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Abstract: Since shale gas mainly occurs in shale pores, research on pore structure characteristics
is the key to understanding the shale gas accumulation mechanism. The pore structure of the
Lower Carboniferous Dawuba Formation shale in the Qianxi area, represented by the well QSD-1,
which obtains a daily shale gas flow of 10,000 m® and represents an important breakthrough in the
investigation of marine shale gas in the Upper Paleozoic region of southern China, is characterized by
high-pressure mercury compression experiments and low-temperature gas adsorption (N and CO;)
experiments with whole pore size. The main controlling factors affecting the pore development of
the shale are discussed. (i) The micropores and mesopores are more developed in the shale, and the
macropores are the second most developed in the shales of the Dawuba Formation in the Qianxi area,
among which the mesopores and macropores contribute most to the pore volume and the micropores
and mesopores contribute most to the pore-specific surface area. (ii) The microfractures and interlayer
pores of clay minerals are developed in the shales of the Dawuba Formation, which are the main
storage spaces for hydrocarbon gases. (iii) The main factors affecting the adsorption capacity of the
shales of the Dawuba Formation in the Qianxi area are the organic carbon content and clay mineral
content of the shales, both of which have an obvious positive correlation with the variation of pore
structure.

Keywords: taphrogenic trough; Qianshuidi 1 well; carboniferous strata; pore structure; total pore volume

1. Introduction

Since the “shale gas revolution”, China has carried out a lot of exploration work
on shale gas resources [1-9]. However, there are few breakthroughs in Carboniferous
strata in South China with great oil and gas potential [10-14], and there are few studies on
the pore development and its main controlling factors of Carboniferous shale [13,14]. In
2021, well QSD-1 was deployed in the Liupanshui area of Qianxi, which was tested in the
Carboniferous Dawuba Formation and obtained 10,000 m®/D shale gas flow, achieving
a major breakthrough in the investigation of shale gas in the Lower Carboniferous area
of South China. Drilling revealed that the shale thickness of the Dawuba Formation was
nearly a kilometer, and 53 sets of gas reservoirs were comprehensively interpreted, with
the highest total hydrocarbon value of 63.4%. As an example of typical shale gas drilling
in the area, this paper takes the core samples from the Dawuba Formation in Well QSD-1
as the research object, characterizes the whole pore size of the shale pore structure, and
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discusses its influencing factors, in order to provide reference for shale gas investigation in
the Qianxi area.

Shale gas occurs mainly as free gas in pores and natural fractures, adsorbed gas in
organic matter and clay minerals, dissolved gas in residual oil, and in water in shale
reservoirs [15,16]. The size, volume, shape, connectivity and permeability of the pores
significantly influence shale gas enrichment and exploration [17]. The pore structure and
fracture systems have been characterized by researchers based on various models [18-20].
For example, the low temperature CO, and N; adsorption are widely used to characterize
the pore distributions of micropores (<2 nm) and mesopore size (2-50 nm), respectively.
The high-pressure mercury injection method is used to characterize the pore distributions
of macropores (>50 nm).

The shale characteristics of the Lower Paleozoic Silurian strata represented by the
Sichuan Basin have been extensively studied [21]. In contrast, due to the large difference in
mineral composition and strong heterogeneity of shale in the Upper Paleozoic marine rocks
in southern China, the pore structure characteristics and their main controlling factors are
quite different from those in the Lower Paleozoic strata [22].

In order to understand the pore structure characteristics of shale in the Dawuba
Formation in Qianxi area and to understand the enrichment mechanism of shale gas in
the Lower Carboniferous, qualitative and quantitative studies of the shale in the Dawuba
Formation were carried out by FE-SEM, low temperature gas adsorption (N, and CO,) and
high-pressure mercury injection. The pore structure of the shale in the Dawuba Formation
was characterized from different scales. The pore structure parameters such as specific
surface area, pore size distribution and pore volume of the shale were obtained, and the
main controlling factors were analyzed.

