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Knowing pore structure is crucial to estimate the properties of gas shale. To
characterize the pore structure and fractal feature of the Lower Silurian
Longmaxi Formation in the northeast of Chongging Municipality, China, three
methods, including low pressure nitrogen adsorption (LPNA) and mercury
intrusion porosimetry (MIP) as well low-field nuclear magnetic resonance
(NMR), were conducted to research the fractal characteristics of pore structure.
We analyzed and discussed the test results, pore size distribution and fractal
dimensions based on different experimental methods. These results demonstrate
that the sample in this work is composed of plate-like particles, and there exists
an abundance of mesopores. The LPNA method is suitable for testing the
diameter characteristics of micropores and mesopores, the MIP means is
appropriate for characterizing the pore diameter of macropores, and the NMR
method is better at identifying the nuclear magnetic signals of hydrogen atoms
present in micropores, mesoporous and macropores. The fractal dimension
increase with pore diameter increasing, revealing the heterogeneity of pores
from small to big is in this order: micropores, mesopores and macropores. This
study investigates the fractal characteristics of the pore structure of gas shale
from lower Silurian Longmaxi formation and offers a potential path for
accurately characterizing the full-scale characteristics of gas shale pore structure
to make full use of the advantages of LPNA, MIP and NMR.

Keywords: Fractal characteristics, Pore structure, Longmaxi gas shale, LPNA,
MIP, NMR.

1. INTRODUCTION
Since the US shale gas revolution, shale gas has been one of the hot research topics for many
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scholars all over the world [1-4]. Especially, the pore structure of gas shale becomes an
important area for illustrating the particularity of shale gas adsorption/ desorption [5],
transport [6] and diffusion [7]. Therefore, many publications have been pressed to
characterize the pore structure of gas shale. Nowadays, the fractal theory become a means of
great significance to reveal the characteristics of pore structure of gas shale, which is much
more complicated than conventional oil or gas reservoirs.

Many works have been done for investigating the role of pore structure during the processes
of shale gas exploration and development. Yuan et al. [8] quantified the impact of clay and
total organic carbon (TOC) contents on micro-/mesopore volume, surface area, and pore size
distribution (PSD) using three shale formations with large compositional variations. Shi et al.
[9] studied the intrinsic relationship between organic matter graphitization degree, organic
matter, pore structure parameters, and shale porosity. Zhao et al. [10] studied the reliability
of NMR-based porosity, and gave some offers on how to increase the reliability of NMR-
based porosity of shale sample. Hou et al. [11] experimentally study on the spontaneous
imbibition mechanism with ultra-low IFT in oil-wet shale oil reservoirs by NMR.

Furthermore, some different methods have been conducted to characterize the pore structure
of gas shale. Sun et al. [12] studied the pore structure of gas shale outcrops from the Lower
Silurian Longmaxi Formation by using field emission scanning electron microscope (FE-
SEM). Li et al. [13] researched the fractal characteristics and pore structure of Lower
Cambrian Qiongzhusi formation in eastern Yunnan Province, South China by using the
fractal Frenkele-Halseye-Hill (FHH) method based on the nitrogen adsorption experiment
data. Li et al. [14] characterized the fractal feature and pore structure of continental and
marine shale based on N adsorption, mercury porosimetry and NMR methods. Cao et al.
[15] characterized the fractal feature and pore structure of Paleozoic shales from the
northeast of Sichuan Basin, China.

In this work, three experimental methods, including Low pressure N adsorption, mercury
intrusion porosimetry and nuclear magnetic resonance, were conducted to illustrate the
fractal characteristics and pore structure of lower Silurian Longmaxi gas shale, which has the
maximum gas production capacity in China. These results would be very meaningful for
understanding the applicability of different experimental methods, and meaningful for
characterizing the fractal pore structure of gas shale.

