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Abstract: Shale reservoir heterogeneity is strong, which seriously affects shale gas reservoir evaluation
and reserves estimation. The Longmaxi Formation shale of the Luzhou block in southern Sichuan
was taken as an example to characterize the pore distribution of shale over the full scale using
micro-computed tomography (CT), focusing on ion beam scanning electron microscopy (FIB-SEM)
and small-angle neutron scattering (SANS); further, the heterogeneity of the shale pore distribution
over the full scale was explored quantitatively within different scales. The results show that shale
micropores are dominated by microfractures that are mainly developed along the bedding direction
and associated with organic matter, contributing 1.24% of porosity. Shale nanopores are more
developed, contributing 3.57–4.72% porosity and have strong heterogeneity locally at the microscale,
but the pore distribution characteristics show lateral homogeneity and vertical heterogeneity at the
macroscale. In the same layer, the porosity difference is only 0.1% for the sheet samples with 2 cm
adjacent to each other. Therefore, in shale core experiments in which parallel samples are needed for
comparison, parallel samples should be in the same bedding position. This paper explores the extent
of heterogeneity over the full scale of pore distribution from macro to micro, which has important
significance for accurately characterizing the pore distribution of shale and further carrying out
reservoir evaluation and estimation of reserves.

Keywords: shale gas; small-angle neutron scattering; heterogeneity; pore distribution

1. Introduction

Reservoir heterogeneity refers to the spatial inhomogeneity of reservoir parameters,
which is a common feature of reservoirs [1,2]. The heterogeneity of shale greatly influ-
ences the accumulation and migration of shale gas predominantly in the following ways:
(1) macroscopically—the mineral composition of shale reservoirs is complex, and its min-
eral petrological composition and organic matter composition play an important role in the
occurrence and enrichment of shale gas; (2) microscopically—the heterogeneity of shale
nanoscale pore structure and distribution and the development characteristics of fractures
and microfractures cause differences in the gas–water distribution, gas content, and gas
release capacity of shale reservoirs, and can even affect shale gas production [3]. At present,
some research into shale heterogeneity has been carried out at home and abroad, and rele-
vant achievements have been attained [4,5]. However, research into the heterogeneity of
shale microscopic pore distribution characteristics is limited by the accuracy of applicable
experimental methods and sample size. Studies on the heterogeneity of the nanopore
distribution of shale development are often conducted at the micron scale, which leads to a
lack of representative experimental results.

Energies 2022, 15, 913. https://doi.org/10.3390/en15030913 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15030913
https://doi.org/10.3390/en15030913
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5517-0010
https://doi.org/10.3390/en15030913
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15030913?type=check_update&version=1


Energies 2022, 15, 913 2 of 14

Based on their connectivity, pores can be divided into open pores and closed pores, and
most experimental methods can characterize open pores [6]. However, in recent studies,
some scholars have proposed the concept of universal connectivity in shale reservoirs; that
is, all micro–nanopore spaces of shale reservoirs are connected at the molecular scale, and
gas molecules can freely flow, diffuse, and move within the reservoir space as a single
molecule, molecular group, or continuous gas under certain conditions of temperature and
pressure [7]. Therefore, it is of great significance to comprehensively characterize the total
pore (open pores and closed pores) distribution within shale. However, at present, the
methods used to characterize shale total porosity are relatively simple; the most common
analytical methods are scanning electron microscopy (SEM), micro-computed tomography
(CT), and focused on ion beam scanning electron microscopy (FIB-SEM) [8]. Scanning
electron microscopy can intuitively and quickly observe pores, obtain images, and analyze
them, but it can only analyze the pore distribution at the surface of the sample [9–11].
Micro/nano-CT can stereoscopically image and characterize the three-dimensional pore
distribution of shale, but its accuracy is poor. High-precision nano-CT can only characterize
pore spaces greater than 50 nm and, thus, cannot fully characterize shale with developed
nanopores [12–16]. The FIB-SEM method can characterize the total pore space of shale
with high accuracy down to a pore space of 2 nm. However, the experimental area is
small, generally only 104 µm3, and it cannot fully characterize the pore distribution of
shale when applied to shale with strong heterogeneity [17–19]. Therefore, to better char-
acterize the porosity of shale, it is necessary to introduce new shale pore distribution
characterization methods in conjunction with traditional methods to jointly characterize
shale pore distribution.

