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In order to determine the optimum lithofacies for continental shale, the reservoir
characteristics of different lithofacies types were studied based on a series of
experiments. The lacustrine organic-rich shale of the Shahezi Formation is divided into
siliceous (ORS), argillaceous (ORA), calcareous (ORC), andmixed (ORM) shales. The ORS,
ORA, ORC, and ORM shales all carried out comprehensive reservoir comparative analysis.
The results showed that the moderate content of clay minerals (45%) can significantly
improve porosity, and high and low clay mineral contents are not conducive to the
improvement of porosity. The ORM shale tends to have better pore connectivity than
the ORS and ORA shales, and the ORC shale has the poorest pore-throat connectivity in
micron-size. Internal pores in bitumen and clay shrinkage cracks are the dominant pore
type and are well developed in ORS and ORM shales. The two types of pores are less
developed in the ORA shale; however, dissolution pores are better developed than those
of ORS andORM shales. Inorganic pores are well-developed in the ORC shale, but organic
pores are not. Organic and inorganic pores tend to be better connected in the ORM shale
than those of the other three types, which could help improve the gas storage capacity.
The ORM shale may have more irregular surfaces and lower liquid/gas surface tension. The
higher capillary condensation on pore surfaces is more likely to occur in the ORA shale. The
ORS shale offers fewer adsorption sites for CH4 and has lower adsorption capacity. The
ORC shale has weak heterogeneity of the pore structure. Therefore, the ORM shale may be
the most favorable lithofacies for shale gas enrichment and development, which has high
porosity, good pore connectivity, moderate brittleness, and strong gas adsorption and
storage capacity, followed by the ORS and ORA shales. The ORC shale is the worst.
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1 INTRODUCTION

Shale gas is commercially exploited in both China and North
America. The shale in China can be divided into three types:
marine, transitional, and continental. Only the Paleozoic marine
shale realized commercial exploitation of shale gas in the Sichuan
Basin (Zou et al., 2010; Zhao et al., 2020; Li, 2021). However,
continental shale gas has not made a major breakthrough for a
long time, especially because of its strong heterogeneity; shale
lithofacies is very different. Current research on shale gas mostly
focuses on marine shale and lacks research reports on
terrestrial shale.

Generally, the determination of favorable intervals is crucial
and can directly affect the effect of further exploration and
development of shale gas. At present, total organic carbon
(TOC), thermal evolution, development of organic pores,
brittleness index, gas content, preservation conditions, and
burial depth are often considered the main factors for
evaluating the favorable area of marine shale gas (Zhao et al.,
2016). However, compared with marine shale, the mineral
composition and sedimentary laminae of terrestrial shale are
more complex. Multiple sources in different directions in the
same lake basin at the same time and lateral migration of the
depositional center in different periods lead to frequent
intercalation and rapid change of the shale lithofacies.
Different shale lithofacies have different pore structure
characteristics, which can affect both the gas storage capacity
and even further shale gas development (Wang and Carr, 2012;
Nie et al., 2020). Therefore, understanding the reservoir
characteristics of different types of lithofacies can provide
significant guidance for evaluating and selecting favorable
intervals.

A lot of studies have carried out lithofacies characteristics
analysis for marine shale. Hu et al. (2019) found that lithofacies
controls many reservoir parameters, such as the total organic
carbon (TOC), porosity, pore size, shape, and volume. The
siliceous and high TOC-mixed lithofacies are thought to be
the best for shale gas exploration and development. Wang
et al. (2017) analyzed the effects of shale lithofacies on the
pore structure for the Niutitang shale. They found that the
organic-rich siliceous shale has a strong gas storage capacity
with a large pore surface area; however, the organic-poor
calcareous shale has unsatisfied gas storage capacity with a
poor pore volume and surface area. Wu et al. (2016)
established that the favorable shale lithofacies of the
Wufeng–Longmaxi Formation are mixed siliceous shale
lithofacies and clay-rich siliceous shale lithofacies. Tang et al.
(2016) indicated that the organic-rich argillaceous shale
shows a strong methane adsorption capacity, and organic-
rich siliceous shale generally has high gas desorption content
in situ. Compared to the marine shale lithofacies, the
proportion of the siliceous shale is lower and that of the
argillaceous shale is higher for the continental shale
lithofacies (Chen L. et al., 2016). The sedimentary
environments and sediment provenances may affect the
pore structure characteristics. However, there are few
studies that investigated detailed reservoir characteristics

of different lithofacies types for continental shale and their
impact on shale gas enrichment.

