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Abstract: The study of deep shale gas (>3500 m) has become a new research hotspot in the field of shale
gas research in China. In this study, 16 representative deep shale samples were selected from different
layers of the Wufeng–Longmaxi Formation in the Z-3 well in the western Chongqing area to conduct
low-field nuclear magnetic resonance (NMR) tests, field-emission scanning electron microscopy
(FE-SEM) observation, and fractal modeling. By comparing the differences in pore structure and their
influencing factors in representative samples from different layers, the particularities of high-quality
reservoirs have been revealed. The results show that the Z-3 well shales mainly develop micropores
and mesopores, with pore sizes of 1 nm–200 nm. The fractal dimensions of bound fluid pores D1

(1.6895–2.3821) and fractal dimension of movable fluid pores D2 (2.9914–2.9996) were obtained from
T2 spectra and linear fitting, and the pores were divided into three sections based on the NMR fractal
characteristics. TOC content was one of the major factors affecting the gas content in the study area.
The shale samples in the bottom S1l1-1 sub-layer with a higher TOC content have larger porosity
and permeability, leading to enhanced homogeneity of the pore structure and favorable conditions
for shale gas adsorption. A comparative understanding of the particularities of pore structure and
influencing factors in high-quality reservoirs with higher gas content will provide the scientific basis
for further exploration and exploitation of the Wufeng–Longmaxi Formation deep shale reservoirs in
the western Chongqing area.

Keywords: deep shale; pore structure; fractal analysis; high-quality reservoirs; Wufeng–Longmaxi
Formation; heterogeneity

1. Introduction

In recent years, China has achieved remarkable progress in the exploration of shale
gas resources, making it the third-largest producer of shale gas in the world [1,2]. In
this process, scholars and the industry have not only continuously made breakthroughs
in shale gas exploitation in major resource-bearing basins, including the Sichuan Basin,
but also established a systematic geological understanding of shale gas enrichment and
accumulation in China [3,4]. With the continuous mining of medium and shallow shale gas
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resources, the development of deep shale gas reserves, at depths exceeding 3500 m, has
become a crucial issue for the sustainable growth and long-term development of the shale
gas industry [5]. The Wufeng–Longmaxi Formation shale reservoirs in the Sichuan Basin
have great potential for deep shale gas exploration and development. It is noteworthy
that deep shale wells in western Chongqing have exhibited good productivity capacities,
showing promising development prospects [6]. However, the geological conditions of deep
shale are more complicated, and the factors affecting the gas content of medium–shallow
and deep shale gas fields are very different [7,8]. Therefore, deepening the understanding
of deep shale reservoir characteristics is a fundamental basis for the evaluation of potential
reserves and the effectiveness of shale gas exploration. Pore structure parameters are critical
indicators of reservoir quality, performing an essential role in the evaluation and prediction
of shale gas resources [9,10]. Shale gas reservoirs are characterized by complex nanoscale
pore systems, and a comprehensive understanding of the pore system’s structural char-
acteristics is key to estimating gas content and assessing the productivity of the reservoir.
Furthermore, the microscopic pore structure of deep shale reservoirs exhibits strong com-
plexity and heterogeneity, which directly affects gas enrichment and is also an important
influencing factor for the effectiveness of reservoir evaluation and prediction results [5].
The application of complementary methods and fractal theory is of great importance to
form a comprehensive understanding of the particularity and heterogeneity of pore struc-
ture. NMR methods are widely used to acquire pore size distributions by measuring T2
relaxation time distributions [11–14]. The measurement of shale pore structure using NMR
methods has been proven to be a reliable technique. NMR is one of the precise methods
for characterizing pore size distributions in natural porous media [15,16]. Compared with
high-pressure mercury injection and gas adsorption methods, NMR measurement is fast,
accurate, nondestructive, and has a wide measuring range [14,16]. Previous studies have
shown that shale reservoir pores have a certain degree of self-similarity [17,18]. Therefore,
fractal theory can quantitatively analyze pore networks’ complexity and heterogeneity and
has gained widespread application in the analysis of rock pore structure [19,20]. Shale
reservoir pores are developed at both nanoscale and microscale, and fractal modeling can
be used as a powerful tool for measuring their non-intuitive characteristics. In this study, a
qualitative–quantitative combined investigation was conducted to reveal the pore structure
and fractal characteristics of representative deep shale samples from the Wufeng–Longmaxi
Formation in the western Chongqing area based on low-field nuclear magnetic resonance
(NMR) and fractal modeling methods. Samples from different layers were selected to
obtain information on the pore development degree, pore size distribution, and complexity
of the pore system, and to compare the differences between layers. Field-emission scanning
electron microscopy (FE-SEM) was employed to observe and examine the morphological
characteristics of different types of pores at different scales. Several related factors that
influence the fractal dimension and pore structure were analyzed to provide a detailed
evaluation of the microstorage space and a detailed explanation of high-quality reservoir
development mechanisms. The influencing factors in pore development and the particular-
ity of high gas-bearing reservoirs are discussed to provide scientific guidance for further
deep shale gas exploration and prediction.