2. Experimental Scheme and Sample Selection
2.1. Sample Selection

The shale samples selected in this paper were taken from the cores of different layers
of the Dawuba Formation in Well QSD-1, which was located in the Qiannan depression,
southwestern China (Figure 1). The study area is located in the west part of the Qiannan
depression, and confined by the Ziyun and Guiyang fault. Under the tectonic processes of
multiple stresses, the Carboniferous, Permian and Triassic strata have undergone strong
structural deformation and denudation of different extents. In the Indosinian-Yanshan
and Himalayan stages, strong folds and thrust nappes resulted in massive shortening
deformation.

According to the lithology and electrical characteristics, and combined with the out-
crop situation of the surrounding strata, the shale samples can be divided into four sections
from bottom to top [23,24]. (1). The first member of the Dawuba Formation is the thickest
and most uniform lithology member of this formation, which is mainly composed of thick
black mudstone. (2). The shale in the second member of the Dawuba Formation is thin
interbedded sandwiched in marl, and the shale lamellation is well developed. (3). The third
member of the Dawuba Formation is grayish-black calcareous shale, mudstone, and dark
gray argillaceous limestone mixed with grayish-black carbonaceous mudstone, and the
interbedded structure of calcareous mudstone and micritic limestone is developed. (4). The
fourth member of the Dawuba Formation is characterized by dark gray and grayish-black
marl with carbonaceous shale and calcareous mudstone (Figure 2).

In order to ensure the distinguishability of the samples, nine samples from different
members of the Dawuba Formation were selected for the high-pressure mercury injection
experiment and the low-temperature gas adsorption experiment. At the same time, the
organic carbon content, maturity, mineral composition and rock density of the samples
were tested (Table 1) in order to fully reflect the pore structure characteristics of Dawuba
Formation shale.
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Figure 1. Study area and well location of Qianshuidi 1.
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Figure 2. Stratigraphic characteristics and division scheme of the Dawuba Formation in Well QSD-1.
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Table 1. Shale sample parameters of the Dawuba Formation in the Qianxi area.

Main Mineral Component Content/%

Group Member Depth/m TOCT% Rof% Quartz Calcite Dolomite Pyrite Clay Mineral Rock Density/g-cm®

Member 4 1648.10 0.76 217 12 76 3 1 5 2.65

1649.95 0.7 228 5 83 2 1 7 2.66

1656.50 0.53 2.18 9 74 7 1 9 2.66

1660.20 0.58 1.95 10 56 19 2 13 2.67

Dawuba Formation Member 3 1682.25 0.99 2.32 16 37 30 2 15 2.40
1687.40 0.96 2.19 19 27 31 2 21 1.78

1695.59 0.88 218 12 34 33 1 20 221

Member 2 1931.25 1.08 2.29 8 12 37 3 40 2.69

Member 1 1940.90 1.22 2.57 27 0 4 0 69 2.49
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2.2. Mineral Composition Analysis

A commonly used and statistically valid method to evaluate minerals in shale reser-
voirs is X-ray diffraction. The diffract grams were recorded in detail from 4° to 70° at a
scanning speed of 1° 20 /min by a Rigaku automated powder diffractometer (D/MAX-RA)
equipped with a Cu X-ray source (40 Kv, 35 mA). The samples from the Dawuba shale were
analyzed for whole-bulk and clay fraction mineralogy by quantitative X-ray diffraction
following two independent processes. First, the bulk mineral composition of the powder
sample was determined at this stage to only include the total clay content. The whole-rock
samples were analyzed over an angular range of 4° to 70° 20 at a scanning speed of 1°
260/min. Second, the individual clay mineral content of the clay fractions separated from
the rock powder sample was determined. The clay minerals were analyzed over an angular
range of 3° to 65° 20 at a scanning speed of 1.5° 26 /min. The quantification of the minerals
was based on calculations of the integrated area using JADE 5 software.