2. Material and Research Method
2.1 Sample preparation

The Sichuan Basin is tectonically located in the northwest of the Yangtze metaplatform and
surrounded by the Yunnan—-Guizhou-Sichuan—Hubei platform fold zone [16]. The lithology
of Longmaxi member is siliceous shale and mudstone with high organic matter content,
which is the main shale gas producing section [17]. The rock samples used in this study were
selected from an exploratory well in the northeast of Chongging City, China, at a depth of
about 1072 m. 60 - 120 mesh shale powders were selected and dried in an oven at 60 ° C till
powder weight is stable. After drilled and dried, the cylindrical core was tested for porosity
and permeability, followed by mercury injection test. Meanwhile, the massive rock sample
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was selected, dried and then used for low-field nuclear magnetic resonance experiment.
2.2 Methods
2.2.1 Low pressure N2 adsorption method

Low pressure N2 adsorption (LPNA) can be applied to evaluate the pore structure of gas
shale at the condition of -196 °C and 127 kPa. The powered samples were dried in an oven to
remove moisture. Then 4 g of the samples were selected and uploaded in the apparatus for
analysis. The pore size distribution was tested by ASIQMO00002000-7. The curves of
isothermal adsorption and desorption were obtained through measurement.

In recent years, several methods, including fractal BET model [18], fractal FHH model [19]
and the thermodynamic model [20], have been deduced to recognize the fractal
characteristics of oil or gas shale by using the data from the Low Pressure N, Adsorption
test. The FHH model based on LPNA data [21-22] is as follows [23]:

In (=C+®-3)1n ( 1n ( % ) (1)

where V is the volume of nitrogen adsorbed at each equilibrium pressure in cm?®/g; p is the
equilibrium pressure in MPa; po is the saturation pressure in MPa; C is a constant; and D is
the fractal dimension. Thus, according to Eq.(1), In(V) should be linearly positively
correlated with In(In(po/p)), and then parameter D can be deduced by the slope.

2.2.2  Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is a classic method to study the pore size distribution
and structure [24]. The fractal dimension of MIP results is discussed by Li et al. [14], and its
equation can be shown as follows [14]:

lg §)=0-3)1g P)+D-3)1g P, ) 2

where S is the cumulative porosity fraction of pores with less pore radius r, P is the capillary
pressure in MPa, Pmin is the minimum of capillary pressure in MPa. Ig(S) should be
positively linearly correlated with Ig(P), and then parameter D can be obtained by the slope.

2.2.3 Low-field nuclear magnetic resonance

Low-field nuclear magnetic resonance (NMR) is a non-destructive method, and has been
widely used in the exploration and development of oil or gas fields [25]. The NMR
experiments were conducted by using a MacroMR12-150H-1 analyzer manufactured by
Shanghai Niumai Corporation to read and save the T, spectrum of the water in the shale
cores. The specific device parameters are shown as follows [26]: The magnetic field strength
was 0.3+0.05 t. The pulse frequency ranges from 2 MHZ to 30mhz. The shortest echo time is
less than 60 ps. The fractal dimension of pore structure from NMR was discussed with the
reference to Shao et al. [27], and the cumulative volume fraction with transverse relaxation
times less than T2 is calculated as follows [15]:

lg M=(3-D) 1g (T, )+W-3)1g (1,,,) ©)
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where V is the cumulative volume fraction with transverse relaxation times less than T in
um3, T is the transvers relaxation time, and Tamax is the biggest value of transvers relaxation
time. Thus, according to Eq.(3), the relationship between Ig(V) and Ig(T2) should be
positively linear, and then parameter D can be determined by the slope.

To characterize the pore structure of gas shale samples from the Lower Silurian Longmaxi
Formation, the workflow was described as the following: (1) The massive shale samples
were vacuumed down to 10~ Pa by a vacuum pump, and saturated 2% KCL solution for 24
hours. (2) The T spectra of sample was tested. (3) Analyze the shale pore size distribution
based on the data of T.

3. Results and Analysis
3.1 Experimental results
3.1.1 The results of LPNA [28]

The relationships between nitrogen adsorption or nitrogen desorption and relative pressure
are shown in Fig. 1. Clearly seen that there is an obvious hysteresis phenomenon between
desorption and adsorption isotherms same as previous publications [29-30]. According to the
types of physical adsorption isotherms and hysteresis loops classified by Sing, the LPNA
curve of the shale sample belongs to type Il isotherms, reflecting that the middle of the near-
linear isotherm begins with the completion of single-layer coverage and multi-layer
adsorption begins. The hysteresis loops are identified as type H3, indicating that the sample
is composed of plate-like particles and forms cracks.

