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Abstract

To further clarify the optimal target layer in the horizontal section of Wufeng—Longmaxi shale, we selected 126 shale samples
from the Wufeng—Longmaxi Formations (Long1 1] to Long114 and Long1, submember) as the primary study objects from the
perspective of the microscopic pore structure. We conducted this experimental study on the pore structure of shale samples
according to various methods, including low-temperature nitrogen adsorption and carbon dioxide adsorption experiments,
atomic force microscopy, and nano-computed tomography scanning. We calculated the fractal dimensions of samples at dif-
ferent horizons through the study of the characteristics of adsorption—desorption isotherms using the Frenkel-Halsey—Hill
model. These results indicated that the shale samples had a complex pore structure (with a higher fractal dimension). The
fractal dimensions were positively correlated with the specific surface area and total organic carbon content of the shale
samples, weakly positively correlated with the micropore pore volume, and negatively correlated with the average pore
radius. The samples from the Wufeng Formation and the Longl,' and Long1,? submembers had large fractal dimensions,
whereas the samples from Longl, had the smallest fractal dimension. The pores of the shale samples generally were type
H2/3, which were characterized by wedge, tabular, and ink-bottle shapes. Only three H3-type pore samples corresponded to
the three smallest fractal dimension values. The Wufeng Formation’s Long 11] and Long 112 layers should be the target layers
for horizontal wells. In this study, we identified the optimal target layer of the horizontal shale profile of Wufeng—Longmaxi
Formation, which holds great significance for shale oil and gas development in this formation.
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Abbreviations List of symbols
AFM Atomic force microscopy C Constant
BET Brunauer—-Emmett—Teller D Fractal dimension
CT Computed tomography F, Roughness and undulation of the plane
FE-SEM  Field emission scanning electron microscopy K Slope of the logarithmic curve of In (V)
FHH Frenkel-Halsey-Hill L Length of scan range sample (ptm)
FIB-SEM Focused ion beam scanning electron p Equilibrium pressure (MPa)
microscope Do Saturation pressure (MPa)
TUPAC International Union of Pure and Applied R, Number of rows in the gray image matrix
Chemistry Vv Volume of N, adsorption at each equilibrium
TEM Transmission electron microscopy pressure (cm?)
TOC Total organic carbon w Width of scan range sample (pm)
x(1,)) Gray value of the pixel in the i row and the j
column of image gray matrix
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clay minerals, and the dissolved gas forms in bitumen or ker-
ogen (Hu et al. 2016). Because of the strong heterogeneity
and anisotropy of shale and the diversity of gas occurrence,
the flow mechanisms of shale gas are complex, including
desorption, diffusion, and seepage (Chandra et al. 2022).
Therefore, the porosity, specific surface area, and pore size
distribution characteristics are important parameters used to
characterize the pore structure of shale (Afagwu et al. 2023).
Because of the high complexity of shale microscopic pore
systems, Euclidean geometry cannot be used to describe and
accurately characterize the shale microscopic pore systems
(Afagwu et al. 2022). Therefore, it is necessary to integrate
fractal geometry into the original system and to use the frac-
tal method to study the pore characteristics of shale (Qiu
et al. 2021; Seely et al. 2022; Zhu et al. 2021; Fan et al.
2022).

The common characterization methods for conventional
porous solid pores include the fluid-intrusive method, image
analysis method, and noninterference method (i.e., nonintru-
sive method) (Igbal et al. 2021). The fluid-intrusive method
is used to detect the connected pores in a sample by injecting
fluid into the sample, including the low-temperature nitrogen
(N,) adsorption method, carbon dioxide (CO,) adsorption
method, and high-pressure mercury intrusion method (Fatah
et al. 2022). The image analysis method has been used to
establish an intuitive understanding of the reservoir structure
through images with advanced imaging technology, includ-
ing transmission electron microscopy (TEM), field emission
scanning electron microscopy (FE-SEM), and atomic force
microscopy (AFM). The nonintrusive method can be used to
conduct nondestructive tests on samples, including nuclear
magnetic resonance, small-angle scattering (SAS), and com-
puted tomography (CT). Because the pore size distribution
in shale is heterogeneous, and the span of pore size distribu-
tion is large (Chandra et al. 2023), these methods all have
some limitations (Mudoi et al. 2022). The high-resolution
backscatter image method is limited by its magnification.
Although the pore shape of the image can be observed, it is
difficult to accurately characterize the complex pore charac-
teristics of shale (Pang et al. 2021). The electron microscopy
method is relatively high in resolution, at the nanometer
level, but it cannot realize a full-scale quantitative descrip-
tion. The gas adsorption method is limited in its test range
(Wang et al. 2021). For example, the pore diameter range
of the low-temperature N, adsorption test is 1.2-200 nm,
and that of the CO, adsorption test is <2 nm. During high-
pressure mercury intrusion testing, because of the complex
pore structure, diverse pore shapes, and micropore devel-
opment in shale, the saturation of mercury is frequently
low, and most pores cannot be analyzed using this method
(Chandra et al. 2022). Scholars have noted that high pressure
may cause the deformation and damage of pore structures
(Medina et al. 2023). Therefore, it is difficult to effectively
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characterize the multiscale pore structure and pore size dis-
tribution of shale using a single method (Pitcher et al. 2021).

