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The pore structure is an important factor in determining the storage capacity for shale gas development. Twelve samples were
selected from the marine to continental transitional shales in the Shanxi Formations on the eastern margin of the Ordos Basin,
and their nanoscale pore structure was investigated by a variety of low-temperature N, adsorption (LT-N,GA) and low-
pressure CO, adsorption (LP-CO,GA) and high-pressure mercury intrusion (HPMI) experiments. The shale pores are complex
and are mainly mesopores, which range mainly from 10 nm to 40 nm and greatly contribute to the pore volume (PV), whereas
pores with a diameter less than 0.8 nm greatly contribute to the specific surface area (SSA) of the shale. The pore structure is
affected by the TOC content, organic matter maturity, and illite/smectite (I/S) mixed layer content. The total PV increases with
the increase in TOC content, organic matter maturity, and I/S mixed layer content. The effects of pores on the occurrence
shale gas were determined by high-pressure methane adsorption experiments. The maximum adsorption amount of methane
was positively correlated with the SSA of the micropores, indicating that the micropores have a large SSA, which controlled the
adsorbed gas content of the shale. The mesopores provide the majority of the PV, which mainly corresponds to the volume of
free gas in the shale, and the macropores are mainly micron-sized pores, which can form the main migration channels for

shale gas.

1. Introduction

China’s shale gas exploration and production have made
considerable strides in marine shales, notably in the south-
ern Sichuan Basin, after the success of shale gas in North
America [1-4]. In 2020, China reported a total production
of 200 x 108 m® of shale gas. Marine to continental transi-
tional shales have attracted scant attention than marine
shales, which is mostly found in delta facies where rapid sed-
imentary environment changes have caused the transitional
shale to be thinner and less continuous, making it difficult
for development [5, 6]. Nonetheless, the transitional shale
gas resources are large, approximately 19.8 x 10’2 m? or
25% of China’s shale gas reserve [7-9]. Future research on

the exploration and development of shale gas in China will
focus on the transition shales [8].

Shale reservoirs are nano- to micrometer-scale complex
and heterogeneous porous solid media having low porosity
and poor permeability [10, 11]. Shale gas normally exists in
three states: free, adsorbed, and dissolved. The adsorption state
of shale gas occurs mostly on the surfaces of organic com-
pounds and inorganic minerals, while the free-state state
occurs predominantly in pores and microcracks and the dis-
solved state occurs predominantly in liquid hydrocarbons
and water [12]. The IUPAC classification of pores is divided
into three main categories: micropores (<2nm), mesopores
(2-50 nm), and macropores (>50 nm) [13]. The pores in shale
are further categorized into three types based on their form
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FIGURE 1: (a) Location of the study area. (b) Integrated strata of the Shanxi Formation in the Ordos Basin.
TaBLE 1: Geochemical characteristics and mineralogical compositions of shale samples.
Relative percent (%)
0y 0,
Samples Depth (m) Strata TOC (%) R, (%) Qu Pl Si Ca Do Py TC s I K Ch
Sample 1 2142.4 Shanxi 5.78 2.54 60.99 0.00 0.00 0.00 296 267 3338 1797 9.38 491 1.12
Sample 2 2143.2 Shanxi 6.43 2.33 59.74 0.00 0.00 0.00 383 279 3363 1534 11.07 550 1.72
Sample 3 2144.4 Shanxi 11.1 2.37 48.79 0.00 0.00 1.68 490 388 40.75 21.73 8.32 9.25 144
Sample 4 2145.2 Shanxi 8.66 217 3787 0.00 0.00 11.01 255 426 4431 19.17 9.81 14.43 0.90
Sample 5 2148.9 Shanxi 7.83 238 59.68 0.00 0.00 0.00 1.32 0.00 39.00 13.03 6.64 17.36 1.98
Sample 6 2150.9 Shanxi 1.82 2.08 31.12 248 471 000 000 0.34 61.35 13.03 1498 30.18 3.16
Sample 7 2152.6 Shanxi 1.08 2.16 3774 0.00 573 0.00 0.00 346 53.06 13.03 26.81 10.79 2.44
Sample 8 2154.4 Shanxi 1.68 2.23 4512 2.67 150 0.00 0.00 1.13 49.57 14.29 20.08 1349 1.72
Sample 9 2158.6 Shanxi 1.84 2.19 36.03 1.71 256 0.00 127 0.63 5780 1454 1999 1948 3.79
Sample 10 2163.1 Shanxi 0.84 2.13 3427 158 1.69 0.00 0.00 053 6193 1253 2998 15.88 3.53
Sample 11 2165.9 Shanxi 2.37 236 3800 399 1.12 000 000 1.11 5578 13.03 20.37 20.06 2.32
Sample 12 2167.2 Shanxi 9.85 2.64 2827 0.00 270 000 000 3.28 6575 20.03 15.05 2832 235