2. Geological Setting and Sampling

The research area is located in the Dazu block of the western Sichuan Basin (Figure 1).
Multiple sets of black gas-bearing shale strata have developed in the Sichuan Basin. Among
them, the Wufeng–Longmaxi Formation is currently the main target strata for achieving
commercial exploitation of shale gas. In the past decade, the utilization of middle–shallow
shale gas resources in the Sichuan Basin achieved rapid development. In recent years,
the exploration targets for shale gas have shifted towards deep shale. The Dazu block is
a region that has successfully achieved commercial development of deep shale gas. In
the study area, the Z-3 well is a representative borehole with high production capacity.
The Z-3 well is located in the middle of the Puluchang syncline, between the low–gentle



Appl. Sci. 2024, 14, 4733 3 of 19

tectonic area of the central Sichuan uplift and the southern Sichuan low–steep fold belt. The
sedimentary environment of the Wufeng Formation and the S1l1-1 sub-layer in the study
area is mainly deep-water continental shelf facies. The lithology is mainly composed of
black siliceous shale, black carbonaceous shale, and gray-black silty shale.

Figure 1. Research area and lithological columnar diagram of Q3w-S1l1-1 in the Z-3 well. (a) The
location of the Chongqing Area and the Z-3 well. (b) Lithological column of the Wheng-Longmation
Formation in the Sichuan Basin, China.

In total, 16 representative samples were selected from the S1l1-1 sub-layer of the Long-
maxi Formation from the Z-3 well of the Dazu block in the western Chongqing area for
experimental testing and analysis. The S1l1-1 sub-layer of the Longmaxi Formation can be
partitioned into four sub-layers based on the sequence stratigraphic wavelet analysis, reser-
voir petrological characteristics, and sedimentary facies markers [21,22]. Representative
samples were selected from these four sub-layers and the underlying Wufeng Formation, as
well as the overlying S1l1-2 sub-layer (Table 1). There are significant differences in mineral
composition, total organic carbon (TOC) content, and physical features among the different
layers, with extremely significant heterogeneity [23]. The interval differences in reservoir
development within the sequence framework of the Longmaxi Formation can serve as a
basis for reservoir evaluation and exploration. Sample Q0 was selected from the Wufeng
Formation. Samples Q1 and Q2 were selected from the bottom of the Longmaxi Formation,
with the lithology of black carbonaceous shale. The horizontal beddings of Samples Q0–Q3
are highly developed, and the bedding planes are rich in graptolite fossils. Samples Q3–Q5,
Q6–Q9, and Q10–Q12 were selected from the lower, middle, and upper parts of the S1l1-1

sub-layer, respectively. Within the S1l1-1 sub-layer, the content of silty minerals in the
samples relatively increases, while the development of horizontal bedding deteriorates.
Q13–Q15 were selected from the S1l1-2 sub-layer. The lithology of the Q13–Q15 samples is
mainly silty mudstone and muddy siltstone. In addition to differences in mineral composi-
tion, sedimentary structure, organic matter content, and physical properties, the mechanical
brittleness of the Z-3 well was proven to have interlayer differences. The TOC content of
the 16 samples in the Z-3 well ranged between 0.23% and 4.76%, with an average value of
1.97%. The TOC content of the Wufeng–Longmaxi Formation shale gradually decreases
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from the deep to shallow layers. The samples were rich in quartz, ranging from 23.5% to
70.1%, which increased with the TOC content and burial depth in the Longmaxi formation.

Table 1. Stratification and lithology of representative samples from the Z-3 well.

Sample Depth/m Stratum Lithology Gas Content
(m3/t)

TOC
(%)

Quartz
(%)

Q0 4110.7 Wufeng Fr. (Layer 1) black carbonaceous
shale 0.96 1.11 45.0

Q1 4105.0

Longmaxi Fr.