2.3. SEM QObservation

A ZEISS Sigma 300 (Oberkochen, Germany) SEM and Bruker Quantax 200G (Berlin,
Germany) spectrometer were used to visualize the shale minerals and micropores of the
Dawuba Formation. The organic matter, porosity, fracture distribution, size and pore
connectivity were quantitatively described [25]. The porosity of the dry samples was
determined from the grain density obtained from helium pycnometry (skeletal density) and
the bulk volume of the plugs was calculated from mercury immersion (bulk density). The
total porosity was calculated from the difference between the bulk and skeletal densities.
A Gatan model 685.C (Pleasanton, CA, USA) was used for argon ion polishing in the
SEM observations. Ar ion polishing is a common processing procedure carried out before
observing under SEM. The samples were milled through a two-step process: (1) source
operated at 2.5 kV for 2 h, followed by (2) source operated at 1.0 kV for 1 h. Each ion milling
step used a 40% focus and 5° tilt angle, and the samples were continuously rotated 360°
to ensure the entire surface was milled and common induced features such as curtaining
were minimized.

2.4. High-Pressure Mercury Injection Experiment

A high-pressure mercury injection experiment is mainly used to analyze the macropore
development in shale. The AutoPore 9500 mercury injection instrument from Micrometrics
Instrument Co., Ltd. (Shanghai, China) is used for testing and analysis. The maximum
external pressure is 400 MPa (60,000 psia). The experimental steps are based on the national
standard. Before the test, the cylindrical samples (diameter 2.5 cm, length 3 cm) were first
dried (dried at 150° or higher temperature for an hour), and mercury was injected into the
sample tube under vacuum conditions. The test analysis was carried out at low-pressure
and high-pressure stages, respectively. During the low-pressure test, the pressure was
increased incrementally. When the maximum external pressure was reached, the pressure
was reduced to atmospheric pressure, and the sample tube was moved into the high-
pressure station for analysis. At the same time, mercury was filled into the dilatometer
under vacuum conditions. The continuous pressure gradually increased the mercury to
fill the pores, so as to obtain the relationship curve between the press-in amount and the
pressure [26,27]. The distribution of the pore structure characteristic parameters of the
different samples could then be obtained by analysis. To minimize the potential effects of
the formation of artificially induced microfractures in the cylindrical sample processing,
samples without any microfractures on the surface were used. However, it is hard to be
certain that no artificially induced microfractures occurred in these samples.

2.5. Low-Temperature N, and CO, Adsorption Experiments

N; and CO, were selected as the adsorbed gas, and the isothermal adsorption curve
was obtained by measuring the adsorption capacity of the sample under different pressures.
The distribution of the pore structure characteristic parameters such as the pore size, specific
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surface area and pore volume of the sample was calculated by BET and BJH models [27].
Among them, the liquid nitrogen adsorption—desorption test was used to characterize
the mesoporous distribution characteristics of the sample. The instrument was an ASAP
2460 automatic specific surface and pore size analyzer. The relative pressure range of the
isothermal adsorption—desorption experiment of the instrument is 0.00-0.995. The pore
size range that can be tested is 0.35 nm—400 nm, and the minimum specific surface area
that can be tested is 0.0005 m? /g.

The samples were ground to powder with the particle size of 60-80 mesh. The
experimental temperature is 77.3 k when the experimental adsorbate is liquid nitrogen,
and 273.15 k when the experimental adsorbate is carbon dioxide. Before the experimental
test, the appropriate amount of sample was weighed and put into a specific long tube
(high-temperature and low-temperature resistance), and the vacuum degassing treatment
was carried out at 150 °C for 4-6 h in order to remove the gas adsorbed on the surface of the
material. After the degassing was complete, the sample was cooled to room temperature
and fixed on the instrument to backfill helium and nitrogen (carbon dioxide) in turn. Then,
the corresponding gas adsorption amount was determined by gradually changing the
pressure at the test temperature, and the adsorption and desorption tests were carried out
to obtain the adsorption—desorption isotherm curves of different samples.

3. Results
3.1. Mineral Composition Characteristics

The overall performance of the Dawuba Formation in Well QSD-1 was dominated
by carbonate minerals and clay minerals, followed by quartz minerals, and by fewer iron
and magnesium minerals. The carbonate rock content was 4-93%, average 53%; the clay
mineral content was 5-82%, average 33%; the quartz mineral content was 4-27%, average
11%; some samples contained iron-magnesium minerals and plagioclase: the pyrite content
was 1-3%, average 2%, and the plagioclase content was 1-3%, average 1%.