2.0

—Q@—adsorption —@— desorption

Adsorption (Scc/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P)

Fig. 1. The isothermal adsorption and desorption curves
3.1.2  The results of MIP

The result of MIP is shown as in Fig. 2, and the relationship between capillary pressure and
saturation of mercury is depicted. It can be seen that there are two curve branches: intrusion
branch and extrusion branch, and there exists an obvious entrapment between the two
branches, reflecting that much mercury is trapped in the shale sample after experiment test.
Nanotechnology Perceptions Vol. 20 No.3 (2024)
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The capillary pressure reaches to the value of 411.59 MPa while the maximum mercury
saturation is 39.87% which is much lower than 100% because the limit of the maximum
pressure of mercury injection, and some smaller pores can not be entered [31]. The specific
surface area is 722.73 cm®/g.
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Fig. 2. The mercury intrusion porosimetry curves
3.1.3  The results of NMR

The curve of amplitude versus T is plotted in Fig. 3. Obviously shown is that there exist
three peaks in the nuclear magnetic curve, and from the left to the right, the first peak is the
highest, the second one is in the middle, and the third one is the lowest. This phenomenon
can be observed in other publications [32-33]. Furthermore, the three peaks from left to right
can be respectively seen as the small pores, big pores and microfractures. The amplitude of
small pores mainly distributes from 0 to 338.27, big pores range chiefly is between 0 and
64.65, and the microfractures range primarily is between 0 and 21.98.
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Fig. 3. The nuclear magnetic resonance curve
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3.2 Pore size distribution of different experiments
3.2.1 Pore size distribution of LPNA

The ratio of pore volumes with different diameters to total pore volume is served as the
frequency in this section, and the curve of the frequency and pore diameter is depicted as
Fig. 4 (a). Clearly seen is that the frequency first increases, then decreases, and gradually
becomes stable although there are small fluctuations. Furthermore, pore diameter distributes
from 1.56 to 77.70 nm, and the peak of frequency lies in pore diameter of 4.25 nm. The pore
volume of micropore (d<2 nm), mesopore (2 < d<50 nm) and macropore (d > 50 nm)
accounted for 1.7%, 86.76% and 11.54% of the total pore volume, respectively, indicating
that there exists a lot of mesopores for this gas shale sample from lower Silurian Longmaxi
formation.

3.2.2 Pore size distribution of MIP

The ratio of the different volume of mercury injected in pore volume with different diameters
to total volume of mercury injected is defined as the frequency in this section, and the
relationship between the diameter and its frequency are plotted as Fig. 4 (b). The frequency
increases and then decreases with diameter increasing, and the maximum frequency is 3.0 as
the diameter rises to 74.40 nm. Furthermore, pores smaller than 2nm in diameter could not
be detected, and the diameter distributes from 6.53 to 421.61 nm. The pore volume of
mesopores (2 < d<50 nm) and macropores (d > 50 nm) accounted for 71.43% and 28.57% of
the total pore volume, respectively, indicating that the mesopores takes up the majority for
this gas shale sample from lower Silurian Longmaxi formation.

3.2.3  Pore size distribution of NMR

The value of amplitude of different T, divided by cumulative amplitude is used as the
frequency to depict the pore size distribution of gas shale sample saturated with 2% KCL,
and the relationship between the frequency and the diameter was plotted as Fig. 4 (c).
Obviously seen is that three main pore types occupy the majority of pores according to the
three peaks in the curve. Specifically, the frequency for highest peak is 2.4120% while the
diameter arrives at 7.4048 nm, the second frequency is 0.4610% as the diameter is 33.6981
nm, and the frequency of lowest peak is 0.2507% when the diameter equals to 126.3827nm.
Furthermore, the pore volume of micropore (d<2 nm), mesopore (2 < d<50 nm) and
macropore (d > 50 nm) accounted for 0.02%, 88.40% and 11.58% of the total pore volume,
respectively, indicating that there exists an abundance of mesopores lower Silurian
Longmaxi formation in northeast of Chongging Municipality, China.