R, is the vitrinite reflectance; Qu, Pl, Si, Ca, Do, Py, and TC are the quartz, plagioclase, siderite, calcite, dolomite, pyrite, and total clays, respectively; I, I/S, K,

and Ch are the illite, illite/smectite, kaolinite, and chlorite, respectively.

and origin: interparticle (inter P), intraparticle (intra P), and
organic material (OM) pores [14, 15]. The irregularity of the
pore structure and the random range of the pore size distribu-
tion are the major factors controlling gas storage and flow
capacity [16, 17]. Numerous factors affect the pore structure
of marine shale; however, mineral content is especially impor-
tant for the generation and maintenance of pore structure

[18-20]. In addition, the content of OM is also an important
factor affecting the development of shale pores, and the
higher the content of OM is, the more favourable the devel-
opment of micropores [21-24]. Due to the lack of study on
marine to continental transitional shales, it is essential to
appreciate the pore structure of these shales to assess shale
reservoirs and understand how gas is stored and transported.
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FiGure 2: Continued.
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FI1GURE 2: Typical sample mercury intrusion-extrusion curves and pore size distribution of samples.

In addition to conventional reservoir pore research
methods, theoretical methods of porous material characteri-
zation are also introduced to pore characteristics of shale,
which can be roughly summarized as image analysis, fluid
injection method, and nonfluid injection method [25-29].
Image analysis techniques such as scanning electron micros-
copy [25, 30], field emission scanning electron microscopy
[31, 32], focused ion beam scanning electron microscopy
[33], transmission electron microscopy, and atomic force
microscopy can be used to intuitively observe and analyse
the morphology and size of microscopic pores in shale
[30-35]. Fluid injection techniques, such as high-pressure
mercury injection (HPMI) [25], low-temperature N, adsorp-
tion (LT-N,GA) [32, 33], low-pressure CO, adsorption (LP-
CO,GA) experiments [32, 33], and He-Hg pore analysis
experiments, have been used [31-33, 36-38]. A series of
nonfluid injection techniques, such as low-field nuclear
magnetic resonance [39], small-angle/ultrasmall-angle neu-
tron scattering [40, 41], and micro- and nano-CT scanning,
have been used to quantitatively characterize and analyse
shale nanopore structures [35, 38-43]. Low-pressure gas
adsorption is the simplest and most common of these exper-
imental methods. While LT-N,GA and HPMI are useful for
studying mesopores and macropores, LP-CO,GA has been
demonstrated to be a more effective method for determining
the structure of micropores [25, 31-33, 36, 37].

Recent study indicating about 1.9 x 10'> m? of saturated
gas resources in the Upper Carboniferous demonstrates the
tremendous development prospects of shale gas in Carbonif-
erous and Permian transition shale reservoirs on the eastern
margin of the Ordos Basin [7-9]. In addition, Li et al. found
that the coal-bearing strata on the eastern margin of the
Ordos Basin have a significant potential for the coproduc-
tion of tight sand gas, shale gas, and coalbed methane [12].
This analysis focuses primarily on twelve shale samples from
the Permian Shanxi Formation on the eastern margin of the

Ordos Basin. Considering the differences in determination
effectiveness of different test methods for shale porosity, we
obtained the pore size distribution (PSD), from nanopores
to micropores, of the shale in the study area through LP-
CO,GA, LT-N,GA, and HPMI. We investigated the influ-
ence of the abundance, organic matter maturity, and mineral
composition on shale pore development through TOC and
whole-rock mineral X-ray diffraction analysis. These results,
combined with high-pressure methane adsorption (HPMA)
experiment results, were then used to discuss the influence
of the complete pore structure on the adsorption capacity
of shale. Consequently, our research serves as a guide and
point of reference for the finding and exploitation of shale
gas in the Shanxi Formation along the eastern margin of
the Ordos Basin and adjoining basins.