Paleoclimate and provenance have an important influence on
terrestrial shale deposition (Wang et al., 2020; Lin et al., 2021).
The organic matter abundance, mineral composition, and scale of
lamination are three primarily considered parameters to classify
the lithofacies of terrestrial shale (Chen S. Y. et al., 2016; Liu et al.,
2018; Yin and Wu, 2020). TOC determines the material basis for
gas formation and also provides storage space. Mineral
composition has an important influence on shale gas storage
capacity and brittleness. The laminae are an important factor
affecting the pore structure of terrestrial shales and can increase
the heterogeneity of lithofacies (Chalmers et al., 2012; Mathia
et al., 2016; Liang et al., 2018). However, the laminae in lacustrine
shales are difficult to identify and predict based on conventional
logging data in the well with no cores. A specific sedimentary
environment has specific mineral composition and sedimentary
structure. Therefore, due to the data limitations and the
difficulties of lamina identification in the actual application
process for production well, only the TOC and mineral
composition were considered as the basis for the division of
lithofacies in this research.

The Songliao Basin is an important petroliferous basin with
abundant continental shale gas resources and is one of the basins
most likely to achieve commercial exploitation of continental
shale gas. In recent years, the Shahezi Formation has attracted
extensive attention from researchers because of its developing
thick organic-rich shale with high gas content. Gao et al. (2018)
have studied the shale reservoir characteristics of the Shahezi
Formation and discussed controlling factors of the pore structure;
however, the comparison of pore structure characteristics for
different lithofacies types is insufficient, and further analysis is
needed to provide guidance for the optimization of intervals and
target areas. In this study, a series of reservoir testing and analysis
were carried out on shale core samples of the Shahezi Formation
in the fault depression of the southern Songliao Basin. The
reservoir characteristics of different shale lithofacies types were
compared, and the most favorable lithofacies type is determined,
which could provide an important reference for selecting
favorable intervals.

2 GEOLOGICAL SETTING

The Songliao Basin, located in northeast China, is one of the
largest continental petroliferous basins with a large
Mesozoic–Cenozoic deposition (Shu et al., 2003). The Songliao
Basin can be divided into the north depression, the northeast
uplift, the west slope, the central depression, the south uplift, the
southwest uplift, and the south depression (Figure 1C). The
Changling Fault Depression is located in the middle and south of
the central fault depression area and is the largest fault basin in
the south of the Songliao Basin (Wang H. et al., 2015; Gao et al.,
2018). The Songliao Basin has experienced four tectonic stages,
i.e., extensional faulting, subsidence, tectonic inversion, and
Cenozoic faulting (Hu et al., 2005; Li et al., 2017). Paleozoic
metamorphic, volcanic, and magmatic rocks formed the
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FIGURE 1 | (A) Location of the Songliao Basin within China. (B) Stratigraphic column of the Changling Fault Depression. J3h, Huoshiling Formation; K1sh, Shahezi
Formation; K1yc, Yingcheng Formation; K1d, Denglouku Formation; and K1q, Quantou Formation (modified after Cai et al., 2017).(C) Location of the Changling Fault
Depression and sampling well (modified from Wang M. et al., 2015).
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basement of the basin, which is overlain by Jurassic, Cretaceous,
and Cenozoic sedimentary rocks (Wang et al., 2013).