Using the AFM method, the surface structure and proper-
ties of substances can be studied by detecting the extremely
weak interatomic interaction between the surface of the
sample to be tested and a miniature force-sensitive ele-
ment. While scanning the sample, the sensor can detect
these changes, and the force distribution information can
be obtained. Therefore, the surface topography structure
and surface roughness information can be obtained at the
nanometer resolution. AFM has been widely used in nano-
technology studies in the fields of materials science, biology,
physics, data storage, semiconductors, polymers, chemistry,
and biological materials, but it is rarely used in the study of
shale pore structure (Liu et al. 2021; Shen et al. 2021a, b;
Zhang et al. 2020).

Among the fluid-intrusive methods, the low-temperature
N, adsorption method currently is the most widely used
method for the quantitative characterization of the micropore
structure of tight reservoirs, and it can be used to effectively
characterize pores between 1.2 nm and 200 nm. Scholars
have carried out a large number of studies using low-tem-
perature N, adsorption experiments (Xu et al. 2019). Han
et al. compared the influence of sample particle size and
water content on N, adsorption (Han et al. 2016). Zapata
and Yang obtained information about the influence of the
properties of sorbents and adsorbates on nitrogen adsorp-
tion by studying N, adsorption isotherms (Yang et al. 2023;
Zapata and Sakhaee-Pour 2016). Many scholars also have
analyzed the N, adsorption capacity and described the corre-
lations among sample surface area, pore volume, pore type,
and other factors (Chao et al. 2016b, a; Chen et al. 2018). In
the study of Longmaxi Formation shale, scholars generally
believe that the fractal dimension is positively correlated
with total organic carbon (TOC), micropore development
degree, vitrinite reflectance (Ro), clay mineral content, and
Brunauer—-Emmett-Teller (BET) specific surface area (Yang
et al. 2023). The fractal dimension is negatively correlated,
however, with feldspar content, average pore size of the sam-
ple, and pore volume (Saeed et al. 2022; Fu et al. 2021; Chen
et al. 2021; Blach et al. 2021). The high-pressure mercury
intrusion capillary pressure method is another common fluid
intrusion method (Shen et al. 2021a, b; Liu et al. 2021; Li
et al. 2018a, b; Han et al. 2020; Zhang et al. 2020; Cai et al.
2018).

To date, most studies on pore structure and fractal dimen-
sion do not specify the subsection and small-layer position
of the core or whether the core samples are taken from the
primary production layers. In addition, the number of sam-
ples has been small, and the samples have demonstrated
weak representativeness, resulting in significant differences
in the study of shale in the same area. For example, scholars
still dispute the correlation between the fractal dimensions
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and pore volume of Longmaxi Formation shale (Xiong et al.
2022).

Pore fractal dimension is important for understanding the
complex geological structure, stratigraphic characteristics
and reservoir modeling. Firstly, pore fractal dimension can
describe the complexity and irregularity of pore structure.
Pore structure is the main carrier of fluid storage and flow
in the formation. The complexity and irregularity of pore
structure can be analyzed by fractal dimension, which is
helpful to understand the reservoir characteristics and fluid
flow characteristics of strata. Secondly, pore fractal dimen-
sion has an important application in reservoir modeling.
By incorporating pore fractal dimension into the modeling
process, the flow of oil and gas in the formation can be
simulated more accurately, the development effect can be
predicted, and more effective development technology strat-
egies can be formulated.

In this study, we summarized a large amount of data and
studied the fractal characteristics of the four sublayers of
the Longl, submember of the Longmaxi Formation, the
Longl, submember, and the Wufeng Formation shale using
N, adsorption experiments. We used AFM and nano-CT to
study the pore distribution characteristics and the connec-
tivity of shale samples. AFM and nano-CT have been used
to study the pores, throat distribution, and connectivity of
pores < 800 nm and > 800 nm as well as to comprehensively
study correlations among the pore-throat configuration and
three-dimensional (3D) spatial fluctuation degree and fractal
dimension to provide the necessary experimental basis for
the sweet-spot selection, resources evaluation, and develop-
ment of shale gas reservoirs. In this study, we combined the
cryogenic N, adsorption experiment and AFM to provide
evidence for the determination results of hysteresis loops
through the high-resolution display of AFM. We also pro-
posed a more accurate hybrid hysteresis loop type, which
made the description of pore morphology more accurate.
This work filled the technical gap in the low-temperature
N, adsorption method, which can be used to determine
pore morphology only qualitatively and lacks supporting
evidence.