Small-angle neutron scattering (SANS) technology has been used to characterize the
pore distribution of shale [20–24]. SANS technology has the following advantages over tra-
ditional technologies: (1) high measurement accuracy down to a pore space of 1 nm [25,26],
(2) use of sample sizes as large as 1011 µm3 for high precision characterization [27], and
(3) full characterization of the total pore space (open pores + closed pores) in shale [20,28–30].
Sun [31] used SANS to further study the pore size distribution of nanopores in southern
Sichuan shale and calculated the porosity and pore size distribution of shale using the
Porod invariant equation and polydisperse sphere (PDSP) model.

In summary, the traditional experimental methods for studying the total pore distri-
bution, such as SEM, micron CT, and FIB-SEM, are limited by the inverse proportional
relationship between the resolution of the research method and the sample size and cannot
study the pore distribution characteristics of nanoscale total pores in tens of cubic millime-
ters of volume samples. Therefore, it is necessary to study the heterogeneity of shale total
pore distribution by combining small-angle neutron scattering technology with traditional
research methods. Among them, the small-angle neutron scattering technique will be
innovatively used to study the heterogeneity characteristics of nanoscale pore distribution
in millimeter-scale shale samples.

In this paper, micro-CT technology, FIB-SEM technology, and SANS were used to
jointly explore the homogeneity and heterogeneity of shale full-scale pore distribution at
the micro and macroscales. Micro-CT technology was used to explore the distribution of
micropores, FIB-SEM technology was used to explore the distribution of nanopores in the
micron region, and SANS was used to explore the distribution of nanopores in millimeter
samples. Understanding the heterogeneity of pore distribution at the micro–nano level
expands our current understanding of shale pore distribution and provides a reference for
laboratory research into shale pore characteristics from a unique perspective.

2. Materials and Methods

In this paper, deep shale in southern Sichuan will be used as experimental samples.
The pore size distribution in shale is widespread, and a single research method cannot
completely study the pore distribution characteristics of shale. SANS, Micro-CT, and
FIB-SEM methods will be used to study shale pores of different sizes.
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2.1. Sample Preparation

In this paper, fresh shale samples were collected from the first layer of the Longmaxi
Formation, a deep shale gas well in the Luzhou block in southern Sichuan, China. In the
absence of any reports of liquid, a core was drilled in the gas window. After drilling, the
core was wrapped in the field with plastic to prevent weathering. In the laboratory, the
samples were divided into bulk samples of 20 × 20 × 20 mm using dry environment wire
cutting technology. The bulk samples were dried at 105 ◦C for 24 h, and the dried samples
were cooled to 25 ◦C in a drying dish. Once dry, experimental samples for micro-CT,
FIB-SEM, and neutron scattering were prepared. The specific sample preparation process
is shown in Figure 1. A cylindrical sample (A1) with a diameter of 4 mm and a length of
6 mm was extracted from the parallel bedding direction for the micro-CT experiment. A
10 × 10 × 0.7 mm sample slice (P1, P2) was placed on the upper and lower surfaces of the
block in the parallel bedding direction, and a 10 × 10 × 0.7 mm sample slice (W1, W2)
was placed on the left and right surfaces of the block in the vertical bedding direction. The
FIB-SEM experiment was performed on the samples underneath the block.
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2.2. SANS Experiments

SANS experiments were carried out on a GP-SANS instrument with a neutron wave-
length of λ = 6 Å ( ∆λ/λ ∼ 0.15). The distances from the sample to the detector were
18.5 m, 10 m, and 1 m, and a scattering vector (Q) of 0.005 < Q < 0.6 Å−1 was covered, where
Q = 4πλ−1sin(θ) and 2θ is the scattering angle [31]. According to Radlinski [32], for poly-
dispersed samples, the empirical equation for the scattering vector (Q) has a relationship
with the pore radius (r) of r ≈ 2.5/Q. Based on this relationship, it can be calculated that the
pore diameter range of samples that can be detected in the experiment is about 1–100 nm.
Multiple scattering varies with wavelength and sample thickness. The experimental condi-
tions of this paper were similar to those of previous studies. Shale samples with a thickness
of less than 1 mm will have high neutron transmittance, making the multiple scattering of
most samples less than 10%. Before the experiment, the samples were dried in an oven at
105 ◦C for more than 24 h until the mass remained constant. The samples were then placed
in a quartz sample cell with an inner diameter of 1 mm for the SANS experiment.