Vertically, the fourth and third members of the Dawuba Formation are dominated
by carbonate minerals (58-93%, average 70%), clay minerals (6-15%, average 10%) and
felsic minerals (6-11%, average 7%). Carbonate minerals (32-61%, average 49%) and
clay minerals (37-48%, average 40%) are the main minerals in the second member of
the Dawuba Formation, followed by felsic minerals (average 8%) and iron-magnesium
minerals (average 3%). The first member of the Dawuba Formation is dominated by clay
minerals (54-82%, average 69%), followed by felsic minerals (16-33%, average 27%), and
carbonate minerals (4-13%, average 6%) (Figure 3).

100 1 ® Member 4 of Dawuba Formation
90 - 82 ® Member 3 of Dawuba Formation
30 1 B Member 2 of Dawuba Formation

HMember 1 of Dawuba Formation 69

70 4
60 o
50 o
40 A
30 A
20 A

Mineral content %

10 +

0 o

Quartz Calcite Dolomite Pyrite Clay mineral

Mineral component

Figure 3. Mineral component content of the Dawuba Formation in Well QSD-1.



Processes 2022, 10, 622

7 of 19

3.2. Pore Types and Morphological Characteristics

The SEM observation results show that several pore types are mainly observed in
the Dawuba Formation of Well QSD-1: primary intergranular pore, organic matter pore,
dissolved pore and intergranular pore of carbonate minerals, diagenetic fracture and inter-
layer pore fracture of clay minerals (Figure 4). It was found that the internal/intergranular
pores of inorganic minerals such as clay minerals, quartz and feldspar, and the internal
and marginal pores of organic matter differ greatly in size and morphology. The SEM
observation shows that the distribution of different organic matter is quite different, and
most of them are distributed in the shale matrix independently in the form of lumps and
ribbons. Some organic matter grows together with the surrounding matrix minerals, filling
in inorganic mineral particles (crystals) such as siliceous minerals, clay minerals or pyrite,
and their boundaries are mostly mixed with the boundary between the mineral parti-
cles/crystals. There are a certain number of pores in the internal and edge of the organic
matter, with large morphological differences. Ellipsoid, needle-like or irregular shapes are
distributed, and the pore scale is relatively small. The content of the clay minerals in the
samples is relatively high, and the pores in the crystal (grain) are most developed in the illite
and illite-montmorillonite mixed layer. The intergranular pores of the clay minerals mostly
exist in the natural faults between the laminated structures, particles and the internal plates
of the particles. The bending lamellar pore aggregates are developed in the mineral crystals
such as the illite and illite-montmorillonite mixed layer. Due to compaction, some clay
minerals show a flake shape, and there are a large number of flat or linear pores between
these flake clay minerals [28]. Compared with organic matter pores, the microfractures and
clay mineral interlayer pore fractures in the Dawuba Formation shale are more developed,
providing a good reservoir space for hydrocarbon gas occurrence [29].

3.3. Experimental Curve of Mercury Injection

It can be seen that the shape of the mercury injection-withdrawal curve of the samples
in each member of the Dawuba Formation is quite different. The “hysteresis loop” formed
by the inconsistency of the mercury injection curve and the mercury withdrawal curve is
also the performance of the distribution of parameters such as the shape and connectivity
of the reservoir space in the samples [30], reflecting the different characteristics of the strata
in each member of the Dawuba Formation. The mercury withdrawal efficiency reflects the
capillary effect recovery of the non-wetting phase, which indicates that the throat volume
accounts for the percentage of the total volume of pores and throats in the core [31]. The
larger the mercury withdrawal efficiency, the more uniform the size distribution of the
pores and throats in the core. The maximum mercury saturation reflects the connectivity of
the pore-fracture system and the degree of pore development.

The mercury injection test results show that there are macropores in the first, second
and third members of the Dawuba Formation, the macropores in the second and third
members are more developed than those in the first member and the pore connectivity is
better in the first member. The pores in the first member are relatively developed and the
pore size distribution is more uniform (Figure 5a).