2. Geological Setting

The Ordos Basin is around 37 x 10 km? in size and almost
rectangular in form. Based on the existing tectonic features
[12, 44], according to the structural morphology, the basin
can be subdivided into six subtectonic units (Figure 1(a)).
The study area is located on the eastern margin of the Ordos
Basin, the structure is relatively stable, the stratigraphy is
monoclinal to the west, and the outcropping layers are
young from east to west [8, 9, 12]. After the Early Ordovi-
cian, during the influence of the Caledonian movement,
the sedimentary thickness of the inner layer of the basin
decreased, and then, the basin was fully uplifted and
denuded. Carboniferous and Permian transitional strata
were extensively deposited, including the upper Carbonifer-
ous Benxi formations, and the lower Permian Taiyuan For-
mation and Shanxi Formation were deposited (Figure 1(b))
[9]. The sedimentary tectonic evolution of the Ordos Basin
and the stratigraphic characteristics of the studied region
are intricately interwoven. The basin, as well as the whole
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FIGURE 3: Typical sample N, adsorption-desorption isotherms and pore size distribution of samples.
TaBLE 2: Pore types obtained from the adsorption isotherms using N, adsorption-desorption isotherms.
Loop type Sample Pore type
3 Sample 1, sample 6, sample7, sample 8 Plate-shaped pore
Sample 9, sample 10, sample 11, sample 12 Wedge-shaped tubular pore
Parallel slit-shaped pore
H4 Sample 2, sample 3, sample 4, sample 5 Plate-shaped pore

Ink bottle-shaped pore

Great North China Block, experienced a facies sequence evo-
lution history from a marine environment with sea-land
interaction to an inland lake basin in the period from the
Benxi Period of the late Palaeozoic to the Shigianfeng Period
of the late Permian [8]. Due to regional tectonic activity, the
water body changed periodically, forming multiple stage
sedimentary phases of littoral shallow sea-delta front-
littoral shallow lake facies and depositing many sets of
marine to continental transition organic-rich shales [8, 9].

3. Samples and Methods

3.1. Samples. The experimental samples used in this study
were all extracted from shale gas well cores and came from
the Shanxi Formation on the eastern margin of the Ordos
Basin. Twelve shale samples with different TOC contents
were selected to conduct experiments on LP-CO,GA, LT-
N,GA, HPMI, and HPMA.

3.2. TOC, Thermal Maturity, and Mineral Component. Shale
samples were first treated with HCI to remove carbonate,
then rinsed with deionized water to remove any leftover
HCI, and then dried at 110°C for 12 hours. The TOC content
was measured by a LECO CS230 carbon/sulfur analyser in
line with national standard GB/T19145-2003. Cutting sam-
ples were made into pellets and then ground and polished.
Before measuring the samples, the MPV-II microphotome-

ter was calibrated via the twofold calibration technique in
order to measure the vitrinite reflectance. Two reference
samples were selected so that the gadget could be repeatedly
calibrated until it reached its optimal state [45, 46]. In accor-
dance with the Chinese Oil and Gas Industry Standard SY/T
5124-2012, measuring points were evenly distributed across
sample surfaces to ensure measurement accuracy. The min-
eral compositions of the shale samples were determined by
using Bruker D8 Advance X-ray diffractometers [46]. The
minerals and the relative mineral percentages for each sam-
ple were estimated following the Chinese Oil and Gas Indus-
try Standard SY/T 5163-2018.

3.3. High-Pressure Mercury Intrusion (HPMI) Porosimetry.
The HPMI test was carried out by the Autopore-9505 mer-
cury intrusion tester following national standards GB/T
21650.1-2008, which measured apertures between 3.6 nm
and 960 ym, with a maximum pressure of 60,000 psi
(413 MPa) and a volumetric accuracy of less than 0.01cm”.
Samples were heated in a vacuum oven at 3 Pa and 105°C for
16 h to remove moisture, and then, the samples were evacu-
ated before mercury injection. The pore diameter distribution
was obtained according to the Washburn formula [47].

3.4. Low-Pressure Gas Adsorption Experiments. Using the gas
adsorption approach, the nanopore distribution in shale
may be successfully determined. Micropores are often
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FIGURE 4: Typical sample CO, adsorption isotherms and pore size distribution of samples.

examined by LP-CO,GA, while mesopores may be exam-
ined by LT-N,GA.

LT-N,GA and LP-CO,GA analysis was carried out using
a Quantachrome Autosorb-IQ specific surface area and
micropore analyser, in accordance with the national stan-
dards GB/T 21650.2-2008 and GB/T 21650.3-2011. Its limit
of SSA is 0.0005m?/g, its range of pore diameter is from
0.35nm to 500 nm, and its PV limit is 0.0001 cm’. All the
samples were subjected to vacuum at 105°C for 12h to
remove the water and volatile substances in the samples.
The LT-N,GA experiment was performed at 77K with a
nitrogen purity greater than 99.999%. The SSA was obtained
by using the Brunauer-Emmett-Teller (BET) methods, and
the PV and PSD were calculated by the density functional
theory (DFT) model [48]. The LP-CO,GA experiment was
performed at different partial pressures at 273 K. The PV,
SSA, and PSD of the micropores (<2nm) are calculated by
a more suitable DFT model.