Bottom S1l1-1

sub-layer (Layer 2)
black carbonaceous

shale
2.33 4.45 70.1

Q2 4101.2 2.65 4.76 66.9
Q3 4096.1

Lower S1l1-1 sub-layer
(Layer 3)

black argillaceous
shale

1.80 2.62 54.8
Q4 4091.4 1.87 2.41 48.8
Q5 4086.4 2.01 3.66 65.5
Q6 4081.2

Middle S1l1-1

sub-layer (Layer 4)
black silty shale

1.87 1.96 23.5
Q7 4076.1 2.52 2.34 40.6
Q8 4071.3 1.58 2.07 38.6
Q9 4066.2 1.27 1.13 42.0

Q10 4061.7
Upper S1l1-1 sub-layer

(Layer 5)

black silty shale 1.34 0.77 40.5
Q11 4056.7 muddy siltstone 1.04 0.23 48.7
Q12 4051.9 black silty shale 1.10 0.84 41.3
Q13 4046.2

S1l1-2 sub-layer
(Layer 6)

silty mudstone,
muddy siltstone

0.92 1.11 36.1
Q14 4042.2 1.52 0.79 38.9
Q15 4036.5 0.95 1.21 48.1

3. Experiments and Methods
3.1. NMR Tests

Using X-ray diffraction (XRD) and total organic carbon (TOC) measurements of the
selected samples, this study further employed low-field nuclear magnetic resonance (NMR)
analyses to quantitatively study the characteristics of the pore structures. The MesoMR23-
060H-I instrument of Niumai Electric Technology limited liability company in Shanghai,
China was used for the NMR tests, with experimental conditions of 200 KHz resonance
frequency, 0.1 ms echo interval, 1000 ms waiting time (TW), 5000 echo number, and a scan
count of 64. The experiments were conducted to obtain information on the T2 distribution
of the samples under conditions of oil and water saturation, which can be approximated by
the transverse relaxation time:

1
T2

=
1

T2S
= ρ

(
S
V

)
= FS

ρ

r
(1)

where ρ is the surface relaxivity, µm/ms; and S/V is the ratio of pore-specific surface area
to volume, µm−1. FS is the pore shape factor, related to the pore properties, with cylindrical
pore FS being 2 and spherical pore FS being 3. r is the pore radius. Considering FS and ρ as
constants, with FS taken to be 2 and ρ taken to be 50 µm/ms, the relationship between the
pore diameter and the T2 relaxation time can be described as:

d = 4 × ρ × T2 (2)

According to the correlation between NMR signals and shale pores tested, pore struc-
ture characteristics such as pore size distribution, NMR porosity, and permeability can be
obtained. Based on Equation (2) and the basic principle of NMR, the relaxation times of the
T2 spectra of 0.02–1 ms, 1–10 ms, 10–100 ms, and 100–1000 ms correspond to pores with
pore sizes of 1 nm–20 nm, 20 nm–200 nm, 0.2 µm–2 µm, and 2 µm–20 µm, respectively.

3.2. Fractal Modeling Based on NMR Data

Previous studies on shale reservoirs have suggested that the pore systems possess
fractal properties [24–26]. Fractal theory is a powerful analytical tool for measuring the
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complex and irregular pore structure of various types of rocks. Based on the T2 spectrum
distribution of the samples obtained by NMR experiments, the fractal theory is introduced
to analyze the fractal features of shale pores, and the complexity and non-intuitive char-
acteristics of the pore structures are further investigated. The equation for calculating the
fractal dimension using NMR is presented as follows [27]:

lg(S) = (3 − D)lg(T2) + (D − 3)lg(T2max) (3)

In Formula (3), S denotes the ratio of accumulated pore volume with a relaxation time
less than T2 to the overall pore volume. D represents the fractal dimension, and T2max is
the maximum relaxation time.

Given that the samples display self-similar pore structures and demonstrate fractal
characteristics, the fractal dimension can be determined by evaluating the slope ‘k’ of
Equation (4):

D = 3 − k (4)

Assuming that pores with pore sizes of 1 nm–20 nm and 20 nm–200 nm correspond to
bound fluids, and pores with sizes of 0.2 µm–20 µm correspond to movable fluids, a certain
T2 value can be selected to divide movable and bound fluids based on the correlation
between the T2 relaxation time distribution and pore size distribution, which is called the
T2cutoff value.

4. Results
4.1. NMR T2 Spectrum and Related Pore Structure Parameters

Through NMR experiments, the connections between T2 relaxation time and signal
intensity of 16 shale samples were obtained (Figure 2). The T2 spectrum mainly exhibited
distinct double peaks, and the left peak was the major peak for most of the tested samples.
The T2 relaxation times varied from 0.2466 ms to 3.8606 ms for the left peak signals,
indicative of pores with diameters from 1 nm to 200 nm. The right peak signals exhibited
relaxation times from 11.0094 ms to 331.8049 ms, corresponding to larger pores ranging
in size from 0.2 µm to 20 µm. The plots in Figure 2 display a wide range of pore sizes,
indicating strong complexity in pore size distribution. In addition, for most of the tested
samples, the values in the interval between the two peaks approached zero, indicating
the discontinuity between the two groups of pores represented by the left and right peaks.
The T2 spectra of most shale samples show peaks at 0.1–1 ms, and the left peaks are much
more significant than the right peaks, showing that the NMR T2 curves’ morphology of
shale samples are dominantly contributed by pores with pore size ranging from 1 nm to
200 nm. The proportion of the storage capacity provided by pores with pore sizes ranging
from 1 nm to 200 nm is much larger than the proportion provided by pores with pore sizes
ranging from 0.2 µm to 20 µm.