The Cretaceous strata are the main sedimentary cover in the
Songliao Basin and can be divided into upper and lower series.
The lower Cretaceous strata have great potential for oil and gas
exploration and, from the bottom to the top, it developed the
Huoshiling, Shahezi, Yingcheng, Denglouku, and Quantou

formations (Figure 1B) (Han et al., 2021). The Shahezi
Formation and Yingcheng Formation are the main source
rocks in the deep petroleum system of the fault depression,
which are also the main continental shale gas development
layers. The dark shale of the Shahezi Formation in the
Longfengshan sag of the Changling Fault Depression is a
potential stratum for current exploration and research. The

TABLE 1 | Measurements for 51 shale samples of the Shahezi Formation of the LFS1 well.

Sample ID Depth
(m)

Formation Organic geochemistry Mineralogy Microscopy Petrophysics Gas content

Ro TOC MC CIK XRD FE-SEM HP MI N2 CO2

LFS1-1 3,576.18 Shahezi √ √ √ √
LFS1-2 3,578.52 Shahezi √ √ √ √ √ √ √
LFS1-3 3,580.19 Shahezi √ √ √ √
LFS1-4 3,581.65 Shahezi √ √ √ √
LFS1-5 3,582.41 Shahezi √ √ √ √ √ √ √ √
LFS1-6 3,583.31 Shahezi √ √ √ √
LFS1-7 3,584.42 Shahezi √ √ √ √ √ √ √
LFS1-8 3,586.28 Shahezi √ √ √ √
LFS1-9 3,586.79 Shahezi √ √ √ √ √ √ √ √
LFS1-10 3,588.8 Shahezi √ √ √ √
LFS1-11 3,589.5 Shahezi √ √ √ √ √ √ √
LFS1-12 3,590.76 Shahezi √ √ √ √
LFS1-13 3,591.38 Shahezi √ √ √ √ √ √ √ √
LFS1-14 3,592.95 Shahezi √ √ √ √
LFS1-15 3,594.41 Shahezi √ √ √ √
LFS1-16 3,595.95 Shahezi √ √ √ √ √ √ √
LFS1-17 3,596.69 Shahezi √ √ √ √
LFS1-18 3,598.54 Shahezi √ √ √ √
LFS1-19 3,599.81 Shahezi √ √ √ √
LFS1-20 3,601.03 Shahezi √ √ √ √ √ √ √ √ √ √ √
LFS1-21 3,602.5 Shahezi √ √ √ √
LFS1-22 3,603.72 Shahezi √ √ √ √ √ √ √ √
LFS1-23 3,605.14 Shahezi √ √ √ √
LFS1-24 3,606.3 Shahezi √ √ √ √
LFS1-25 3,607.9 Shahezi √ √ √ √
LFS1-26 3,608.92 Shahezi √ √ √ √ √ √ √
LFS1-27 3,610.7 Shahezi √ √ √ √
LFS1-28 3,611.7 Shahezi √ √ √ √
LFS1-29 3,611.99 Shahezi √ √ √ √
LFS1-30 3,612.5 Shahezi √ √ √ √
LFS1-31 3,615.58 Shahezi √ √ √ √ √ √ √
LFS1-32 3,618.83 Shahezi √ √ √ √
LFS1-33 3,619.5 Shahezi √ √ √ √
LFS1-34 3,621.3 Shahezi √ √ √ √ √ √ √
LFS1-35 3,622.35 Shahezi √ √ √ √
LFS1-36 3,623.3 Shahezi √ √ √ √
LFS1-37 3,624.75 Shahezi √ √ √ √
LFS1-38 3,626.49 Shahezi √ √ √ √
LFS1-39 3,627.5 Shahezi √ √ √ √ √ √ √
LFS1-40 3,630.74 Shahezi √ √ √ √
LFS1-41 3,631.1 Shahezi √ √ √ √
LFS1-42 3,632.08 Shahezi √ √ √ √
LFS1-43 3,634.91 Shahezi √ √ √ √ √ √ √
LFS1-44 3,635.36 Shahezi √ √ √ √
LFS1-45 3,636.1 Shahezi √ √ √ √
LFS1-46 3,637.35 Shahezi √ √ √ √ √ √ √ √
LFS1-47 3,638.2 Shahezi √ √ √ √
LFS1-48 3,639.04 Shahezi √ √ √ √ √ √ √
LFS1-49 3,640.1 Shahezi √ √ √ √
LFS1-50 3,641.2 Shahezi √ √ √ √
LFS1-51 3,644.7 Shahezi √ √ √ √ √ √ √ √