3.5. High-Pressure Methane Adsorption (HMPA). The
HMPA experiments were performed by a Gravimetric Iso-
therm Rig 3 instrument with a temperature accuracy of
0.5°C and a high-precision accuracy of 0.1%. This equipment
was from the CNPC Key Laboratory of Unconventional Oil
& Gas. The methane adsorption experiment was conducted
under a fixed temperature of 70°C and a pressure ranging
from 0 MPa to 25 MPa. Following the shale samples’ crush-
ing to a mesh size of 60-80, around 100g of each sample
was put into the sample cell and put through a seal test
and then underwent a methane adsorption test in accor-
dance with the Chinese standard GB/T 19560-2008.

4. Results

4.1. Organic Geochemistry and Petrology. The TOC contents
range from 0.84% to 11.1% (mean 4.94%) (Table 1). The

shales are generally the stages of late high mature to early
overmaturity, and the vitrinite reflectance (R,) ranged from
2.08% to 2.64% (mean 2.30%). The mineral contents of the
shale samples varied (Table 1). The clay mineral content is
the highest, ranging from 33.38% to 65.75% (mean
49.69%); the quartz content is the second-highest, with an
average of 43.14%, and the shales also contain feldspar, cal-
cite, dolomite, pyrite, and other minerals [41]. The clay min-
erals are mainly illite and I/S mixed layer with a minor
amount of kaolinite and chlorite.

4.2. Pore Structure Determined by Mercury Porosimetry
(HPMI). HPMI curves can reflect the development and con-
nectivity of pores in different pore-throat segments [37, 49,
50]. Based on the mercury intrusion and extrusion curves,
Figure 2 depicts two unique types of pore architecture (A
and B). Type A, represented by sample 4, represents fully
open pores with good connectivity and can be described as
cylinder-like pores. The pore morphology of type B, repre-
sented by sample 1, is mainly that of half-open pores with
poor connectivity, similar to that of slit- and plate-like pores.

The mercury intrusion and extrusion curves of some
samples are shown in Figures 2(a) and 2(c), showing the typ-
ical two-stage pattern represented by sample 4. Such curves
have high mercury extrusion efficiency, which indicates that
there are more open pores and that the pore connectivity is
good [49, 50]. The mercury intrusion and extrusion curves
of the other shale samples are shown in Figures 2(b) and
2(d), showing a typical three-section pattern, represented
by sample 1. However, such curves have a low mercury
extrusion efliciency, indicating that the open pores in the
mercury injection test aperture range are smaller and the
pore connectivity is worse [50].

4.3. Pore Structures by Low-Temperature N, Adsorption (LT-
N,GA). HPMI cannot accurately characterize the mesopores
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in shale samples [51]; therefore, a LT-N,GA experiment is
used to characterize the mesopores. The nitrogen gas
adsorption-desorption isotherms are as follows (Figure 3).
According to the IUPAC, four types of hysteresis loops are
classified [13]. The nitrogen gas adsorption-desorption iso-
therms show two types of pore structures, H3 and H4
(Table 2).

From the hysteresis loops formed (Figure 3(a)), repre-
sented by sample 4, the corresponding nitrogen gas
adsorption-desorption isotherm rises slowly in the medium-

low-pressure section and rapidly in the high-pressure section.
There is no obvious saturated adsorption platform in the
adsorption branch. The desorption branch decreases slowly
at the beginning, decreases rapidly in the medium-pressure
section, and finally decreases slowly again. This pattern is
generally consistent with the characteristics of H4-type hys-
teresis loops and indicates that the pore morphology is gen-
erally characterized by parallel slit-, plate-, and ink bottle-
shaped pores. According to the massive hysteretic loops of
these pores (Figure 3(c)), the shale pores consist of a large
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TABLE 3: Statistical results of pore volume of shale samples.
PV (107 cm®/g) Proportion (%)
Sample ID . .
Micropore Mesopore Macropore Total Micropore Mesopore Macropore
Sample 1 8.41 27.81 7.07 43.30 19.42 64.24 16.34
Sample 2 8.24 15.67 1.19 25.09 32.82 62.43 4.75
Sample 3 11.47 20.43 3.82 35.72 32.12 57.19 10.69
Sample 4 11.27 15.81 1.54 28.62 39.37 55.24 5.38
Sample 5 9.24 12.68 3.82 25.74 35.89 49.26 14.86
Sample 6 3.22 15.45 4.63 23.30 13.83 66.31 19.86
Sample 7 4.79 18.30 2.43 25.52 18.78 71.71 9.51
Sample 8 4.10 16.94 3.89 24.92 16.43 67.96 15.61
Sample 9 4.17 18.30 3.99 26.45 15.76 69.17 15.07
Sample 10 2.25 15.60 5.38 23.23 9.69 67.15 23.16
Sample 11 5.77 22.42 5.99 34.17 16.88 65.61 17.52
Sample 12 12.96 27.43 6.16 46.54 27.84 58.93 13.23