The first member of the Dawuba Formation: when the pressure increases to about
10 MPa, the mercury curve shows a slow increasing trend, the pore sorting is relatively
good and the pore size distribution is relatively uniform. The hysteresis loop of the
mercury injection and withdrawal is wide, the volume difference of mercury injection and
withdrawal is small and the efficiency of the mercury injection and withdrawal is relatively
low, indicating that the corresponding throat is thin and the connectivity is poor in the
mercury injection test range.
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Figure 4. Microscopic characteristics of shale pores in the Dawuba Formation of Well QSD-1. (a) Black
shale, member 4 of the Dawuba Formation, 1490 m, banded organic matter developed, micropores
developed inside; (b) black shale, member 3 of the Dawuba Formation, 1531 m, organic matter
is distributed in mineral grains, pores are developed in its interior and edge and some pores are
connected to each other; (c) black shale, member 3 of the Dawuba Formation, 1660 m, clay mineral
intergranular pore development; (d) black shale, member 2 of the Dawuba Formation, 1930 m, mixed
distribution of organic matter and clay minerals; (e) black shale, member 1 of the Dawuba Formation,
1940 m, clay mineral interlayer fractures developed in a narrow strip; (f) black shale, member 1 of the
Dawuba Formation, 1940 m, clay mineral interlayer fractures and micropores developed.
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Figure 5. Pore distribution characteristics at different scales of the Dawuba Formation shale in Well
QSD-1. (a) The mercury injection-withdrawal curve of each member of the Dawuba Formation
shale; (b) nitrogen adsorption—desorption curve of shale in each member of the Dawuba Formation;
(c) Based on the distribution of specific surface area of shale in each member of Dawuba Formation
by N, adsorption; (d) shale pore volume distribution based on N; adsorption; (e) shale pore volume
change rate distribution based on N; adsorption; (f) specific surface area distribution of shale in each
member of the Dawuba Formation based on N; adsorption.
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The second member of the Dawuba Formation: with the increase of pressure, the
mercury injection curve showed a slow ladder increase trend; the sorting coefficient is
about 4.45 and the displacement pressure is small. The corresponding maximum pore
throat radius is 15.65 um, and the maximum mercury saturation of the sample is 75%. The
hysteresis loop of the mercury injection and withdrawal is wide and the volume difference
between the mercury injection and withdrawal is large. The mercury withdrawal efficiency
is about 25%, indicating that the macropores and mesopores of the sample are relatively
developed in the pressure test range, and the pore connectivity is good.

The third member of Dawuba Formation: with the increase of pressure, the mercury
curve shows a certain increasing trend. When the pressure increases to about 30 MPa, the
mercury curve shows a ladder increasing trend. The sorting coefficient is about 4.21, the
displacement pressure is 0.172 MPa and the maximum pore throat radius is 4.268 um. It
can be seen that the macropores of the third member samples are less developed than those
of the second member samples. The maximum mercury saturation of the sample is about
70%, and the hysteresis loop of the mercury injection and withdrawal is wide. The volume
difference of the mercury injection and withdrawal is large, and the mercury withdrawal
efficiency is about 27%, indicating that the pore connectivity is good within the pressure
test range.

The fourth member of Dawuba Formation: with the increase of pressure, the mer-
cury injection curve exhibits little change. When the pressure increases to 400 MPa, the
mercury saturation is less than 10%, indicating that the pores in the sample are relatively
undeveloped.

3.4. Experimental Curve of N, and CO, Adsorption at Low Temperature

Under the condition of low temperature (77 K), the N, adsorption—-desorption curve
can reflect the pore morphology. According to the four types of pores summarized by
IUPAC [31], the main types of pores in the third and fourth members of the Dawuba
Formation are close to the H3 type, that is, the open slit pores on four sides, while the main
types of pores in the first and second members of the Dawuba Formation are close to the
mixture of H1 and H2 types, indicating that the shales in the first and second members of
the Dawuba Formation are mainly composed of regular tubular pores with openings at
both ends and ink bottle-shaped pores with wide, thin necks (Figure 5b).