NMR is an effective approach to obtain pore size distribution of shale samples [28].
The pore size distribution of the Wufeng–Longmaxi Formation in the Z-3 well is shown in
Figure 3 based on T2 spectrum data. The pore size of the Wufeng–Longmaxi shale samples
is mainly within the 1–100 nm range, with a notable secondary distribution from 100 nm to
1 µm.

NMR characterizes the pore structures in rocks by generating relaxation signals from
hydrogen nuclei under an external magnetic field and measuring T2 relaxation time spectra
established by fluid hydrogen nuclear relaxation signals in pores of different radii. There-
fore, analyzing the T2 spectrum is a feasible way to characterize the pore structure of shale
and investigate non-intuitive features, such as fractal features [11].
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The integral area of the T2 spectrum is directly proportional to the hydrogen content of
the fluid in the core pores, and the correlation between the nuclear magnetic signal and the
porosity can be obtained by calibrating the nuclear magnetic porosity of the rock samples
to be tested. The results (Table 2) show that the NMR porosity of the Wufeng–Longmaxi
Formation in the Z-3 well ranges from 2.61% to 4.81%, with an average value of 4.33%.
The T2 cutoff value of 16 tested samples ranges from 2.2861 ms to 68.8991 ms, averaging
at 24.89 ms. The permeability of the samples obtained by Coates’ model varies from
0.00011 mD to 0.235 mD, and the average value is 0.01566 mD.

Figure 2. T2 spectrum of representative samples of Wufeng–Longmaxi Formation in the Z-3 well.
(a) Sample Q0 from layer 1; (b) Samples Q1–Q2 from layer 2; (c) Samples Q3–Q5 from layer 3;
(d) Samples Q6–Q7 from layer 4; (e) Samples Q10–Q12 from layer 5; (f) Samples Q13–Q15 from
layer 6.
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Figure 3. Comparison of NMR pore size distributions of tested shale samples.

Table 2. Porosity and permeability characteristics of representative samples from each layer of the
Wufeng–Longmaxi Formation in the Z-3 well.

Sample Depth (m) Layer NMR
Porosity (%)

Permeability
(mD) T2C (ms)

Q0 4110.7 1 2.61 0.00011 60.4400

Q1 4105.0
2

4.17 0.235 35.7905

Q2 4101.2 4.52 0.00030 16.3092

Q3 4096.1

3

3.42 0.00022 60.4400

Q4 4091.4 4.11 0.00053 68.8991

Q5 4086.4 5.95 0.0041 68.8991

Q6 4081.7

4

4.42 0.00069 60.4400

Q7 4076.1 3.16 0.00011 5.7190

Q8 4071.3 6.52 0.0046 2.9708

Q9 4066.2 4.67 0.00077 2.6061

Q10 4061.7

5

4.24 0.00066 2.9708

Q11 4056.7 3.86 0.00041 2.2861

Q12 4051.9 4.97 0.0011 2.9708

Q13 4046.2

6

3.85 0.00039 2.6061

Q14 4042.2 4.05 0.00044 2.6061

Q15 4036.5 4.81 0.0012 2.2861

4.2. Bound and Movable Fluids

During oil and gas migration, a certain amount of water remains in the pore system,
almost non-flowing, called bound water. Bound water is mostly distributed in the pores
with pore sizes smaller than 200 nm, whose presence and distribution are significantly
influenced by the solid properties. The corresponding saturation of bound water is called
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bound water saturation. The saturation of movable fluids reflects the amount of fluid that
can be collected and produced in a reservoir, which is of great significance for reservoir
evaluation and exploitation.

The bound water saturation of tested samples from the Z-3 well ranged from 26.41%
to 92.2%, with an average value of 84.24% (Figure 4). The higher the saturation of the
bound fluid, the more pores with sizes ranging from 1 nm to 200 nm developed in the
sample. The pores with a pore size larger than 0.2 µm are more developed, with higher
saturation of the movable fluid, showing better flow capacity of the reservoir. The samples
exhibit a relatively high bound water saturation, while the movable fluid saturation tends
to be relatively low, which represents the high proportion of pores with a pore size of
1 nm–200 nm in the relaxation time of T2 spectrum distribution. Thus, pores with a pore
size of less than 100 nm are more developed in the samples and composed of the major
microstorage space. Note that the movable fluid saturation of Sample Q1 is much higher
than the bound fluid saturation, indicating the unique pore structure.

Figure 4. The proportion of bound fluid saturation and movable fluid saturation in shale samples.