PV is the pore volume.

number of micropores and a small number of mesopores. In
terms of the hysteretic loops formed by other shale samples
(Figure 3(b)), represented by sample 10, the corresponding
adsorption isotherm increases slowly in the middle- and
low-pressure sections and rapidly in the high-pressure sec-

tion, and the isotherm is nearly vertical. The desorption
branch and the adsorption branch are nearly parallel in the
high-pressure section and exhibit a steep near-vertical pat-
tern. The middle- and low-pressure sections have a gentle
trend, and the adsorption branch overlaps the desorption
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FiGUre 7: Histogram of complete SSA distribution of shale samples.
TABLE 4: Statistical results of specific surface area of shale samples.
Sample ID SSA (mZ/g) Proportion (%)

P Micropore Mesopore Macropore Total Micropore Mesopore Macropore
Sample 1 28.02 10.48 0.33 38.83 72.16 26.98 0.86
Sample 2 27.62 7.36 0.06 35.04 78.82 21.00 0.18
Sample 3 38.50 8.63 0.23 47.36 81.30 18.23 0.48
Sample 4 36.88 8.12 0.07 45.08 81.82 18.02 0.16
Sample 5 30.64 5.34 0.12 36.11 84.86 14.80 0.34
Sample 6 11.72 6.80 0.12 18.63 62.90 36.48 0.62
Sample 7 15.32 7.83 0.10 23.25 65.87 33.69 0.44
Sample 8 13.45 6.60 0.14 20.20 66.60 32.69 0.70
Sample 9 12.98 7.37 0.15 20.50 63.30 35.95 0.74
Sample 10 7.05 4.50 0.33 11.88 59.35 37.90 2.75
Sample 11 18.81 8.22 0.33 27.36 68.74 30.05 1.21
Sample 12 41.97 13.12 0.38 55.47 75.65 23.66 0.69

SSA is the special surface area.

branch. This pattern is similar to that of the H3-type hyster-
etic loop and indicates that the pore morphology is domi-
nated by plate-shaped pores and wedge-shaped tubular
pores. In addition, this pattern demonstrates that the shale
pores are well-connected and sizable (Figure 3(d)). The shale
of the Shanxi Formation in the study area has a very complex

pore structure that is often irregular and consists of plate-
shaped pores, ink bottle-shaped pores, and wedge-shaped
tubular pores [51].

4.4. Pore Structures by Low-Pressure CO, Adsorption (LP-
CO,GA). CO, molecules may measure pore widths in the



12

Total specific surface area (m?%/ g) Total pore volume (cm?/ 2)

Pore volume (cm?/ 2)

0.05 -
|
|
0.04
- —‘_’_,——' n
Y 2_
0.03 4 P L R=03
g ]
- i
0.02 4
0.01 4
0.00 : . . . . .
0 2 4 6 8 10 12
TOC (%)
()
60 -
*
50 A -7
//’ *
YT R=089
40 .« ="
PR .
30 A .-
< ’/’
* ///
204 .9
0 ¢
0 . . . . . .
0 2 4 6 8 10 12
TOC (%)
(b)
0.04 -
0.03 -
u [ |
m R%*=0.06
0024 e ==- =
o m——-----—"
. " Y OR=093
LIPS °
0.01 - -e-
B
«t T :
- A A
(I
0.00 : : e — : .
0 2 4 6 8 10 12
TOC (%)

® Micropore (< 2 nm)
m Mesopore (2-50 nm)
A Macropore (> 50 nm)

()

FiGgure 8: Continued.

Geofluids



Geofluids

13

60 -
& 901 2
E R?=0.95
o -
= 40 . .
o -0
< .
o -
30 -
£ .«
2 It
&g 204 o _--
19 ° _ - 2:
& 10 --9 . u R¥=026
] el - -7 u
o - :
0 . ' |
0 2 4 6 3 10 b
TOC (%)

® Micropore (< 2 nm)
m Mesopore (2-50 nm)
Macropore (> 50 nm)

(d)

FIGURE 8: Cross-plots of TOC content with (a) total PV, (b) total SSA, (c) PV, and (d) SSA.

range of 0.3 to 2.0nm at high temperatures (273 K) owing
to their advantageous properties, such as high energy and
rapid balancing [50, 51]. Figures 4(a) and 4(b) show that
the LP-CO,GA isotherms are type I at low temperatures.
In the low-pressure region (p/p,<0.01), the adsorption
quantity is small but the rate is high, and as the relative
pressure is increased, the adsorption quantity continuously
increases while the rate progressively drops. Overall, the
adsorption capacity increased significantly with increasing
TOC content in the 12 samples. The adsorption capacity
of sample 3 is the largest, greater than 3.5cm/g, indicating
that it contains many micropores. Sample 10 has the lowest
adsorption capacity, less than 1.0 cm®/g, indicating that the
sample contains a few micropores. According to the DFT
model, the PSD curve of sample 3 comprises three peaks,
the bulk of which are scattered between 0.3 and 0.8nm
(Figure 4(c)). The PSD curve for sample 10 displays six
peaks (Figure 4(d)), the bulk of which are dispersed
between 0.35 and 0.7nm and 0.75 and 0.9 nm, indicating
that the majority of the micropores are distributed between
these pore size ranges.