Nanotechnology Perceptions Vol. 20 No.3 (2024)



Fractal Characteristics of Pore.... Yigiang Pan 100

2.5 5.0

.
=

£
=)

Frenquency(%)
Frenquency(%)

b
=)

=)

=
=)

. L
1 10 100 10 100 1000
Diameter(nm) Diameter(nm)

(a) LPNA (b) MIP

Frenquency(%o)

1 10 100 1000

Diameter(nm)

(c) NMR
Fig. 4. The relationship between frequency and pore diameter
3.3 Fractal dimensions obtained by different methods
3.3.1 Fractal dimensions obtained by LPNA

According to Eq.(1), the linear relationship between In(V) and In(In(Po/P)) was obtained by
fitting experimental data with different pore diameter intervals, and the plot was shown as
Fig. 5. It can be seen that In(V) is linearly negatively related with In(In(Po/P)) within
different pore diameter intervals. Specifically, the fitting equation is shown as y=-0.4015x-
1.1937 as the pore diameter is from 1.7266 to 1.9852 nm, and the correlation coefficient (R?)
is 0.9890. Then, the linear equation is as y=-0.2719x-1.0686 while the pore diameter
distributes from 2.0745 to 40.4200 nm, and the correlation coefficient (R?) is 0.9726.
Furthermore, according to the slopes of fitting results and Eq.(1), the fractal dimensions of
two linear phases can be calculated as 2.5985 and 2.7281, respectively. Namely, the fractal
dimension of mesopores is greater than that of micropores, reflecting that the heterogeneity

of mesopores is stronger than micropores for Longmaxi gas shale formation by using LPNA
method.
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Fig. 5. The fracture curves of low pressure N, adsorption
3.3.2  Fractal dimensions obtained by MIP

According to Eq.(2), the fitting results between Ig(Swg) and Ig(Pc) is shown as Fig. 6 with
different pore diameter intervals. Obviously seen that there are two linear phases, and there
exists a good linear positive correlation between 1g(Swg) and Ig(Pc) in each phase.
Specifically, as the pore diameter distributes from 9.4410 to 43.1877 nm, the linear fitting
equation is as y=1.2886x-1.4856, and the correlation coefficient (R?) is 0.9913. Meanwhile,
the fitting result is as y=0.8762x-0.6196 when the pore diameter ranges from 51.0218 to
2949.3628 nm, and the correlation coefficient (R?) is 0.9943. Furthermore, according to the
slopes of fitting results and Eq.(2), the fractal dimensions of two linear phases can be
calculated as 1.7114 and 2.1238, respectively. Namely, the fractal dimension of mesopores is
smaller than that of macropores, meaning that the heterogeneity of macropores is much
stronger than mesopores for Longmaxi gas shale formation by using MIP method.
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= 0.5 | R2=0.9913
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Fig. 6. The fracture curves of mercury intrusion porosimetry
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3.3.3  Fractal dimensions obtained by NMR

By using Eq.(3) and NMR data, the relationship between Ig(V) and lg(T,) was fitted as
shown in Fig. 7, and there are three linear phases in the curve of nuclear magnetic resonance
according to the different pore types. Specifically, while the pore diameter ranges from
1.3409 to 1.9744 nm, the fitting equation is as y=9.9437x+14.744, and the correlation
coefficient (R?) equals to 0.9806. Then, the fitting result is shown as y=0.8533x+1.4124
when the pore diameter distributes from 2.0391 to 49.6169 nm, and the correlation
coefficient (R?) is 0.6890. Moreover, as the pore diameter is between 51.2426 and 444.3918
nm, the fitting equation is y=0.0281x+1.9112, and the correlation coefficient (R?) is 0.9746.
These results reflect that there exist good linear relationship between Ig(V) and 1g(T2) with
different pore diameter distribution intervals, and the correlation of micropores is the best
and the correlation of mesopores is the least. Furthermore, based on the Eq.(3) and the fitting
equations, the fractal dimensions are -6.9437, 2.1467 and 2.9719, reflecting that the
heterogeneity of pores is in this order from big to small: macropores, mesopores and
micropores by analyzing the NMR data.