Materials and methodology
Experimental samples

Marine shale in Sichuan Basin is the most realistic field of
shale gas exploration and development in China. Shale gas
development has basically formed targeted shale gas well
production, production and gathering, and transportation
technology. The well station gathering and transportation
process can meet the needs of shale gas development. The
Changning—Weiyuan Shale Gas Demonstration Zone is

located in the southern part of Sichuan Province, which is
the location of the main commercially developed shale gas
fields. The gas fields are characterized by overpressure with
a pressure coefficient of 1.2-2.0. The area of the demonstra-
tion region is 6534 km? with proven shale gas reserves of
more than 300 billion m”.

The Wufeng Formation and Longl Formation are high-
quality reservoir sections and the main gas-producing layers
of shale gas in Sichuan Basin. The small layers of Longl,’ to
Longl,*in the Long1, submember of the Long1 Formation
are the main target layers for horizontal well development.
A total of 126 core samples have been recovered from the
Wufeng-Longmaxi Formations (Longll1 to L0ng114 and
Longl, submembers) in Changning, Weiyuan, Dazu, and
other established production areas (Fig. 1). Basic param-
eters, such as porosity and permeability of core samples,
are shown in Fig. 2. The porosity and permeability of the
samples in the same small layer are approximately positively
correlated with the depth.

Experimental method

The low-temperature nitrogen adsorption experiment can
calculate the pore volume distribution of shale by measuring
the adsorption amount of nitrogen under different pressures
and characterize the size range and number of pores. In addi-
tion, the specific surface area can be calculated and the pore
morphology can be judged by the adsorption—desorption
curve. Atomic force microscopy can observe and measure
the morphology of shale pores at the nanometer scale, and
the distribution of pore scale can be obtained by statistical
analysis of a large number of scanned image data. It is very
important to evaluate the permeability and fluid transport
capacity of shale by scanning the motion path of the probe
and observing the connection between pores to help under-
stand the connectivity of the pore network. The atomic force
microscope can also understand the physical and chemical
properties of the pore surface by measuring the interaction
force between the probe and the pore wall. For example,
parameters such as surface roughness, hardness, and adhe-
sion can be measured to reveal the morphology and surface
characteristics of the pore wall. The comprehensive utili-
zation of low-temperature nitrogen adsorption and atomic
force microscopy is of great significance for understanding
the reservoir characteristics, permeability and fluid transport
capacity of shale.

Low-temperature N, adsorption and desorption
experiment

We used the Autosorb-6B adsorption instrument made by

Quantachrome Corporation USA in the experiment. With
a voltage of 100-240 V, 50/60 Hz, six samples could be
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Fig. 1 Well location map of the
sample source
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Fig. 2 Porosity, permeability, and well depth of the samples

measured at the same time. This instrument was used mainly
for measuring the amount of gas adsorbed and desorbed
under a certain equilibrium vapor pressure by the static
volume method. The samples were ground to 36-60 mesh
powder after the treatment of the washing oil. The samples
often contained incompletely eluted oil, residual bound
water, or water vapor absorbed in the air because of long-
term exposure. Therefore, we conducted vacuum degassing
pretreatment for each sample for 4-5 h at 150 °C before test-
ing. Whether the pretreatment could meet the test require-
ments had to be determined by the degassing detection test.
According to the standard for determination, the pressure
increase in the sample should not exceed 50 um of mer-
cury per minute (50 mTorr/min) under heating conditions.
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The shape of the sample chamber was a long glass tube,
connected with a spherical glass bubble at the bottom. We
selected a 9-mm-diameter glass tube, added sample powder
to one-third of the volume of the glass bubble, and set the
system pressure balance time to 3 min. When the adsorp-
tion occurred, with the continuous increase in pressure, it
reached an equilibrium state at each pressure point. The
adsorption data under different relative pressures could be
obtained by changing the pressure. Then, with the pressure
decreasing gradually, we separately measured the adsorption
and desorption volume of nitrogen under different relative
pressures. The adsorption—desorption isotherm could be
obtained by taking the ratio p/p, (i.e., the ratio of the equi-
librium pressure to the saturated vapor pressure of nitrogen)
as the abscissa and the adsorption amount per unit mass V
as the ordinate.

