86.1 nD and 64.5 nD, Fig. 8b).
The presence of siltstone layers in shales causes heterogeneity not

only in fabric but also in mineral brittleness. Siltstones contain a higher
proportion of brittle minerals, such as quartz and carbonate, while to
shales are rich in swelling clay minerals (Figs. 7 and 11). The higher
composition of brittle minerals makes siltstones more prone to frac-
turing under tectonic stress and artificial hydraulic fracturing (Zeng
et al., 2013; Ougier-Simonin et al., 2016). This is consistent with the
development of microfractures in these shales, where high-angle
microfractures, potentially controlled by tectonic stress, extend in silt-
stone and terminate at shale layers (Figs. 7a-c; 11). Sample CY1–27 has a
higher percentage of siltstone (Fig. 11), as evidenced by a high content
of brittle minerals, including quartz (44.9 wt%) and dolomite (35 wt%),
and a low TOC content (0.72 wt%) (Table 1 and 2). This causes micro-
fractures to develop more extensively in the siltstone of sample CY1–27,
greatly increasing permeability along the section with more micro-
fractures affected by tectonic stress, due to their higher flow capacity
compared to the shale matrix. Thus, sample CY1–27 has the highest
matrix permeability in x-direction (189.4nD), where high angle micro-
fractures are more developed, and it also has a high matrix permeability
ratio of 2.3 in two orthogonal horizontal directions (Fig. 11, Table 3).

Fig. 17 schematically illustrates the geological controls on shale
matrix permeability. Both, longitudinally oriented graptolites and
detrital minerals exhibit a preferred orientation along their long axis and
thus determine the principal direction of water flow. This is especially
true for overlapping graptolites in oriented arrangements (Fig. 8a),
where microfractures in contact with graptolites, along with elongated
pores within the graptolites, contribute to the flow channels and
enhance permeability in in one principal direction. Mica, appearing as
pseudo-hexagonal plates or flakes, does not exhibit preferential align-
ment determining the principal flow direction. Permeability simulations
also confirm the isotropic permeability of mica parallel to its cleavage
planes (Fig. 14, Table 4). Consequently, platy mica exhibits enhanced
permeability in all horizontal directions but acts as a flow barrier
perpendicular to its lamination. OM pores within solid bitumen,
believed to form after hydrocarbon generation, show no directional
preference. This is supported by permeability simulations of solid
bitumen, indicating that OM pores enhance shale matrix permeability
uniformly in all three directions. Siltstone layers, which contain more
brittle minerals than shales, are more likely to develop microfractures
under tectonic stress. These directionally aligned microfractures can

Fig. 17. Schematic diagram showing the geological control on shale matrix permeability.
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greatly enhance permeability and create high permeability anisotropy in
two orthogonal horizontal directions.

5. Conclusions

In this work, we combined XRμCT inspection and permeability
measurements on cubic specimens to study the matrix permeability of a
series of shales in three directions. The results represent a significant
extension of the available database for comparison with previous
studies. We then analyzed geological controls on matrix permeability
anisotropy both between vertical and horizontal directions and two
orthogonal horizontal directions based on 2D observations and 3D
permeability simulations. The main conclusions drawn are as follows:

1. At a constant confining pressure of 1500 psi (10.34 MPa), matrix
permeability in horizontal directions ranged from 19.6 to 189.4 nD
and from 2.4 to 24.7 nD in vertical directions. The anisotropy ratio of
horizontal vs. vertical permeability coefficients ranged from 3.5 to
29.6, and the ratio of permeability coefficients along the two
orthogonal horizontal directions varied between 1.1 and 2.9. The
presence of fractures parallel to the lamination greatly increases
permeability along these directions by 32 to 348 times compared to
matrix permeability, while it makes no difference for permeability
across the lamination. The horizontal to vertical permeability
anisotropy ratio for shales with bedding-parallel fractures increases
to 55.5–277.4 and for the two orthogonal horizontal directions to
values from 2.6 to 4.4.

2. Matrix permeability anisotropy in horizontal to vertical direction is
mainly controlled by the preferred orientation of platy mica or clay.
Microfractures and cleavage along the bedding-parallel platy mica
greatly increase the permeability in the horizontal directions, while
these minerals act as barriers in the direction perpendicular to the
cleavage. Additionally, due to the crystalline structure of pseudo-
hexagonal plates or flakes, the permeability of mica along horizon-
tal directions exhibits no discernible disparity.

3. Matrix permeability in horizontal directions is affected by the OM
porosity, orientation of graptolites, and content of brittle minerals.
For the Lower Cambrian shales in three regions with different
structural deformation intensities, OM pores within solid bitumen
decrease gradually with tectonic stress, causing the variation of
matrix permeability correspondingly. Moreover, the OM pores
within solid bitumen show isotropic permeability in three directions.
The microfractures and elongated pores along graptolites greatly
enhance gas flow capacity along the long axis of the graptolite, as
shales with overlapped graptolite in oriented and random directions
show distinctly different permeability. The siltstone layer contains a
higher proportion of brittle minerals, making it more prone to pro-
duce fractures under tectonic stress. These fractures not only
enhance matrix permeability but also cause permeability anisotropy
in two orthogonal horizontal directions.
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