Based on the N, adsorption curve, the BJH adsorption model was used to calcu-
late the pore volume and specific surface area of the shale samples in different layers
(Figure 5¢,d). The calculation results show that the pore volume and specific surface area
of the second member of the Dawuba Formation are the largest, which are 14.3060 m?/g
and 0.0236 cm®/g, respectively, followed by the first, third and fourth members. It can
be seen from the analysis of the change rates of the pore volume and specific surface area
with pore size (Figure 5e,f) that with the increase of pore size, the change rate of the pore
volume gradually decreases, indicating that the pore volume mainly changes significantly
in the pores within the range of 2 nm to 5 nm. The specific surface area also shows a
similar rule with the pore volume, indicating that the pore volume and specific surface
area of the mesopore are mainly provided by the pores with pore size (2 nm-5 nm), and the
contribution of a large pore size (5 nm-100 nm) to the pore volume and specific surface
area is low.

4. Discussion
4.1. Distribution Characteristics of Total Pore Size of Shale

Based on the experiments of high-pressure mercury injection and low-temperature
gas adsorption (N and CO,), the pore distribution characteristics of shale from the nano
scale to the micron scale were obtained [32]. Different experimental data have different
characterization ranges and accuracy for pores. Micropores are mainly characterized by
CO; adsorption data, mesopores are characterized by N; adsorption data and macropores
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are characterized by high-pressure mercury injection data [33]. Thus, the full-aperture
distribution characteristics of shale in each member of the Dawuba Formation are obtained.

It can be seen from the comparison that the pore volume of the shale pores in the
Dawuba Formation in the study area is relatively developed in the mesopores and macro-
pores, followed by the micropores. Among them, the shale pore characteristics of each
member of the Dawuba Formation are similar, and the shale pore volume is dominated
by medium pores (pore volume ratio > 50%), followed by macropores and micropores.
The change of pore volume has three relatively stable peaks, which are 0.4 nm~0.6 nm,
5.6 nm~9.6 nm and 32.8 nm~500 nm (Figure 6, Table 2). The mesopores and macropores
contribute about 89.78% of the pore volume, and the micropores contribute about 10.22%
of the pore volume (Table 2).

The distribution of the dV/dD pore volume and pore size in the full pore size range of
the shale samples in each member of the Dawuba Formation shows that the pores of the
samples are mainly distributed in the micropore members and some mesopore members,
among which the number of mesopores with a pore size of about 10 nm in the first and
third members is more than that in the second and fourth members (Figure 7).
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Figure 6. Whole pore size distribution of shale pore volume of the Dawuba Formation in the Qianxi
area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation; (c) member 3
of the Dawuba Formation; (d) member 4 of the Dawuba Formation.
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Table 2. Statistics of shale pore volume of the Dawuba Formation in the Qianxi area.

Pore Volume/(cm3-g—1)

Pore Volume Ratio/%

Samples
P Micropore = Mesopore = Macropore Total Pore Volume Micropore = Mesopore  Macropore

Mgz‘ze:biof 0.001985 0.009215 0.006907 0.018107 10.96 50.89 38.15

MeDIZ‘E’Ve:bi of 0.002052 0.01026 0.004396 0.016708 12.28 61.41 26.31

M%rgfv‘irbiof 0.001358 0.008392 0.006118 0.015868 8.56 52.89 38.56

MeDniJVertof 0.000745 0.004276 0.003165 0.008186 9.10 52.24 38.66
Average value 0.001535 0.008036 0.0051465 0.014717 10.22 54.36 35.42
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Figure 7. Variation rate curve of total pore volume with pore diameter of Dawuba Formation shale in
the Qianxi area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation;
(c) member 3 of the Dawuba Formation; (d) member 4 of the Dawuba Formation.