3D appearance test by AFM

The AFM experimental instrument was a Jupiter XR atomic
force microscope manufactured by Oxford Instruments. The
AFM can measure roughness, step height, micro—nano-level
3D profile with high precision, and other physical quantities,
such as the phase, electric field, magnetic field, and electri-
cal conductivity. Based on the principle of laser reflection
cantilever beam or the principle of the optical lever, the laser
beam is reflected on a detector through the back of the can-
tilever beam. The tip of the cantilever beam then scans the
sample, and with the fluctuation of the sample, the signal
of the detector will change. This signal then is converted
into an electrical signal by an analog-to-digital converter,
thus achieving data output and obtaining the final shape
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information as well as other physical quantity information.
During the experiment, we first used an optical microscope
to determine the area polished by argon ion. Then, we used
the AFM for detection. Finally, we scanned multiple areas
to obtain more comprehensive data. The sample dimensions
were 10X 6.5x2 mm. We used a grinding and polishing
machine to process the to-be-scanned surface and the reverse
surface of each sample and then used 3000-grit sandpaper
to further polish the surface to be scanned. Finally, we used
argon ion milling to smooth the surface so that it met the
requirements for roughness measurement using AFM.

CT and 3D reconstruction

CT uses cone-beam X-rays to penetrate the object and to
reconstruct a 3D model with a large number of X-ray attenu-
ation images obtained by rotating the core 360 degrees. In
this study, we used the Phoenix Nanotom Nano-CT instru-
ment by General Electric, with a resolution of 300 nm. The
advantages of nano-CT core analysis are that it can fully dis-
play the small features of the surfaces using a large amount
of image data without destroying the sample and the CT
image can reflect the information of the energy attenuation
of the X-ray during the process of penetrating the object.
The pore structure and relative density inside the core are
positively correlated with the gray level of the 3D CT image.
During the experiment, the sample taken by a 1-mm-diam-
eter drill was placed on the stage of the CT instrument for
CT scanning after adjusting the scanning parameters. After
scanning, the digital 3D model could be reconstructed by
reducing the effects of artifacts and beam hardening. Finally,
using professional data processing software (e.g., VGSTU-
DIO MAX and FEI Avizo), we processed and analyzed the
reconstructed 3D model, including pore and fracture extrac-
tion analysis of cores, pore-throat connectivity analysis of
cores, internal display of the 3D view (e.g., distribution of
internal pores, fractures, and organic matter), histogram of
pore size distribution, and 3D animation of core fault slices.

Results

The heterogeneity of pores indicates the complexity of the
size, number, distribution, and type of pores in shale, which
determines the storage capacity of shale reservoirs. The
fractal dimension D is a quantitative index that can charac-
terize the roughness or complexity of a solid surface, with
values ranging from 2 to 3. The closer the value is to 3, the
rougher or more complex the shale. A larger fractal dimen-
sion is more favorable for gas adsorption and less favorable
for gas seepage. Therefore, the fractal dimension can be
used to not only describe the geometric shape and structural

properties of shale but also evaluate the heterogeneity of
shale reservoirs.

Fractal dimension calculation method

According to the experimental data of low-temperature N,
adsorption, we determined the fractal dimension using the
Frenkel-Halsey—Hill (FHH) model. The calculation formula
is as follows (Medek and WeishauptovaA 2000):

In(V) =K -In [In (py/p)] + C, 1))

where p is the equilibrium pressure, MPa; p,, is the satura-
tion pressure, MPa; V is the volume of N, adsorption at
each equilibrium pressure p, cm*/g; C is a constant; polp is
the reciprocal of the relative pressure; K is the slope of the
logarithmic curve of In(V); and In[In(py/p)].

On the basis of previous conclusions, when monolayer
or multilayer molecular adsorption occurs on the sample
surface, the primary force is van der Waals force, which
corresponds to 0 < p/p, < 0.45 in the sample adsorption iso-
therm curve. At this time, the correlation between K and
fractal dimension D is as follows:

D =3K+3. 2

When capillary condensation occurs on the surface of the
sample, the primary force is surface tension, which corre-
sponds to 0.45 < p/p;< 0.9 in the adsorption isotherm curve
of the sample. At this time, the correlation between K and
fractal dimension D is as follows (Avnir and Jaroniec 1989):

D=K+3. 3)

The sample had a hysteresis loop when the relative pres-
sure was about 0.45, and capillary condensation would occur
within the pores. Therefore, we selected the adsorption data
after the separation of the adsorption curve and desorption
curve. At the same time, when the relative pressure was
close to 1, the adsorption data were inaccurate because of
the influence of the accuracy of the instrument. Therefore,
we removed this part of data when calculating the fractal
dimension. After removal, the graph correlation coefficient
R? significantly improved, and the average of each sample
was 0.9812. Finally, by combining with formula (3), the
calculation formula of fractal dimension can be obtained,
as follows:

In(V) = (D =3)-1In[In (py/p)] +C. )