2.3. Micro-CT Experiment

The micro-CT experiment was completed at the China Petroleum Exploration and
Development Research Institute (Langfang). The instrument used was an Xradia 400 Versa
3D X-ray microscope (model: XRM-400) from Zeiss company, and the resolution limit
was 700 nm. Before the micro-CT experiment, a cylindrical rock sample with a diameter
of about 4 mm and a length of about 6 mm was drilled along the bedding direction of
the sample. After the rock sample was fixed, it was placed vertically into the micro-CT
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scanning instrument. The single exposure time was set to 2 s, the scanning voltage was
60 kV, and the experimental temperature was 20 ◦C. A two-dimensional plane image
along the Z-axis direction (about 1024) was obtained, and a three-dimensional stereo data
volume was superimposed in turn [33]. Avizo software (version: Avizo 2019.1) was used
for three-dimensional data reconstruction and analysis.

2.4. FIB-SEM Experiment

The FIB-SEM experiment was completed at the Experimental Center of China Petroleum
Exploration Institute. Before the experiment, the sample surface was roughly polished with
sandpaper and polishing solution, and then the sample was finely polished and carbonized
using a 685C argon ion polishing instrument produced by Gatan Company. The polishing
voltage was 3 kV, and the polishing time was 4 h. When the sample is not cut by the ion
beam, the electron gun is perpendicular to the sample surface, and the ion gun is 38◦ to the
sample surface. In this state, the sample surface can be scanned by high-resolution scanning
electron microscopy. When the ion beam is used to cut the sample, the sample stage needs
to be rotated by 52◦ so that the ion gun is perpendicular to the sample surface (XZ plane)
and the electron beam is no longer perpendicular to the imaging surface (XY plane). When
the ion beam is continuously cut along the Z direction, the electron beam will be continu-
ously imaged so that the internal structure of the sample can be observed. After FIB-SEM
cutting and imaging, 500 continuous images clearly showing the microscopic pore structure
of shale were obtained with a resolution of 10 nm and a field of view of 20 × 20 × 10 µm.
Avizo software was used to combine these images and three-dimensional reconstruction
and analysis.

3. Results and Discussion

Shale pores can be divided into nanometer pores and micron pores. Different pores
have different heterogeneity characteristics and contributions to porosity. Shale pores can
also be divided into organic pores and inorganic pores, which show great differences in
pore distribution characteristics.

3.1. Micron Pore Distribution

Micro-CT imaging is based on density difference using grayscale to distinguish differ-
ent components of the sample. Among them, the high-density components show bright
gray to light gray (such as quartz, carbonate minerals, and clay minerals), low-density
components show dark gray (such as organic matter), and pores (cracks) show black. The
samples from the Longmaxi Formation were scanned by micro-CT technology. Red is
used to represent shale pores, and blue is used to represent organic matter. The three-
dimensional macroscopic pore distribution model of shale was obtained, as shown in
Figure 2. The porosity of the sample calculated based on the experimental results was
1.24%. It can be seen from Figure 2 that the development degree of micron-level pores
in the longitudinal direction presents strong heterogeneity. The pore morphology of the
sample was analyzed, and the shape of the pores was found to be irregular, with the
ellipsoid type being the most common. The development area was mainly distributed
along the horizontal direction, which is consistent with the bedding direction, indicating
that the main form of micron pores is the Lamellation fracture. Therefore, it can be seen
that the distribution of shale micron pores in millimeter-scale samples shows heterogeneity
horizontally and heterogeneity vertically.