4.5. Adsorption Capacity from High-Pressure Methane
Adsorption (HPMA). HPMA experiments can test the maxi-
mum CH, adsorption capacity of shale under fixed tempera-
ture and pressure conditions [52]. As Figure 5(a) shows,
under the conditions of 25MPa and 70°C, the maximum
CH, adsorption capacity of the Shanxi Formation shale after
balanced water treatment is significantly different. The max-
imum adsorption capacities of shale samples are between
0.62 cm’/g and 5.40 cm®/g (mean of 2.27 cm*/g). The maxi-
mum CH, adsorption capacities of sample 3 and sample 10
are 5.40 cm’/g and 0.64 cm*/g, and the corresponding TOC
contents are 11.1% and 0.84%, respectively. The maximum
CH, adsorption capacity of shale tends to increase with the
increase in total organic carbon content (Figure 5(b)), and
the correlation coefficient is as high as 0.81, indicating that

organic carbon content is the main factor affecting the
development of nanoscale pores in shale. With the increase
in TOC content, CH, adsorption capacity of shale also
increases, which is consistent with previous research results
[52-55]. The reason may be that the increase in shale thermal
evolution makes kerogen generate hydrocarbon and form
more organic pores. In addition, OM pores have a greater
internal pore SSA than other types of pores. As a conse-
quence, the increase in TOC content provides a large amount
of storage space for shale gas, thus increasing the overall gas
content.

5. Discussion

5.1. Complete Pore Structure Characteristics. Due to the
complex and variable pore structure of shale and the vast
range of pore diameters (from nanometer to micron devel-
opment to varying degrees), it would be impossible for a sin-
gle experimental approach to define the pores at all scales
entirely and precisely. Based on the experimental results of
HPMI, LT-N,GA, and LP-CO,GA [50, 51, 54, 56], the aper-
tures of all pores in the Shanxi Formation shale on the east-
ern margin of the Ordos Basin are investigated. In this study,
the best aperture measurement segments of these methods
are selected for superposition analysis; among them, the
micropores are characterized by LP-CO,GA experimental
data, the mesopores are characterized by LT-N,GA experi-
mental data, and the macropores are characterized by HPMI
experimental data.

Using the aforementioned three procedures, the entire
PSD properties of the Shanxi Formation shale samples in
the study area were obtained. In terms of the PV distribution
characteristics of the full pore size range, the PV distribution
characteristics of different shale samples vary greatly, but in
general, mesopores provide the majority of the PV, followed
by micropores, and macropores provide a small amount of
PV (Figure 6). In terms of specific data (Table 3), the total
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FIGURE 9: Cross-plots of vitrinite reflectance with (a) total PV and (b) PV.

PV of shale range from 23.23 to 46.54 X 107> cm®/g (mean
30.22 x 107 cm®/g). The majority of micropores are formed
between 0.3 and 0.8nm, and the PV ranges from 2.25 to
12.96 x 10 cm®/g (mean 7.16 x 10 cm®/g), accounting
for 9.69-39.37% of the total PV, with an average of 23.24%.
The majority of mesopores are found in the pore size ranges
of 3-6nm and 10-40 nm, and the PV ranges from 12.68 to
27.81x 107 cm®/g (mean 18.90 x 10 cm®/g), accounting
for 49.26-71.71% of the total PV, with an average of
62.93%. The macropore volume is mainly contributed by
pores above 50-100nm, whose value ranges from 1.19 to
7.07 x 107 cm®/g (mean 4.16 x 10~® cm?/g), accounting for
4.75-23.16% of the total PV, with an average of 13.83%.
The analyses above have found that the pore types and
structures of marine to continental transitional shale facies
in the Shanxi Formation are quite different from those of
marine shales in the Longmaxi formation. Jiang et al. and
Shi et al. found that the PV of shale pores in Longmaxi For-
mation, Sichuan Province, is relatively developed in micro-

pores, mesopores, and macropores [51, 57]. Zhu et al
found that micropores, mesopores, and macropores all con-
tribute to the PV of the Longmaxi formation shale in the
Upper Yangtze region, and the contributions of micropores
and macropores are more prominent [56]. In this paper,
the pore volume of the marine to continental transitional
shale in the Shanxi Formation is mainly provided by meso-
pores, while the contributions of micropores and macro-
pores are lower. This difference is caused by the difference
in organic matter types between marine shale and marine
to continental transitional shale.