y=00281x+ 19112
R*=0.9746

y =0.8533x +1.4124
R2=0.6890

1e(Vi%)

y =9.9437x + 14.744
R*=0.9806

-2 -1 0 1 2 3 4
lg(7./ms)

Fig. 7. The fracture curve of nuclear magnetic resonance
3.4 Discussion
3.4.1 Pore size distribution from different measurement methods

To better understand the pore size distribution of gas shale and the advantages or
disadvantages of different measurement means, the pore size distribution from different
measurement means are compared in Fig. 8. Clearly seen that the pore size distribution
intervals measured by NMR is the widest, namely the diameter distribution intervals
measured by both MIP and LPNA are all narrower than that measured by NMR. Specifically,
when the pore diameter is within the macropore interval, there exists more consistent trends
between MIP and NMR methods. Meanwhile, as the pore diameter is within the micropores
and mesopores intervals, the curve tendencies of LPNA and NMR are more consistent.
Therefore, the LPNA method is suited for testing the pore structure characteristics of
micropores and mesopores, the MIP means is appropriate for characterizing the pore
diameter of macropores, and the NMR method is better at identifying the nuclear magnetic
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signals of hydrogen atoms present in micropores, mesoporous and macropores. Furthermore,
it is a potential path for accurately characterizing the full-scale characteristics of gas shale
pore structure to make full use of the advantages of LPNA, MIP and NMR.

5.0
——LPNA
40 kb ——MIP
< ) ——NMR
3.0 |
1=
o
220 }
s
[
1o |
0.0

1 10 100 1000
Diameter (nm)

Fig. 8. The pore diameter frequency from different measurement methods
3.4.2 Fractal dimensions from different measurements methods

To understand the fractal characterize of gas shale pore structure, the fractal dimensions of
different diameter range were depicted in Fig. 9. Clearly seen is that the fractal dimensions
increase with the diameter increasing, which is same as the previous work [34]. Specifically,
for LPNA method, the fractal dimension of mesopores is greater than micropores.
Meanwhile, the fractal dimension of mesopores is smaller than macropores for MIP
measurement. Finally, for NMR test, the fractal dimensions from small to big is in this order:
micropore, mesopores and macropores. Furthermore, the fractal dimension of micropores
obtained by NMR is different because the value is smaller than zero, which is different
because it is designed to reveal the fractal dimensions of different pore types within the
different pore diameter intervals, and some other scholars divided the pore into two types:
adsorption pores and seepage pore and studied their fractal feature [14] [35]. Therefore, this
navigate fractal dimension of micropores still needs further research for fractal theory in the
field of studying the pore size distribution in porous media. These results reflect that
heterogeneity of pores from small to big is in this order: micropores, mesopores and
macropores, for Longmaxi gas shale in the northeast of Chongging Municipality, China.
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Fig. 9. Fractal dimension of different diameter range from different measurement methods

4, Conclusions

The gas shale from lower Silurian Longmaxi formation in this work is composed of plate-
like particles which caused the slit-shaped pores, and there exists an abundance of
mesopores.

Different methods have different application for studying the fractal characteristics of pore
structure of gas shale. The LPNA method is suited for testing the pore size distribution of
micropores and mesopores, the MIP means is appropriate for characterizing the pore size
distribution of macropores, and the NMR method is better at identifying the nuclear
magnetic signals of hydrogen atoms present in micropores, mesoporous and macropores.

The fractal dimensions increase with pore diameter increasing. For LPNA method, the fractal
dimension of mesopores is greater than micropores. The fractal dimension of mesopores is
smaller than macropores for MIP measurement. For NMR test, the fractal dimensions from
small to big is in this order: micropore, mesopores and macropores. The heterogeneity of
pores from small to big is in this order: micropores, mesopores and macropores for
Longmaxi gas shale in the northeast of Chongging Municipality, China.
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