Further analysis of the spatial correspondence between the distribution of organic
matter and the distribution of micron-sized pores in shale showed that most of the micron-
sized pores have a good correspondence with the distribution of organic matter. The reason
may be that the main body of the Longmaxi Formation in the Luzhou area was a deep-
water continental shelf sedimentary environment. The water body was relatively quiet and
showed strong reducibility due to the blocking of the middle paleo-uplift in the surrounding
Sichuan, which was very favorable for the development of organic matter and foliation. It
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is easy for organic matter to form pores during the later thermal evolution process. In the
later formation uplift process, with the release of overpressure from inside the formation, it
is easy to form fabric selective fractures (foliation cracks) along the direction of foliation.
Therefore, the bedding seam and organic matter display good correspondence. Lamellation
fractures play an important role in the development of shale oil and gas, and not only
provide the reservoir space for shale gas but also effectively provide an advantageous
channel for shale gas to flow from matrix pores into the bottom hole.
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3.2. Nanoscale Pore Distribution

The pore size of the shale reservoir is very small, and the pore structure is complex.
Shale gas generally exists in nanopores in adsorption and dissociative states. Therefore,
it is of great significance to study the nanoscale pore structure of shale gas reservoirs for
shale gas resource evaluation and reservoir forming mechanism research, and even shale
gas exploration and development.

3.2.1. Analysis of FIB-SEM Results

In this experiment, the spatial distribution characteristics of organic matter pores in
shale were demonstrated by cutting and imaging the organic matter particles in shale. A
series of backscattered images of shale were obtained after 500 consecutive ion beam cuts
and electron beam imaging. Each image represents a 20 nm thick layer of shale. The spatial
distribution of the shale microstructure was reconstructed using 500 backscattered images
(Figure 3a). The dimensions of the sample were 20 × 20 × 10 µm. Based on the results of
the micro-CT experiments, the spatial distribution of shale pores has great heterogeneity in
the longitudinal direction. Therefore, sample selection plays a vital role in characterizing
the shale pore structure. For FIB-SEM with a small experimental area, the correct selection
of shale area is very important.

As shown in Figure 4, there are two main types of pores in Longmaxi Formation shale.
One type is honeycomb organic pores, which are widely developed inside the organic
matter. The other type is fracture-type interface pores, developed at the boundary of
organic matter and inorganic minerals, where organic matter pores and intergranular pores
are developed. Images of the boundary area between organic matter pores and inorganic
minerals were selected from the SEM series of slice images, and the three-dimensional
reconstruction of the boundary’s structure was carried out to explore the pore space of the
shale organic matter pore structure and inorganic mineral area.
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As shown in Figure 3, FIB-SEM was used for the three-dimensional reconstruction of
the experimental area. The FIB-SEM gray values of different components in shale were
significantly different. For example, the gray value was low est for pores, and higher for
organic matter, followed by inorganic minerals, while bright minerals such as pyrite had
the highest gray values. The gray threshold values for organic matter and pores in each
shale are set and adjusted to achieve the best matching effect with the real distribution, and
then the organic matter and pores in the shale can be segmented and extracted (Figure 3c),
where red represents shale pores and blue represents organic matter. The selection of the
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gray threshold image is largely subjective, which directly affects the results of subsequent
data processing. However, the error caused by this subjectivity is unavoidable, and the
threshold of each component can only be adjusted to the extent possible to minimize the
associated error.
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Based on the microstructure of shale and the three-dimensional distribution character-
istics of extracted organic matter and pores (Figure 3), the pore distribution of the sample
shows strong heterogeneity. The pores are mainly developed inside the organic matter
network, and the organic matter shows wormhole-like interconnection. The porosity of
the shale samples was 2.4%, and the porosity calculated in the organic matter network
was as high as 16.1%, and the actual value may be even higher. In this experiment, due to
limitations in the measurement accuracy, only pores with a pore size greater than 10 nm
were considered, and, thus, no shale pores with a pore size less than 10 nm were measured,
so this result may underestimate the porosity value in organic matter. The porosity of the
inorganic mineral component development zone in the lower half of the sample was only
0.37%, which was much lower than that of the organic matter development zone. Therefore,
in the research domain of the micron scale, due to the uneven distribution of organic matter
and mineral components, the pore distribution shows strong heterogeneity.