According to the distribution characteristics of the
Shanxi Formation shale, the SSA area distribution of shale
samples also has strong heterogeneity, and great differences
exist among different samples. However, on the whole,
micropores and mesopores provide most of the SSA, and
the contribution of macropores to the SSA is minimal or
even negligible (Figure 7). In terms of specific data
(Table 4), the total SSA of the shale samples ranges from
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F1GURE 10: Cross-plots of brittle mineral content with (a) total PV and (b) PV.

11.88 to 55.47 m*/g (mean 31.64 m?/g). The bulk of the sur-
face area specific surface area (SSA) of micropores is given
by pores between 0.3 and 0.8 nm with values ranging from
7.05 to 41.97 m*/g (mean 23.58 m’/g), accounting for
59.35-84.86% of the total SSA, with an average of 71.78%.
The SSA of mesopore is mainly provided by the mesopores
in the range of 3-6 nm. The SSA of mesopores in the range
of 10-40 nm in some samples ranges from 4.50 to 13.12
m?*/g (mean 7.86 m?/g), accounting for 14.80-37.90% of the
total SSA, with an average of 27.45%. The SSA ranges from
0.06 to 0.38 m*/g (mean 0.20 m’/g), accounting for 0.16-
2.75% of the total SSA, with an average of 0.77%. This value
range is consistent with that of the marine Longmaxi Forma-
tion shale [50, 51, 56, 57]. Because micropores consist of
organic pores and clay pores, micropores offer a large
adsorption space for shale gas.

5.2. Influencing Factors of Pore Structure. According to a
number of researches [21-29, 51], the TOC content, the type

of organic material, and the mineral content of the clay have
significant roles in controlling the PV and PSD of shale.
Although different test methods and samples have been used,
all the relevant studies show that the TOC content is the main
controlling factor of micropores [23, 50-54, 58, 59].

5.2.1. Effect of TOC Content on Pore Structure. Organic
material pores were formed predominantly from the heat
decomposition of organic matter, which produced hydrocar-
bons [22, 29]. Numerous studies have shown that a high
TOC content is advantageous for pore formation, the higher
adsorption capacity, and the production of shale gas [25, 28,
51, 53, 58].

Figure 8(a) illustrates a weak linear relationship between
the total PV and TOC content in the examined shale, indi-
cating that the TOC content provides only part of the PV
and that organic pores are not dominant. Figure 8(b) indi-
cates that the SSA of shale does indeed have a significant
positive correlation with TOC content, mainly because the
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FIGURE 11: Cross-plots of illite/smectite mixed layer content with (a) total PV, (b) total SSA, (c) PV, and (d) SSA.

SSA of shale is mainly provided by micropores, and TOC
content mainly controls the micropores. The TOC content
has obvious positive correlations with the PV and SSA of
micropores, with correlation values of 0.93 and 0.95, respec-
tively (Figures 8(c) and 8(d)). However, the TOC content
has no apparent relationships with the PV and SSA of meso-
pores and macropores. These results were consistent with
those of most scholars [22, 25, 28, 29].

5.2.2. Effect of Thermal Maturity on Pore Structure. Some
researchers have proposed that organic matter pores
increase with organic matter maturation and that when the
organic maturity of shale exceeds some threshold, the poros-
ity of shale begins to decrease [28, 46, 60, 61].

The vitrinite reflectance (R,) of organic matter in the
Shanxi Formation in the study area ranges from 2.08%
to 2.64% (mean 2.30%). The total PV or the volume of
micropores, mesopores, and macropores in the Shanxi
Formation shale of the study area show an increasing
trend with increasing R, (Figures 9(a) and 9(b)). With
the increase in R, the increase in the shale pore volume
is not caused by the simultaneous increase in the pore

volume of all the micropores, mesopores, and macropores.
Therefore, the maturity of R, is an important factor affect-
ing the development of shale pores in the Shanxi
Formation.