Characteristics of fractal dimension

We selected 67 shale samples from different wells and dif-
ferent horizons, which were then classified according to the
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Table 1 Fractal dimension

e Sample type Fractal dimension Wufeng Longl,! Longl,> Longl;> Longl,* Longl,
of shale samples in different
horizons I >2.95 42.86% 69.23% 33.33% 7.69% 11.11% 0
I 2.90~2.95 57.14% 30.77% 66.67% 92.31% 88.89%  69.23%
11 <29 0 0 0 0 0 30.77%
Sample number 6 0 11 13 9 12 Sample Number
Mean 2.9462 29525 29444 29309 29311 2.8737 Mean
300 R’=0.6879 . 3.00
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Fig.3 Correlation between specific surface area and fractal dimen-
sion of the shale samples

horizons. We measured the specific surface area and average
pore radius of the sample. According to the fractal dimen-
sion D>2.95, D=(2.90~2.95), D<2.90, we categorized the
samples as Type I, Type II, and Type III. We obtained the
proportion of each type of sample in each layer and calcu-
lated the average fractal dimension of the sample (Table 1).
These results indicated that the specific surface of the sam-
ple increased with the increase in pores and the decrease
in average pore radius. Thus, with an increase in micropo-
res in the shale samples, the pore structure became more
complicated. The larger the fractal dimension of shale, the
more favorable the gas adsorption in the sample. Among
the samples, the Wufeng Formation, Long1,', and Long1
samples had larger fractal dimension values, with good gas
storage capacity. Only the Longl, contained Type III sam-
ples, which had the worst gas storage capacity.

Although most scholars believe that the fractal dimen-
sion of shale samples is positively correlated with specific
surface area, in our research, we found that the correlation
between specific surface area and fractal dimension was not
obvious. Among the samples, only the Wufeng Formation
had a relatively strong positive correlation, with the corre-
lation coefficient R*=0.6879 (Fig. 3). For comparison, the
correlation coefficient R? of Long]1,' to Long1,* and Long1,
was as follows: 0.1490, 0.3617, 0.0008, 0.0511, and 0.2656.
Therefore, based on our existing data, the fractal dimension
of the shale samples did not have an obvious correlation
or a weak positive correlation with specific surface area.
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Fig.4 Correlation between average pore radius and fractal dimension
of the shale samples

Note, however, that only the values of the pore volume in
the Wufeng Formation were similar. It is natural to doubt
whether the positive correlation would become clear if the
pore volume was similar. Furthermore, we reviewed the data
for similar pore volume and found that the positive correla-
tion increased visibly except for the Long1,' Formation. It
was interesting that the Long1 11 Formation showed a nega-
tive correlation between specific surface area and fractal
dimension. More research is needed to explain whether this
was caused by accidental sampling or whether this layer
truly had different properties. Based on most of the data, it
was very possible that a weak positive correlation existed
between specific surface area and fractal dimension, and the
positive correlation became stronger when the pore volume
of the samples became closer. The average pore radius of
the sample and fractal dimension was negatively correlated
with fractal dimension as a whole. Among the samples, the
average pore radius of the samples from the Longl, was
most negatively correlated with fractal dimension, with a
correlation coefficient R*>=0.8663 (Fig. 4).

By taking 16 shale samples from different wells and dif-
ferent horizons from the samples, we measured the TOC
content of the samples to analyze the correlation of TOC
with the fractal dimension. The results indicated that the
TOC was positively correlated with fractal dimension,
with a correlation coefficient R?>=0.6497 (Fig. 5). The
samples from the Wufeng Formation, Longl,', Longl %,
and Long113 had a higher organic matter content and a
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Fig.5 Correlation between TOC and fractal dimension of the shale
samples

larger fractal dimension. These results indicated that the
higher the organic content, the more evident the increase
in mesopores, the more complex the pore structure, and
the larger the fractal dimension.

In previous studies, the correlation between fractal
dimension and pore volume has been controversial. In
this study, we conducted an N, adsorption experiment to
measure the total pore volume of all 126 shale samples
with a pore diameter of 1.2—100 nm, and then, we selected
66 shale samples from different wells and different lay-
ers and conducted the N, adsorption experiment and the
CO, adsorption. In these experiments, we simultaneously
measured the pore volume of mesopore (2-50 nm) and
micropore (<2 nm). Figure 6a—c, respectively, shows the
relationship between fractal dimension D and N, pore
volume, pore volume of mesopores and pore volume of
micropores. N, point volume is the pore volume measured
in the low-temperature nitrogen adsorption experiment,
that is, the pore volume corresponding to the pore diame-
ter of 2-200 nm, the pore volume of mesopores is the pore
volume corresponding to the pore diameter of 2—50 nm,
and the pore volume of micropores is the pore volume
corresponding to the pore diameter of <2 nm. We found
that the N, pore volume and mesopore volume evidently
were not correlated with fractal dimension, with corre-
lation coefficients R? of 0.0229 and 0.0914 (Fig. 6a, b),
respectively. In comparison, we found only a weak posi-
tive correlation with micropore volume with a correlation
coefficient R? of 0.3424 (Fig. 6¢). This result indicated that
the pore complexity of the Longmaxi Formation shale was
mainly due to the contribution of micropores. Although
this relationship has been controversial in previous studies,
based on our data, we concluded that a correlation did not
exist between fractal dimension and pore volume and that
only a weak positive correlation existed with micropore
volume.
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Fig.6 Correlation between pore volume and fractal dimension of the
shale samples
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Comparison of fractal dimension between shale
and other lithologies