While using Avizo software to obtain three-dimensional spatial distribution images
of different components, the spatial position and volume of each component can also
be quantitatively expressed. Assuming that the pore is a sphere, its diameter can be
calculated based on the volume of a single pore, and the number and volume of pores in
different diameter intervals can be counted, as shown in Figure 5. The pore size distribution
was found to range between 10 nm and 2092 nm. Although the number of pores with a
diameter between 20 nm and 100 nm was the largest, larger pores with a diameter greater
than 200 nm contributed the most to the porosity (Figure 5). In comparison, the diameter
of a single organic matter pore based on the two-dimensional observations (Figure 6) was
between 30 nm and 150 nm, and the larger pores (diameter greater than 200 nm) may have
resulted from aggregates of multiple organic matter pores, especially in the case of the
largest pore with a diameter of 2092 nm. This also illustrates that organic matter pores are
interconnected to form a pore network, as shown in Figure 3d. The organic matter pore
network provides a good channel for gas migration in shale, and these organic matter pores
also contribute greatly to the permeability of shale. However, a large number of organic
pores with smaller pore sizes are attached to the periphery of larger pores. These smaller
pores have a strong methane adsorption capacity and are the main space for adsorbed gas
storage [34,35].
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3.2.2. Analysis of SANS Results

Information on the composition of the samples is provided in Table 1, including total
organic carbon (TOC) and mineral composition. The volume of each component in the
sample is calculated based on its density.

Table 1. Mineral composition and TOC of shale samples (%).

Sample TOC Quartz Calcite Dolomite Plagioclase Pyrite Illite Smectite Chlorite

W1 3.20 45.20 10.20 19.45 3.80 2.70 16.10 1.45 1.10
W2 3.80 32.40 2.30 15.90 9.10 8.40 25.30 4.20 2.40
P1 3.1 43.8 9.9 18.8 3.7 2.6 15.6 1.4 1.1
P2 3.7 31.2 2.2 15.3 8.8 8.1 24.4 4.0 2.3

Calculation of shale pore structure by SANS usually assumes that shale is a two-phase
porous medium (i.e., pores and components). The SLD of shale components (including
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inorganic components and organic components) is obtained by the SLD volume average of
each component (see Table 2), as shown in the following equation [36]:

SLD(shale) =
∑n

i vol%(i)SLD(i)
100

(1)

where i represents the component, and n represents the total number of components.

Table 2. Parameters used in calculation of scattering length density (SLD).

Material Density (g/cm3) Chemical Formula SLD (×1010 cm−2)

Quartz 2.65 SiO2 4.18
Calcite 2.71 CaCO3 4.69

Dolomite 2.86 CaMg(CO3)2 5.44
Plagioclase 2.61 NaAlSiO3 3.97

Pyrite 5.01 FeS2 3.81
Illite 2.70 K(Al3Mg)(Si7Al)O20(OH)4 3.80

Montmorillonite 2.35 Na0.7(Al3.3,Mg0.7)Si8O20(OH)4H2 3.26
Chlorite 3.00 (Mg9Al3)(Al3Si5)O20(OH)16 3.75

The SLD of shale organic components is calculated from the relationship between
organic matter maturity and organic matter SLD proposed by Ruppert [30]. The calculated
SLD of each shale sample is shown in Table 3.

Table 3. Pore structure parameters of each sample obtained by small-angle scattering.

Sample Sample Thickness
(mm)

SLD
(×1010 cm−2) PI Porosity (%) PDSM Porosity

(%)
Fractal

Dimension
Median Pore Diameter

(nm)

W1 0.76 4.13 4.57 4.62 2.81 3.79
W2 0.72 4.18 4.63 4.76 2.77 3.77
P1 0.71 4.32 3.48 3.51 2.75 4.86
P2 0.77 4.16 3.40 3.42 2.71 7.54

The experimental samples W1 and W2 are positioned in the same layer of two different
blocks. The thin sections taken from the vertical bedding were used in the experiment.
A1 and A2 are the thin sections taken from different bedding planes within the experi-
mental core. The SANS profiles of shale samples are shown in Figure 7a. Affected by the
background signal, the scattering intensity of each scattering profile at Q = 0.5 Å−1 often
obtains a “flat”, large Q background, which causes a deviation in the calculation of pore
content of small aperture. This value comes from the background scattering interference of
hydrogen atoms in shale samples, and the background quotation interference is calculated
according to the weight percentage of each component in the sample.