The T2 spectrum of the Q1 sample is characterized by a prolonged T2 relaxation time,
with no distinct peak observed between pore sizes ranging from 1 nm to 20 nm, as well
as between 20 nm and 100 nm (Figure 3). Moreover, the permeability of the Q1 sample is
significantly better than the other layers. The significant difference between the saturation
of movable fluid in Sample Q1 and other samples indicates that the high saturation of
movable fluid contributes to favorable conditions for percolation. The enlarged pore size
and improved connectivity promote the generation of sufficient storage space and efficient
paths for fluid flow in the reservoir.

4.3. NMR Fractal Characteristics

During the investigation of the heterogeneity and non-intuitive characteristics of
pore structure, T2cutoff value (T2C) was used as an effective point for relaxation time that
partitioned the fractal curve into two sections [29]. It is believed that pores with relaxation
time less than T2C represent bound fluid pores, and pores with relaxation time exceeding
T2C are movable fluid pores.

The T2 spectrum of the Wufeng–Longmaxi Formation shale samples mainly presented
as double peaks (Figure 2). Therefore, the T2C value of shale can be calculated based on T2
morphology, which means that the T2 value corresponding to the lowest point between the
two peaks is used as the T2C. The fractal dimensions obtained from the T2 distribution’s
segments, where the T2 values exceeded the T2C, characterized the fractal dimensions of
movable fluid pores (D2), and the fractal dimensions calculated from segments with T2 that
were smaller than the T2C referred to the fractal dimensions of bound fluid pores (D1).

By analyzing the plots of lg(S) versus lg(T2), the NMR fractal dimensions of the
16 shale samples in the study area are depicted in Figure 5, which demonstrates a clear
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characteristic of a two-section pattern. By linearly fitting the two segmented curves, D1 and
D2, respectively, were calculated (Table 3). The fractal dimension (D1) of the bound fluid
pores in the shale samples ranges from 1.6895 to 2.3821, with an average value of 2.0267.
The fractal dimension (D2) of movable fluid pores ranges from 2.9914 to 2.9996, with an
average value of 2.9962. Overall, the data indicates the relatively strong heterogeneity of
the movable fluid pores of shale samples in the Z-3 well. According to the linear regression
coefficient, R2, the average value of the first segment linear fitting coefficients is 0.75
and that of the second segment is 0.7, indicating that the shale pore structure based on
NMR experiments has certain fractal characteristics, and this method is reasonable for
characterizing pore structure.

Figure 5. NMR fractal linear fitting curves of the shale samples in the Z-3 well. Figures (a–p) are
fractal curves for samples Q0–Q15.

Table 3. NMR fractal fitting equations for tested samples.

Sample T2 < T2C T2 > T2C

Regression Equation D1 R2 Regression Equation D2 R2

Q0 y = 0.6298x − 0.5815 2.3705 0.6794 y = 0.0006x − 0.002 2.9994 0.6136

Q1 y = 1.1415x − 1.0172 1.8585 0.7931 y = 0.0009x − 0.0031 2.9991 0.6975

Q2 y = 1.3105x − 0.6905 1.6895 0.7567 y = 0.0042x − 0.0137 2.9958 0.7247

Q3 y = 0.6486x − 0.5936 2.3514 0.676 y = 0.0006x − 0.002 2.9994 0.6431

Q4 y = 0.6272x − 0.5943 2.3728 0.6618 y = 0.0005x − 0.0015 2.9995 0.5868

Q5 y = 0.6143x − 0.5838 2.3857 0.6641 y = 0.0004x − 0.0013 2.9996 0.6029

Q6 y = 0.6179x − 0.5822 2.3821 0.6548 y = 0.0007x − 0.0025 2.9993 0.687
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Table 3. Cont.