We selected five shale samples from Well Wuxi 2 and com-
pared these samples with the six mudstone samples from
Dagqing reservoir and six sandstone samples from Mahu res-
ervoir in Xinjiang, China. The parameters of the samples,
including specific surface area and pore volume, are given
in Table 2. We found that the fractal dimension of shale was
higher than that of mudstone and sandstone. These results
indicated that the pore structure of shale was the most com-
plex. The specific surface of shale and mudstone was posi-
tively correlated with the fractal dimension, and the average
pore radius was negatively correlated with the fractal dimen-
sion (Fig. 7). The fractal dimension of sandstone was not
correlated with the specific surface and average pore radius.

Low-temperature N, adsorption/desorption
hysteresis loop type

The adsorption isotherm curve can be divided into three
sections according to the adsorption process, namely the
low-pressure section (0 <p/p,<0.45), the middle-pressure
section (0.45 < p/p,<0.8), and the high-pressure section
(0.8 <p/py<1). At the low-pressure section, the curve rose
slowly, with a strong force between the sample and nitrogen,
which was mainly monolayer adsorption, and the adsorp-
tion—desorption isothermal curve was relatively approached.
At the middle-pressure section, according to the BET equa-
tion, the curve rose slowly, reflecting the gradual filling of

the micropores, which was mainly multimolecular layer
adsorption. When the adsorption layer was thick enough,
capillary condensation occurred. At the high-pressure sec-
tion, the curve rose sharply, reflecting that the sample had
macropores and mesopores, which corresponded to the cap-
illary condensation stage (Pfeifer et al. 1989). By studying
adsorption isotherms, it is possible to obtain information
on the properties of adsorbents and adsorbates (Zapata and
Sakhaee-Pour 2016; Hu et al. 2016; Chao et al. 2016b, a).
The desorption process, however, was caused only by capil-
lary condensation. When desorption was at the same relative
pressure as adsorption, only vapor on the capillary liquid
surface could be desorbed. A smaller relative pressure was
required to desorb the adsorbed molecules. Therefore, the
hysteresis of desorption appeared, which resulted in the for-
mation of a hysteresis loop.

Because the hysteresis loop is related to the capillary con-
densation in the pores, each type of hysteresis loop can cor-
respond to certain pore structure characteristics. The Inter-
national Union of Pure and Applied Chemistry (IUPAC)
has classified four types of adsorption isotherms, which are
designated H1 to H4 (Fig. 8), corresponding to cylindrical
pores, bottleneck pores, wedge-shaped pores, and fracture-
shaped pores (Sing 2013). The H1 hysteresis loop was nar-
row, and the adsorption and desorption branches were per-
pendicular to the pressure axis and parallel to each other,
which corresponded to the narrow cylindrical pores open on
both ends. The H2 hysteresis loop was relatively wide, and
the desorption branch was extremely gentle at the beginning.
At the middle pressure, it became steep, corresponding to

Table 2 Fractal dimension

L Number  Lithology Place of origin ~ Specific surface Pore volume Average pore  Fractal
of S,hale samples in different area (m?/ 2) (mm?/, 2) radius (nm) dimension
horizons D

284 Shale Wuxi 2 15.456 8.470 7.574 2.8523
29-4 20.364 11.610 5.519 2.8753
304 22.505 9.718 4.859 2.9075
314 22.456 9.302 5.025 2.909

324 20.849 9.888 4.560 2.8943
1 Mudstone  Dagqing 35.374 35.795 11.368 2.852

8 9.061 16.136 14.651 2.7774
9 9.493 20.193 15.074 2.7525
20 36.073 37.239 10.317 2.862

24 56.772 56.545 8.249 2.8729
29 16.951 21.814 13.277 2.7914
M604-1 Sandstone ~ Mahu 3.034 7.276 14910 2.7748
M604-2 3.094 7.274 15.867 2.774

M604-3 4.640 12.193 14.056 2.7796
M604-4 3.565 9.353 16.145 2.7901
M604-5 3.568 10.170 14.405 2.7611
M604-6 2.815 6.524 14.032 2.8101
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and average pore radius of different lithology samples

ink-bottle-shaped pores. The adsorption branch of the H3
hysteresis loop rose slowly in the middle—low-pressure
section and became steeper when the relative pressure
increased, which corresponded to wedge-shaped and tabu-
lar pores. The adsorption and desorption branches of the H4
hysteresis loop remained parallel to the pressure axis and
were parallel to each other under most relative pressures,
which corresponded to slit pores.