Ro, vitrinite reflectance values; TOC, total organic carbon; MC, maceral composition; CIK, stable carbon isotopes of kerogen; XRD, X-ray diffraction; FE-SEM, field emission scanning
electron microscope; HP, helium porosity; MI, mercury intrusion; N2, nitrogen adsorption; CO2, carbon dioxide adsorption.
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lithology of the Shahezi Formation is mainly black, gray-black
mudstone and siltstone, intercalated with gray sandstone and
glutenite, and develops thin layers of acid tuff, fused tuff, and tuff
breccia at the bottom. The sedimentary facies is mainly shore-
shallow lake subfacies.

3 SAMPLES AND METHODS

3.1 Samples
Continuous shale coring was carried out for the Shahezi
Formation in well LFS1 in the south of the Changling Fault
Depression, with a total length of 69 m. For this study, 51
lacustrine shale core samples were collected continuously from
the bottom to the top in this core section. Each sample was split
into several aliquots for different tests. The field gas content, total
organic carbon (TOC) content and X-ray diffraction (XRD), and
helium porosity were carried out for all samples. Kerogen
isolation, maceral component determination, vitrinite
reflectance (Ro), and kerogen stable carbon isotope (δ13CP DB)
analysis were performed for 11 shale samples. According to the
results of TOC and XRD, seven samples were selected for field
emission scanning electron microscopy (FE-SEM), low-
temperature gas adsorption (CO2 and N2), and the mercury
injection capillary pressure (MICP) measurements. Table 1
lists the detailed test items on each shale sample. The samples
are selected and numbered from LFS1-1 to LFS1-51, considering
the burial depth variation.

3.2 Methods
3.2.1 Organic Geochemistry
The TOC content was determined using a Leco CS230 carbon/
sulfur analyzer, according to GB/T 19145-2003. The shale
samples were first ground to a particle diameter less than 200
mesh in size and weighed about 10 g and then dealt with 5%
hydrochloric acid at 80°C in a porous crucible for 2 h to remove
inorganic carbon. Before combustion, all samples were cleaned
with deionized water, neutralized, dried, and reweighed. The
TOC content was measured according to Littke (1993).

The maceral compositions are determined based on kerogen
isolation which was conducted for all shale samples. The detailed
experimental procedure can be found in Dang et al. (2016).
Identification of kerogen macerals was conducted using a
DM4500P polarizing microscope, according to SY/T5125-2014.
The types of kerogen were determined according to the results of
maceral composition and stable carbon isotopes of kerogen. The
Finnigan DELTA plus V stable isotope mass spectrometer was
used to measure the stable carbon isotopes of kerogen, according
to GB/T18340.2-2010. The test results were relative to the V-PDB
standard (δ13CPDB) with a measurement precision of ±0.5%.

Thermal maturity is commonly evaluated using Ro. Ro was
measured with an MSP200 microphotometer, according to SY/
T5124-2012. The readings of Ro were obtained with white light
by using an oil immersion objective lens (Ma et al., 2021). The
final value of Ro for each sample was an average of 40
measurements.

3.2.2 X-Ray Diffraction Analysis
Themineral composition was tested using a Bruker D8 A25 X-ray
diffractometer, according to SY/T 5163-2018. The shale samples
were ground to a particle diameter of less than 300 mesh. The
shale powder was mixed with ethanol and smeared onto glass
slides for XRD analysis. The instrument worked at 40 kV and
40 mA with Cu Kα-radiation.