Sample T2 < T2C T2 > T2C

Regression Equation D1 R2 Regression Equation D2 R2

Q7 y = 0.6814x − 0.7024 2.3186 0.6735 y = 0.0005x − 0.0019 2.9995 0.7308

Q8 y = 1.1068x − 0.1067 1.8932 0.8014 y = 0.0086x − 0.0273 2.9914 0.7947

Q9 y = 1.1612x + 0.0004 1.8388 0.8053 y = 0.0065x − 0.0203 2.9935 0.7439

Q10 y = 1.2005x − 0.0871 1.7995 0.8273 y = 0.0077x − 0.0241 2.9923 0.7746

Q11 y = 1.151x + 0.0573 1.849 0.7993 y = 0.0059x − 0.0182 2.9941 0.6959

Q12 y = 1.2187x + 0.1024 1.7813 0.8133 y = 0.0055x − 0.0169 2.9945 0.7113

Q13 y = 1.1621x + 0.0584 1.8379 0.8037 y = 0.0047x − 0.0144 2.9953 0.7132

Q14 y = 1.1208x + 0.0615 1.8792 0.79 y = 0.0057x − 0.0173 2.9943 0.6792

Q15 y = 1.1815x + 0.0406 1.8185 0.8107 y = 0.0075x − 0.0234 2.9925 0.8

The range of self-similarity in pore size is often used as the basis for the internal
division of pore systems [30–32]. Based on the NMR fractal features of pores and the extent
of fractal fitting, the pore sizes of tested samples from the Wufeng–Longmaxi Formation in
the Z-3 well can be further classified into three categories: micropores (<0.1 µm), mesopores
(0.1 µm–1.0 µm), and macropores (>1.0 µm). By plotting lg(S)−lg(R) curves, three segments
of pores with differentiated pore structures can be observed, where R is the pore radius
(Figure 6). This classification scheme represents the characteristics of the pore structure in
different pore size ranges.

Figure 6. Pore aperture segmentation fitting results for 16 shale samples. Figures (a–p) are fitting
results for samples Q0–Q15.

The linear regression coefficient of movable fluid pores is smaller than that of bound
fluid pores. Thus, the bound fluid pores exhibit stronger fractal characteristics than the
movable fluid pores. In addition, the D1 values are all smaller than D2, which indicates
that pores with larger diameters have a more heterogeneous pore structure. Also, there
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seems to be a positive correlation between D1 and D2 of the lower S1l1-1 sub-layer and its
upper layer in the Longmaxi Formation in the Z-3 well (Figure 7). To a certain degree, both
D1 and D2 can represent the complexity of the overall pore structure in the middle and
upper Longmaxi Formation. According to Tables 3 and 4, shale pores in the bottom S1l1-1

sub-layer (Layer 2) are significantly different from the other shale layers in terms of pore
structure parameters and fractal dimension.

Figure 7. Relationship between D1 and D2 of the middle and upper Longmaxi Formation (layers 3, 4,
5, and 6) shale in the Z-3 well.

Table 4. Pore volumes of different types of Wufeng–Longmaxi Formation shale samples in the
Z-3 well.

Sample
Pore Volume (10−3 cm3)

Total Pore Volume (10−3 cm3)
Micropores Mesopores Macropores

Q0 4.949 4.502 0.509 9.96

Q1 12.520 4.123 0.070 16.713

Q2 5.146 11.370 1.398 17.914

Q3 6.572 6.064 0.483 13.119

Q4 8.251 6.867 0.674 15.792

Q5 12.084 10.454 0.875 23.413

Q6 9.121 6.791 0.749 16.661

Q7 5.287 6.476 0.404 12.167

Q8 16.291 7.145 1.570 25.006

Q9 12.865 3.945 0.857 17.667

Q10 9.902 5.427 0.903 16.232

Q11 11.176 2.569 0.651 14.396

Q12 17.868 0.731 0.0399 18.6389

Q13 13.882 0.481 0.042 14.405

Q14 11.993 2.477 0.679 15.149

Q15 16.271 0.694 0.225 17.19

5. Discussion
5.1. Quantitative Characterization of Reservoir Pore Structure

Different types of pore volume proportions can be obtained based on the pore classi-
fication (Table 4). The total pore volume of the Wufeng–Longmaxi Formation in the Z-3
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well varies from 9.96 × 10−3 cm3 to 25.006 × 10−3 cm3 at different depths, with an average
value of 15.5543 × 10−3 cm3. The volume of macropores ranges from 0.0399 × 10−3 cm3 to
1.570 × 10−3 cm3, with an average value of 0.6331 × 10−3 cm3, accounting for 0.21% to 7.8%
of the total volume and an average proportion of 3.77%. The volume of mesopores ranges
from 0.481 × 10−3 cm3 to 11.370 × 10−3 cm3 (avg. 5.007 × 10−3 cm3), which accounted
for 3.34% to 63.47% of the total pore volume, with an average percentage of 30.72%. The
volume of micropores varies from 4.949 × 10−3 cm3 to 17.868 × 10−3 cm3 (avg. 65.51%),
with an average proportion of 65.51% and a range from 28.72% to 96.37%.

Therefore, the pore volume of the Wufeng–Longmaxi Formation in the Z-3 well is
mainly comprised of micropores and mesopores, dominated by micropores, which verifies
the analysis of the characteristics of the pore size distribution curves. The analysis shown
in Figure 8 reveals that the proportion of micropore volume displays moderately negative
correlations with the burial depth, while the proportion of mesopore volume exhibits
moderately positive correlations with depth.

Figure 8. Relationship between volume and depth for micro-, meso- and macropores.

As shown in Figure 9, the mesopore volume exhibited a weak positive linear relation-
ship to TOC content and no obvious relationship to quartz content. The TOC content is
indicative of the richness of organic matter. Hence, mesopores of the Wufeng–Longmaxi
Formation shales mainly consist of organic matter pores.