Hysteresis loop and AFM

The hysteresis loop of shale samples was not a single type,
but it was mostly a combination of two types. Of the three
main types of samples, the primary type was H2/3, and the
minority type was H3 and H2/4 (Fig. 9). Type H2/3 had
pore characteristics of both types H2 and H3, which indi-
cated that the pores in the sample were wedge-shaped and
tabular pores. Type H2/3 had the characteristics of a narrow-
necked ink-bottle shape, which is favorable for gas storage
and absorption, but it is not favorable for gas seepage and
desorption. These pore types were extremely complicated.
Type H3 corresponded to single wedge-shaped and tabular
pores, with good connectivity. Type H2/4 had the character-
istics of types H2 and H4, which indicated that the pores in
the sample were mainly slit pores, coupled with the charac-
teristics of a narrow-necked ink-bottle shape.

These three pore types also were shown in the AFM
results (Fig. 10). Figure 9 shows that the curves of a, b,
and c corresponded to the type H2/3, H3, and H2/4 pores,
respectively, obtained from the N, adsorption experiment.
Thus, we found that the H2/4 hysteresis loop appeared in the
samples of the Wufeng Formation and Long1,', which cor-
responded to a larger fractal dimension. The H3 hysteresis
loop appeared in only three samples of the Longl, submem-
ber, which corresponded to the smallest three fractal dimen-
sion values, namely 2.7752, 2.8073, and 2.8216. This result
indicated that the samples with tabular and wedge-shaped
pores were relatively simple in pore structures, with small
fractal dimension and strong seepage capacity, but they were
relatively poor in gas storage capacity.

We investigated the pore and throat distribution of five
core samples taken from the four sublayers of Longl,?,
Longl,%, Longl,2 Longl,', and Wufeng Formation by CT
scans and 3D reconstructions (Figs. 11 and 12). The pores
of Long1 %, Longl,', and Wufeng Formation were relatively
well developed, providing a broad space for gas occurrence
(Fig. 13). The throats of the Long1 11 layer and Wufeng For-
mation were relatively developed, and there were large slit-
shaped pores, which provided channels for gas diffusion and
seepage (Fig. 14). The storage and seepage spaces were best
developed in the Long1,! layer and Wufeng Formation. They
are the target layers for the development of staged fractured
horizontal wells in this area. The Longl,> layer could be
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Fig.8 Types of hysteresis loops

Fig. 9 Types of hysteresis loops
of the shale samples

Fig. 10 Pore types shown under
AFM

Fig. 11 Pore distribution by
nano-CT

Fig. 12 Throat distribution by
nano-CT
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used as the target layer for productivity replacement or 3D
development.

AFM and focused ion beam SEM

By observing the 3D morphology of shale samples obtained
by JupiterXR AFM (Fig. 15a), we found that the shale sam-
ples had abundant storage space, with a large number of
micro- and nanoscale pores, dense particle distribution,
and deep space, which provided a wide range of space for
gas occurrence. The large-scale enrichment of micro- and
nanoscale pores was favorable for the storage of free gas.
By contrast, because of the complexity of the surface of the
shale sample, the specific surface of the sample was huge,
which also provided substantial space for gas adsorption.
JupiterXR AFM has high resolution, and both macropores
and micropores can be clearly observed. The shale samples
had abundant nanoscale pores and several microscale pores.
The micron-scale pores and nanoscale pores connected to
form a pore network through relatively small throats, which
revealed the good connectivity of the micro- and nanoscale
pores in shale reservoirs, providing channels for gas seepage
into macropores and fractures. The focused ion beam (FIB)
FE-SEM requires pretreatment processes, such as argon ion
polishing and gold coating on the surface of the sample.
The nanoscale throat could not be observed in the FE-SEM
image (Fig. 15b). Therefore, AFM was more suitable for
the observation of the pore structure of the shale samples.

1.5 115 12 125 13 135 14 145 15 155 1.6 165 1.7 175 >18

Throat diameter(pm)

Furthermore, it was difficult to observe the throat and
study the coordination of pores and throats using FIB-
SEM. With AFM, we observed the pore-throat network
composed of pores and throat coordination and described
the characteristics of pore-throat coordination. The pore-
throat coordination number was the number of throats
connected by a central pore and was the parameter used
to describe the degree of connectivity between pores. The
larger the pore-throat coordination number, the better the
reservoir properties. The pore-throat coordination number
could be calculated through image processing of the AFM.
The pore-throat coordination numbers of the shale samples
were 3, 4, and 5, which accounted for 23.4%, 29.9%, and
22.1%, respectively (Fig. 16), and the connectivity of the
pore-throat network was good.