Figure 7b shows the SANS section after the background values (Table 3) were sub-
tracted from the original experimental data. After background subtraction, the SANS
curves of the samples are shown to roughly follow the power-law correlation (I(Q) ~ Q−p,
where p is the Porod exponent), which is due to the fractal distribution of the pore size in
shale [26,29,37,38]. The power index (D) can distinguish the fractal part and non-fractal
part of shale [39]. When the power index (D) is between 3 and 4, this represents that shale
conforms to the surface fractal, and its fractal dimension is equal to 6-D. If the power index
(D) is less than 3, this represents that shale conforms to the mass fractal, and its fractal
dimension is equal to D. The power index (D) of the four shale samples in this paper were
all less than 3, so the fractal dimensions that were measured by SANS were all mass fractals.
The fractal dimensions are presented in Table 3.
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In the following analysis, we focused on the Q range 0.00515 to 0.58, corresponding to
pore radii ranging from 1 to 100 nm. The SANS curve of shale samples was fitted by the
non-negative least squares method, and then the porosity, pore number density (number of
pores per unit volume), and pore size distribution were obtained using the polydisperse
pore size distribution model (PDSM). The scattering intensity I(Q) in the PDSM model is
defined as follows:

I(Q) = (ρ1 − ρ2)
2 ∑ P(Q, r)2F(r)V(r)2 N∆r (2)

where ρ1 and ρ2 represent the SLD values of shale components and pores, and the SLD of
pores is usually assumed to be 0; r represents shale pore radius; Q represents the shape
factor of spherical pores with radius r; F(r) represents the pore size distribution function
of shale; V(r) represents the volume of spherical pores with radius r; and n represents the
number of pores.

For the two-phase system (shale matrix and pores), porosity (∅) can be calculated by
the equation using scattering contrast (∆ρ) [36]:∫ ∞

0
Q2 I(Q)dQ = 2π2(∆ρ)2∅(1 −∅) (3)

The physical parameters of the obtained shale samples are shown in Table 3. The pore
size distributions (PSD)s (pore radii range from 1 to 100 nm) of the four shale samples are
shown in Figure 8.

The PDSM porosity measured by samples W1 and W2 was 4.62% and 4.72%, respec-
tively, reflecting the homogeneity of the lateral distribution of shale nanopores. From
further analysis of the pore size distribution, as shown in Figure 8, it is obvious that the
pore size distribution of samples W1 and W2 in the pore size range of 1–100 nm is es-
sentially the same. This proves that the pore distribution of shale samples is the same
in the horizontal direction at the sample scale (i.e., centimeter-level samples) applied in
conventional laboratory core testing; that is, it reflects strong homogeneity. The distribution
characteristics of shale micropores were analyzed in detail. Shale nanopores were found to
be developed. Pores with a pore size range of 1–100 nm provide a large amount of pore
space for shale, and their contribution to porosity reached 4.3%. A large number of pore
spaces are concentrated in micropores and mesoporous regions with small space. The ex-
perimental samples were in the pore size range of 1–100 nm, and the median pore diameter
was 3.78 nm on average (the median pore diameter refers to the pore size corresponding
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to 50% of the total pore volume value), which proves that the shale micropores are very
developed. This also reflects the necessity of using SANS to study the micropores of shale.
So far, SANS is the only research method that can be used to explore the total pore space of
shale at the micro–nano scale with millimeter-scale samples.
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Compared with the parallel samples in the longitudinal direction, the porosity of
samples P1 and P2 was 3.51% and 3.42%, respectively, which seems to reflect that the
nano-reservoir space of shale in the longitudinal direction is also homogeneous. However,
the pore size distribution of samples P1 and P2 was further analyzed. As shown in Figure 8,
the pore size distribution in the range of 1–100 nm is quite different, which indicates
that the nanoscale pore space is strongly heterogeneous in the millimeter-scale size in the
longitudinal direction, and the pore size distribution is also quite different. Micropores and
small aperture mesopores were developed in sample P1, while mesopores were mainly
developed in sample P2. This difference could be further quantitatively studied through
SANS experimental data. The distribution curves of the P1 and P2 samples in the small-
aperture region intersected at 2.85 nm. The pore volume of the P1 sample was 167.8% of the
pore volume of the P2 sample in the pore size range of 1–2.85 nm, while the pore volume of
the P1 sample was only 79.8% of the pore volume of the P2 sample in the pore size range of
2.85–22.3 nm, which more intuitively reflects the vertical heterogeneity of the shale pore
space distribution.