From the analysis of the specific surface area provided by the shale pores, the specific
surface area of the shale pores in the Dawuba Formation in the study area is mainly
provided by micropores and mesopores. Pores contribute 93% of the specific surface area of
the shale in the Dawuba Formation, and pores less than 0.6 nm in each member are the main
contributors to the specific surface area. With the increase of pore diameter, the specific
surface area shows a downward trend; the specific surface area provided by the mesopores
is generally less than 0.5 m? /g, and the specific surface area provided by the macropores is
one order of magnitude smaller than that of the mesopores (Figure 8, Table 3).
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Figure 8. Distribution of specific surface area and full aperture of Dawuba Formation shale in the
Qianxi area. (a) Member 1 of the Dawuba Formation; (b) member 2 of the Dawuba Formation;
(c) member 3 of the Dawuba Formation; (d) member 4 of the Dawuba Formation.
Table 3. Statistics of specific surface area of Dawuba Formation shale in the Qianxi area.
Pore Volume/(cm3-g—1) Pore Volume Ratio/%
Samples : "
Micropore =~ Mesopore = Macropore Total Pore Volume Micropore = Mesopore  Macropore
Member 1 of 0.001985 0.009215 0.006907 0.018107 10.96 50.89 38.15
Dawuba
Member 2 of 0.002052 0.01026 0.004396 0.016708 12.28 61.41 26.31
Dawuba
Member 3 of 0.001358 0.008392 0.006118 0.015868 8.56 52.89 38.56
Dawuba
Member 4 of 0.000745 0.004276 0.003165 0.008186 9.10 52.24 38.66
Dawuba
Average value 0.001535 0.008036 0.0051465 0.014717 10.22 54.36 35.42

4.2. Discussion on Shale Pore Control

The development of nanopores in shale may be affected by many factors [34]. Based
on the analysis of the relationship between pore-specific surface area, pore volume and
total organic carbon (TOC), it is considered that TOC has a good positive correlation with
the development of pores in shale. The specific surface area of shale micropores has the
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best correlation with TOC. As TOC increases from 0.53% to 1.22%, the specific surface area
of the micropores increases from 1.03 m?/g to 6.07 m? /g, and the correlation coefficient
is 0.88 (Figure 9a). The correlation between mesopore-specific surface area and TOC is
0.61, and the correlation between the macropore-specific surface area and TOC is poor. The
relationship between pore volume and the TOC of shale is similar to that of the specific
surface area. The pore volume of the micropores and mesopores has good correlation with
TOC, followed by macropores (Figure 9b). It indicates that the organic matter contributes
more to the micropores, which was also observed from all of the densely packed organic
matter pores in Figure 4.
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Figure 9. Relationship between pore-specific surface area, pore volume and TOC of Dawuba Formation
shale in the Qianxi area. (a) Relationship between pore-specific surface area and TOC; (b) Relationship
between pore volume and TOC.

Through the comparison of the shale mineral content and pore characteristics, it is
found that there is a certain correlation between shale pores and mineral content in different
pore size ranges [35]. The specific surface area and pore volume show a positive correlation
with quartz and clay minerals, but a negative correlation with carbonate minerals. In view
of the highest correlation coefficient, the correlation between clay mineral content and
pore-specific surface area and pore volume is the best regardless of pore size (micropore,
mesopores or macropores), followed by carbonate minerals and quartz mineral content,
indicating little effect on pore development and specific surface area (Figure 10). For pores
of different size ranges, the clay mineral content is positively correlated with the specific
surface area of micropores and mesopores, and the correlation coefficient is more than
0.8 (Figure 10e). The clay mineral content has a good correlation with the micropore and
mesopore volume of the sample (Figure 10f). Quartz minerals contribute greatly to the
pore volume of macropores (Figure 10b). In shale reservoirs, quartz acts more likely as a
rock framework, with clay minerals as interstitial materials. Hence, clay minerals have a
stronger impact on pores of small sizes. In addition, due to the strong chemical cementation
of carbonate minerals, the development of nano-micropores will be inhibited to varying
degrees. In addition, the pores between carbonate particles are easily cemented and filled
by clay minerals and organic matter, so the content of carbonate minerals is negatively
correlated with the pore volume and specific surface area (Figure 10c,d).
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Figure 10. Relationship between pore-specific surface area, pore volume and quartz, carbonate
and clay minerals of shale in the Qianxi area. (a) Relationship between pore-specific surface area
and Quartz mineral content; (b) Relationship between pore volume and Quartz mineral content;
(c) Relationship between pore-specific surface area and Carbonate mineral content; (d) Relationship
between pore volume and Carbonate mineral content; (e) Relationship between pore-specific surface
area and Clay mineral content; (f) Relationship between pore volume and Clay mineral content.
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The analysis shows that the organic carbon content and clay mineral content of the
Carboniferous Dawuba Formation in the Qianxi area are the main controlling factors
for the specific surface areas of micropores and mesopores, and carbonate minerals and
quartz minerals are positively correlated with the macropore volume of the samples. The
analysis shows that the TOC and mineral components, to some extent, mainly affect the
adsorption capacity of shale by affecting its specific surface area and pore volume and
other pore structures. The porosity of organic matter makes it form a huge internal surface
area. Due to the development of a layered structure, clay minerals also have large specific
surface area and micropore volume. The specific surface area of organic matter pores
and pores between clay minerals plays a major role in the specific surface area of the
sample, which can provide more adsorption points for methane adsorption and is the
main factor affecting the adsorption capacity of the sample. In the process of diagenetic
evolution, brittle minerals such as quartz and carbonate play a supporting and protecting
role in intergranular organic matter, intergranular pores and interlayer fractures, and play
a decisive role in the enrichment of free gas in shale.