Roughness fluctuation and fractal dimension

First, we converted the AFM image of the rock sample into
a gray image, and then, we read the image data informa-
tion by MATLAB software. We calculated the trajectory
curve of the AFM probe sweeping any line of the sample
according to the depth data corresponding to the pixel. The
fluctuation degree of the sample surface F and the spatial
fluctuation degree F; can be expressed as follows:
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Fig. 15 Images of AFM and
FIB-SEM

Proportion (%)

1 2 3 4 5 6 >7
Coordination number

Fig. 16 Distribution histogram of pore-throat coordination number
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&)
where F- is the roughness and undulation of the plane, that
is, the surface area scanned by the probe per unit plane area;
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(b) FIB-SEM image of shale

x(i, j) is the gray value of the pixel in the i row and the j col-
umn of the image gray matrix; R, is the number of rows in
the gray image matrix; and L and W are the length and width,
respectively, of the scan range sample, pm.

Roughness fluctuation degree is a measure of the degree
of roughness and fluctuation of the inner surface of a pore
relative to the average surface. Fractal theory has been
widely used to describe and quantitatively characterize the
shape and distribution characteristics of complex objects.
It is also increasingly used to characterize rock pore size
distribution and morphologies of pore and particle. Fractal
dimension is the primary indicator used to measure the com-
plexity and irregularity of objects. The models commonly
used to calculate the fractal dimension include the FHH
model, Menger sponge model, BET model, and thermody-
namic method (Liu and Ostadhassan 2017; Li et al. 2018a,
b; Cao et al. 2016; Sakhaee-Pour and Li 2016). The obtained
fractal dimensions calculated from different models were
not directly comparable, but the fractal dimensions calcu-
lated using the same model for different shales reflected the
differences in the pore structure of shale. These results are
convenient for the direct comparison of pore complexity of
the shale reservoir and for the study of pores with different
origins.
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In this study, we used the FHH model based on the
experimental data of low-temperature N, adsorption to
calculate the fractal dimension of Yuxi shale samples. We
found that the fractal dimension was positively correlated
with the spatial fluctuation roughness (Fig. 17). The results
showed that the spatial roughness, volume complexity, and
fractal dimension of the pore surface in the rock increased
because of surface distortion and folding.

Discussion

Previously, the pore morphology of samples was quali-
tatively judged mainly by the type of hysteresis loop of
low-temperature N, adsorption and visual evidence was
lacking. In this study, we combined the low-temperature
N, adsorption experiment and AFM and used the high-res-
olution display of AFM to provide evidence for the deter-
mination results of hysteresis loops. We also proposed a
more accurate type of mixed hysteresis loop, ensuring that
the description of pore morphology was more accurate.
The temperature of the low-temperature N, adsorption
experiment was — 195 °C. Currently, relevant research is
lacking on whether the low temperature has an impact on
pore structure, which is also an important factor that may
cause experimental bias. In addition, the low-temperature
N, adsorption experiment used rock powder samples,
which usually were 20—60 mesh in size. The different mesh
numbers of the samples also can have an impact on the
pore size distribution data. The resolution of AFM can
reach 0.1 nm, which is very high and thus is suitable for
studying the surface morphology, surface roughness, and
Young’s modulus of shale samples. Currently, however,
the AFM experimental results lack fractal analysis meth-
ods, and relevant analysis methods are urgently needed.

Conclusions

In this study, based on AFM and a low-temperature N,
adsorption experiment, we revealed the pore morphology
of shale. Taking 126 shale samples from the Wufeng—Long-
maxi Formations as the primary study objects, we revealed
the overall pore structure characteristics of the reservoir. The
following conclusions were derived:

1. The combination of AFM and gas adsorption experiment
can be used to accurately study the pore structure and
fractal characteristics of shale.

2. Shale samples have complex structures and significant
fractal characteristics. Fractal dimension is positively
correlated with specific surface area and TOC of shale
samples, weakly positively correlated with micropore
volume, and negatively correlated with average pore
radius.

3. The fractal dimension of samples from Wufeng,
Longl,', and Long1,* was large, and the fractal dimen-
sion of samples from Longl, was the smallest. The
pores of the shale samples were generally type H2/3,
characterized by wedge-, tabular-, and ink-bottle-shaped
pores. The three type H3 pore samples corresponded to
the three smallest fractal dimension values.

4. The Longl,' layer and the Wufeng Formation are the
most developed reservoirs and have the most developed
storage and flow spaces in each sublayer. Combined with
geological and engineering knowledge, it is possible to
determine whether the Long1,' layer and Wufeng For-
mation can be used as the target layers for staged fractur-
ing horizontal well development in this area.
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