Figure 9. Correlation between the pore volume of different scale pores and TOC and quartz contents
in shale samples from the Z-3 well.

5.2. Relationship between Fractal Dimensions and Physical Properties

The correlation analysis of pore structure parameters and fractal dimensions of shale
samples from the Wufeng–Longmaxi Formation was conducted. The physical charac-
teristics of shale reservoirs can be evaluated by key parameters such as porosity and
permeability. According to Q1’s pore size distribution (Figure 3) and fluid saturation
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features (Figure 4), the Q1 sample exhibits strong peculiarities. Except for the Q1 sample,
the relationship between permeability and porosity of the other shale samples is shown in
Figure 10. There is a strong exponential increase (R2 = 0.9229) in correlation between shale
permeability and porosity.

Figure 10. The relationship between porosity and permeability of shale samples in the Z-3 well
(excluding the Q1 sample).

The bound fluid fractal dimension (D1) and movable fluid fractal dimension (D2)
have no obvious correlation with porosity and permeability in the Z-3 well (Figure 11).
Scholars confirmed that as the movable fluid fractal dimension increased, the reservoir
pore structure became more complex and the seepage capacity deteriorated [33]. In this
study, the porosity and permeability of shale reservoirs are speculated to be influenced by
multiple and complex factors that need further study.

Figure 11. The fractal dimension, porosity, and permeability of shale samples in the Z-3 well.

5.3. Relationship between NMR Fractal Dimension and Mineral Compositions

The relationships between TOC content, different mineral composition, and NMR
fractal dimensions of the lower S1l1-1 sub-layer and its upper layer samples were also inves-
tigated (Figure 12). The plots show that bound fluid pore fractal dimensions and movable
fluid pore fractal dimensions have moderate positive correlations with TOC content while
showing no correlation with quartz content. Previous studies have also demonstrated the
absence of a correlation between fractal dimensions and quartz concentration due to the
fact that the quartz surface is rather smooth and has fewer pores [15,34].

Previous research explained the increased number of micropores resulting from higher
TOC and the number of micropores is mainly influenced by the specific surface area [34].
Therefore, the increasing TOC content leads to a significant increase in pores within the
organic matter, thereby facilitating the development of micropores derived from the or-
ganic matter pores [35]. The pore system of shales in the middle and upper parts of the



Appl. Sci. 2024, 14, 4733 14 of 19

S1l1-1 sub-layer are developed with less complicated structures and thus lead to lower
fractal dimensions.

Figure 12. The relationship between fractal dimension and mineral composition, TOC of shale
samples in layers 3,4,5, and 6 in the Z-3 well.

Heterogeneous pore space distribution was formed during the hydrocarbon process,
influenced by the differences in structure, composition, and intensity of decomposition or
condensation reactions within organic matter [36]. This process facilitated the expansion of
storage space and enhanced pore connectivity. Thus, the TOC content exhibits a relatively
weak positive correlation with the fractal dimension of the movable fluid pores (D2).

5.4. The Particularities and Influencing Factors of High-Quality Reservoir Pore System

The optimization of engineering transformation layers as fracturing and mining targets
in gas-bearing strata requires an understanding of the unique characteristics (particularities)
of high-quality reservoirs [37–39]. The results of NMR testing, fractal modeling, and
comparison of representative samples from different layers of the S1l1-1 sub-layer suggest
that the pore system of gas-rich layers is developed with particularities, compared with
other layers.

Based on NMR results and pore structure parameters, the bottom S1l1-1 sub-layer of
shale reservoirs is developed with higher porosity and permeability, and pore sizes are
more concentrated in the range of 20 nm to 2 µm. The saturation of the movable fluid
is much higher than that of samples from other layers (Figure 4). Previous studies have
revealed that the shale in the research area exhibits a maximum maturity index (Ro) of
less than 3.5% [39], indicating that the reservoir is currently in a favorable stage for the
development of organic pores. The observation results of FE-SEM also confirmed that the
main type of nanopores in the bottom S1l1-1 sub-layer of shale reservoirs is organic matter
pores (Figure 13a). The presence of numerous organic matter micropores indicates that the
high concentration of organic matter in this layer promotes the development of micropores
and increases the storage space in the reservoir. In addition, the micro reservoir space
with a pore size of >1 µm is more developed in the bottom S1l1-1 sub-layer shale, resulting
in a high saturation of movable fluids and enhancing the permeability conditions of the
reservoir. FE-SEM images show that these micro reservoir spaces are mainly microfractures
and mineral-related pores in the shale matrix (Figure 13b).