The intersection analysis of the clay mineral content of the samples with the total
hydrocarbon values at the locations shows that the high total hydrocarbon values rise
at the sites with a high clay content (Figure 11). It indicates that the shale gas is fully
enriched and effectively preserved at the high clay sites. In addition, the comparison of
total hydrocarbon with the specific surface area and pore volume shows that the gas is
mainly adsorbed on the micropores and mesopores with a larger specific surface area, and
is mainly enriched in the pore volume provided by the micropores. Combining the SEM
and FMI results, it is concluded that clay minerals—especially those with microfractures
and interlayer joints—are the main storage space for shale gas in the Dawuba Formation.
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Figure 11. Cross plot of total hydrocarbon, clay minerals, specific surface area and pore volume.

(a) Relationship between Clay mineral content and Total Hydrocarbon; (b) Relationship between

pore-specific surface area and Total Hydrocarbon; (c) Relationship between pore volume and Total

Hydrocarbon.

5. Conclusions

)

@

®)
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The micropores and mesopores of Dawuba Formation shale in the Qianxi area are rel-
atively developed, followed by macropores. In terms of pore volume, mesopores and
macropores contribute about 89.78% of the pore volume, and micropores contribute
about 10.22% of the pore volume. In terms of the specific surface area, micropores and
mesopores contribute 93% of the specific surface area of Dawuba Formation shale,
and pores less than 0.6 nm are the main contributors.

There are many types of pores in the shale of the Dawuba Formation. However,
compared with organic pores, the gas-bearing properties are better in the parts of the
shale of the Dawuba Formation where clay minerals are developed, and not only are
the specific surface area and pore volume of the micropores and mesopores larger in
these parts, but also have more developed microfractures and interlayer pore fractures
of clay minerals, providing a good reservoir space for the occurrence of hydrocarbon
gases.

The pore development characteristics of the different members in the Dawuba For-
mation are different. The first and second members of the Dawuba Formation are
mainly regular tubular pores with open ends and ink bottle-like pores, which are
thin-necked and wide-bodied, with the pore volume mainly provided by pores above
2 nm, followed by micropores. The specific surface area mainly provided by pores
below 2 nm, and pores above 50 nm in the second section, also contribute a certain
amount of specific surface area. Due to the high clay content, the first and second
members of the Dawuba Formation have more pores. Due to the high clay content,
more microfractures and interlayer pore fractures are developed in the first and sec-
ond members. The third and fourth members of the Dawuba Formation are mainly
slit-like pores, which are open on four sides. More than 90% of the pore volume comes
from pores above 2 nm and more than 80% of the specific surface area comes from
pores below 10 nm.

The organic carbon content and clay mineral content of shale affect the adsorption
capacity of shale by affecting its pore structure, such as the specific surface area and
pore volume, which are the main control factors of the shale adsorption capacity of
the Dawuba Formation in the Qianxi area. The organic carbon content of the shale
here has a good correlation with the specific surface area and pore volume of the
micropores. The clay mineral intergranular pores play a major role in the specific
surface area of the mesopores and macropores.
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