5.2.3. Influence of Brittle Mineral Content on Pore Structure.
In the Shanxi Formation of the research region, quartz pre-
dominates the list of brittle shale minerals. The association
between the volume of micropores, mesopores, and macro-
pores or the total PV and the presence of brittle minerals
is not visible, as shown in Figures 10(a) and 10(b). Brittle
minerals host few micropores, and brittle mineral grains,
such as quartz and calcite, have a low SSA [21, 45, 51].
Relative to the micropore SSA of the shale matrix, brittle
minerals provide a negligible SSA. For mesopores and
macropores, although the brittle mineral occurrence in min-
eral particles of mesopores and macropores has a certain
protective effect, mesopores and macropores and a high con-
tent of shale matrix brittle minerals are not widely developed
[51, 53]. Consequently, the relationships between the brittle
mineral content and the total PV and mesoporous and
macropore volume are not obvious.
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5.2.4. Influence of Clay Minerals on Pore Structure. Ross et al.
found that different clay mineral components make different
contributions to the PV and SSA of shale. Illite contributes
the most, followed by montmorillonite, and chlorite contrib-
utes the least [14]. According to Passey et al., montmorillon-
ite has an SSA of up to 800 m*/g, illite has just 30 m>/g, and
kaolinite and chlorite have less than 15 mzlg [60].

As demonstrated in Figures 11(a) and 11(b), there are
positive correlations between the I/S mixed layer content of
shale samples and the total PV and total SSA. Consequently,
the I/S mixed layer is the factor controlling the development
of pore structure in the Shanxi Formation marine to conti-
nental transition shale. Figures 11(c) and 11(d) demonstrate
that the quantity of illite/smectite mixed layer relates some-
what to micropore PV and SSA and moderately to mesopore
PV and SSA, but there is no correlation with macropore PV
and SSA, indicating that a certain amount of micropores and
mesopores are developed in I/S mixed layer, which is not
conducive to macropore development. The development of
macropores is complex, and it is possible that the clay min-
eral content is too high and that rigid skeleton minerals are
lacking, so compaction can easily lead to a decrease in
macropores [14].

5.3. PV and SSA on Methane Adsorption Ability. In shale
pores, only a limited quantity of shale gas exists in a dis-
solved form; the bulk is kept in adsorption and free states.
Since the majority of free gas is contained in the pores or
fractures of shale, PV and gas saturation essentially control
the quantity of free gas. The majority of adsorption gas is
adsorbed on the surface of organic matter (OM) and clay
minerals, and the quantity of this gas is directly proportional
to the SSA of shale [49, 51, 54]. As demonstrated in
Figures 12(a) and 12(b), the maximum adsorption capacity
of shale is positively connected with the PV and SSA, show-
ing that the quantity of methane adsorption in shale samples
steadily rises with increasing SSA. As demonstrated in
Figures 12(c) and 12(d), the maximum adsorption capacity
of shale samples is positively correlated with micropores,
but the correlation of mesopores is poor, indicating that
micropores SSA affected the amount of methane adsorption.
The SSA provided by mesopores is limited and cannot play a
decisive role in the amount of methane adsorption. The
results show that micropores have a large SSA and control
the adsorbed gas content of shale. The free gas volume is
mainly determined by the PV of shale, the mesopores of
shale pores in the Shanxi Formation play a dominant role
in the total PV, and more free gas can be accommodated.
Since macropores are mostly micron-scale pores, they may
serve as the principal channel for shale gas migration, which
is consistent with academic research done in China and
worldwide on the adsorption capability of shale from various
places [51, 54]. Chalmers et al. found that CH, adsorption in
shales increases with the increase in micropore volume [16].
Zhong et al. found that the micropores of continental shale
in Yanchang Formation had the most important influence
on CH, adsorption capacity, and the correlation coefficient
between micropores and adsorption capacity was signifi-
cantly greater than other factors [61]. Lin et al. conducted
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a large number of studies on marine shale of Longmaxi for-
mation in Sichuan Basin and discovered that micropores are
primarily responsible for shale’s adsorption capacity [62].

6. Conclusions

(1) Although shale contains micropores and macro-
pores, mesopores predominate in the marine to
continental transition Shanxi shale on the eastern
edge of the Ordos Basin. The total SSA is
11.88~55.47 m*/g (mean 31.64 m°/g), and the total
PV is 23.23~46.54 x 107 cm?/g (mean 30.22 x 1073
cm®/g). Pores from 10 nm to 40 nm contribute most
of the PV, and the SSA is mainly contributed by
micropores < 0.8 nm

(2) The maximum adsorption capacity in the marine to
continental transitional Shanxi shale on the eastern
margin of the Ordos Basin ranges from 0.62 cm’/g
to 5.40 cm’/g (mean 2.27cm’/g). With the increase
in TOC content, the methane adsorption capacity
of shale increases correspondingly, indicating that
TOC has a strong adsorption capacity because
organic pores can provide sufficient sites for gas
adsorption

(3) The TOC content, organic matter maturity, and I/S
mixed layer contents are the main factors controlling
the pore structure of transition shales in the Permian
Shanxi Formation on the east margin of the Ordos
Basin

(4) The micropores of the Shanxi Formation shale have
a large SSA and control the gas adsorption, the
mesopores provide the main PV and the space for
free gas, and the macropores form the main migra-
tion channels for gas
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