Based on image processing, pore types were classified into 16 shale samples, and the
result of a typical sample is shown in Figure 14a,b. Organic pores are highly developed in
the Q1 sample from the bottom Longmaxi Formation (Figure 14c). Inorganic pores account
for a large proportion in the middle Longmaxi Formation shale sample, Q6 (Figure 14d).
By comparing the samples of the bottom Longmaxi Formation with samples from other
layers, the particular pore system of gas-rich layers can be further analyzed. According to
the fractal linear fitting results and SEM image processing results, the fractal dimensions
of the shale samples in the bottom S1l1-1 sub-layer are smaller than samples from other
layers. This phenomenon may be due to the higher TOC content and the quantity of organic
pores in this layer. Therefore, the pore types in this layer of the reservoir are more singular,
leading to enhanced homogeneity. Organic matter pores provide abundant microspaces for
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gas adsorption and enrichment. It is notable that the TOC values of the test samples are
positively correlated with the fractal dimensions, but Sample Q1 has a high organic matter
content with a smaller fractal dimension. This may be due to the singular pore types of
Sample Q1 resulting in weaker complexity of the microstructure, showing a decrease in
fractal dimension.

Figure 13. FE-SEM images of nanopores in the bottom S1l1-1 sub-layer of shale reservoirs. (a) Image
of mineral dissolution pores, organic nanopores in the Wufeng-Longmaxi Formation in the Z-3 well.
(b) Image of organic nanopores, microfractures, mineral dissolution pores in the Wufeng-Longmaxi
Formation in the Z-3 well.

Figure 14. Classification of different pore types using SEM. (a) Image of original shale sample.
(b) Image of different types of pores. (c) Proportion of organic matter pores, inorganic pores, and
microcracks in Sample Q1 based on SEM. (d) Proportion of organic matter pores, inorganic pores,
and microcracks in Sample Q6.
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The gas content in shale reservoirs is mainly influenced by several factors, such as
the TOC content and thermal maturity of the organic matter. The relevance analysis
reveals a correlation between the TOC content and gas content of shale samples from the
Wufeng–Longmaxi Formation, as shown in Figure 15. A positive correlation is observed
between gas content and TOC content, with an R2 value of 0.7277. Therefore, TOC content
could potentially be the main influencing factor in shale gas content. As the organic matter
goes through hydrocarbon generation during geological burial processes, modified by shale
reservoir diagenesis, developed organic nanopores are formed that enhance the adsorption
and storage capacity of the reservoir. Rich shale gas in the reservoir is also formed during
this process. Overall, the accumulation of shale gas in the Wufeng–Longmaxi Formation
reservoirs of the Z-3 well is influenced by multiple factors. TOC content is one of the most
important factors among them. The bottom S1l1-1 sub-layer section of the shale reservoir
has a high TOC content, a high level of organic matter pore development, and good porosity
and permeability, which is conducive to the adsorption and storage of shale gas. The total
gas content of shale samples in the bottom S1l1-1 sub-layer is greater than 2 m3/t, and
the TOC content exceeds 4%, which indicates that the bottom S1l1-1 sub-layer should be
regarded as a higher prioritized layer for exploration.

Figure 15. The relationship between gas content and TOC, quartz content of shale samples in the
Z-3 well.

6. Conclusions

Differentiated interval structural characteristics of the Wufeng–Longmaxi Formation
deep shale reservoirs in the western Chongqing area were studied through an experimental
investigation based on low-field nuclear magnetic resonance (NMR) and fractal modeling
methods. The following conclusions were obtained in this study.

(1) The pore structure of the Wufeng–Longmaxi Formation shale from the western
Chongqing area was fractal to a degree. The fractal dimension of bound fluid
pores (D1) based on NMR tests ranged from 1.6895 to 2.3821, and the fractal di-
mension of movable fluid pores (D2) ranged from 2.9914 to 2.9996, indicating that
the pore systems are complicated and heterogeneous. In addition, both D1 and D2
can represent the complexity of the overall pore structure in the middle and upper
Longmaxi Formation.

(2) The pore size distribution in the Wufeng–Longmaxi shale samples in the Z-3 well was
mainly in the range of 1–100 nm and 100 nm–1 µm, concentrated between 1nm and
100 nm. Mesopores and micropores provided a large proportion of the pore volume,
and micropores comprised the major microstorage space.

(3) The exponential correlation between shale permeability and porosity was strong. D1
and D2 had no apparent correlation with permeability and porosity, while fractal
dimensions had moderately positive correlations with TOC content in the lower S1l1-1

sub-layer and its upper layers.
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(4) TOC content was one of the major factors influencing the gas content in the Wufeng–
Longmaxi Formation shale in the Z-3 well. Specifically, an increase in TOC content
resulted in greater porosity, leading to a more abundant organic matter pore network
and enhanced homogeneity of the pore structure in the bottom S1l1-1 sub-layer, which
showed significant potential for the exploration of shale gas.
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