Although the pore size distribution of samples P1 and P2 was quite different, the
pore size distribution of 20 µm thin sections within the same sample was similar. The
pore size distribution of the two groups of samples was quite different except for in the
microporous area. The trend of the pore size distribution curve in the mesoporous and
macropore areas was roughly the same, and there was a pore enrichment at about 5 nm.
The reason for this result may be that the micropores of shale are mainly organic pores.
Therefore, when the characteristics of organic matter, such as thermal maturity, are similar,
the development of micropores is consistent with that of organic matter. Combined with
the above experimental results of micro-CT, it can be observed that the development of
organic matter in shale is along the horizontal bedding direction, and the TOC content of
P1 is greater than that of P2. Therefore, in the two shale parallel bedding samples selected
in this experiment, P1 may contain more layered organic matter than P2, resulting in the
content of P1 micropores being much larger than that of P2, and the difference between
mesopores and macropores was only 2 cm in the longitudinal direction. The sedimentary
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tectonic movement received in the two samples was the same, so the distribution of pores
is roughly the same.

3.3. Implications of Heterogeneity in Shale Pore Distribution Research

The method of selecting the sample and sample size will greatly influence the de-
termination of shale pore distribution by different measurement methods. For the same
complete shale samples, due to the heterogeneity of the shale pore distribution, testing at
different sampling locations may produce different results. Therefore, how to select and
prepare representative rock samples is of great significance.

For example, helium injection, SANS, mercury injection, nuclear magnetic resonance,
and micro-CT were all used to study the pore distribution of shale samples at the millimeter
level, as shown in Figures 2 and 4, in which the pore distribution of shale shows homogene-
ity in the horizontal direction and heterogeneity in the vertical direction. Therefore, when
the same sample is measured by multiple means, parallel samples should be selected and
prepared from the same layer from adjacent areas within a reasonable range. Especially for
experiments that require the preparation of flake samples such as SANS, it is suggested
that the preparation of flake samples is along the vertical bedding direction. In addition,
when the sample selection itself is relatively small, such as for FIB-SEM, nano-CT, and
other research methods that use micron-level samples, because the shale pores are strongly
heterogeneous in the micro-region, the sample size will have a significant impact on the
experimental results. Therefore, supplementary methods such as FIB-SEM and nano-CT
should be included in the experiment to conduct a detailed analysis of the micro-region.
For example, in this paper, FIB-SEM was used to analyze the development of shale organic
matter pores.

4. Conclusions

In this paper, micro-CT technology, FIB-SEM technology, and SANS technology were
used to jointly explore the heterogeneity of shale pore distribution.

1. The distribution of micron-sized pores in shale with rich bedding structure of high-
quality reservoirs shows strong heterogeneity in the vertical direction, and its form is
dominated by bedding fractures distributed along the bedding and consistent with
the distribution of organic matter. They not only provide 1.24% of shale porosity but
also provide shale with a dominant channel for gas flow.

2. The distribution of nanopores in shale reservoirs shows strong heterogeneity at the
micron scale. At the micron scale, organic matter, inorganic minerals, and clay are
irregularly arranged. Among them, the porosity in organic matter is as high as 16.1%,
while the porosity in the mineral component development area is only 0.37%.

3. Shale pore space is mainly concentrated in nanoscale pores, and 1–100 nm pore size
pores can provide 4.3% of the shale porosity, which is much higher than the 1.24%
porosity provided by that of pore micron space. In this paper, a SANS experiment
was used to quantitatively characterize for the first time the strong heterogeneity of
nanopore distribution in the transverse direction and the strong heterogeneity in the
longitudinal direction in a millimeter sample.

4. For the commonly used millimeter-level experimental samples, the nano–micro pore
distribution of shale reflects the horizontal homogeneity and the vertical heterogeneity.
Among the shale samples adjacent to the same bedding position, the pore difference
is only 0.1%, and the pore size distribution is basically the same. Therefore, it is
suggested that when parallel samples are used in the study of the pore structure of
shale reservoirs in the laboratory, the parallel samples should be adjacent samples
within the same layer.
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