3.2.3 Field Emission Scanning Electron Microscope
The Helios 650-focused ion beam scanning electron microscopy
instrument was used to observe pore types and pore structure
visually. FE-SEM has broken through the resolution limit of
optical microscopes because of its secondary electronic
imaging technique. FE-SEM has a strong three-dimensional
imaging sense and is more intuitive in the observation of pore
morphology characteristics. The pore surroundings are
highlighted in response to secondary electrons which exhibit
the pore morphology well (Loucks et al., 2012; Milliken et al.,
2013; Wang et al., 2017). The samples were cut into regular
shapes of 10 mm × 10 mm × 4 mm and pre-polished using hand
sandpaper. Then, the shale samples were polished under vacuum
conditions using an ion gun. Generally, the polishing time can last
3–4 h to obtain a high-quality surface, and then, the sample is
coated with a 3-nm thick carbon film. The samples were observed
in a vacuum.

3.2.4 Porosity
The effective porosity measurements of shale samples were
performed using an Ultrapore-200AH helium porosimeter,
according to GB/T 34533-2017. Cylindrical shape samples
with a diameter and length of 2.5 cm were drilled from the
shale. The cylindrical samples were ground flat at both ends
and then placed in an oven and dried at 105°C to a constant
weight. The porosity of the samples was determined from the
difference between bulk density and skeletal density (Chalmers
et al., 2012; Xi et al., 2018a).

3.2.5 Low-Pressure N2 and CO2 Physisorption
N2 and CO2 adsorption experiments were performed using a
Micromeritics ASAP 2460 and JWBK-200C analyzer,
respectively. The shale samples were crushed to a grain size of
60–80 mesh. Adsorbed moisture and capillary water were
removed by drying the shale sample at 200°C for at least 2 h.
The dehydrated samples for N2 and CO2 adsorption analysis were
vacuum degassed for 24 h at 383.15 K. The experiments of N2

isothermal adsorption and desorption were conducted at 77.35 K
and less than 760 mmHg. The isothermal adsorption experiments
of CO2 were carried out at 273.15 K. All tests followed the
standard of SY/T 6154-2019.

Based on the adsorption branch of the N2 isotherms, the
Barrett–Joyner–Halenda (BJH) method and the
Brunauer–Emmett–Teller (BET) model were used to obtain
the pore size distribution (PSD) of mesopore (2–50 nm) and
the specific surface area, respectively (Brunauer et al., 1938;
Barrett et al., 1951; Yin et al., 2020b). The density functional
theory (DFT) method was used to determine the PSD of
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micropores (<2 nm) with the CO2 isotherms (Gregg and Sing,
1982).

3.2.6 Mercury Injection Capillary Pressure
MICP measurements were performed using an Autopore 9520
microporous structure analyzer, according to GB/T 29171-2012.
Shale samples were weighed out to 8–10 g. Before mercury
injection, samples were dried in an oven for 24 h at 105°C
under vacuum. According to the Washburn equation, a pore
size of 6 nm can be detected as the mercury injection pressure in
this experiment can reach up to 410 Mpa (Washburn, 1921).

3.2.7 Gas Content Measurement
The gas content was tested with a shale gas field desorption
apparatus developed by theWuxi Research Institute of Petroleum
Geology, RIPEP, SINOPEC. The test process for 51 shale samples
was according to the standard of SY/T 6940-2020. The lost gas,
desorbed gas, and residual gas determined the final gas content.
The lost gas was speculated with the data on desorption gas
volume and desorption time adopted by the United States Bureau
of Mines (USBM) method (Diamond and Schatzel, 1998). The
desorbed gas and residual gas can be directly measured by sealing
shale samples in a desorption canister, and shale samples were
crushed when measuring the residual gas content. The
experimental process was described in detail in Diamond and
Schatzel (1998) and Chen L. et al. (2016).

4 RESULTS

4.1 Organic Matter Abundance and Maturity
TOC and Ro are two basic and important evaluation parameters
of hydrocarbon generation potential; 51 shale samples were tested
for TOC, and 11 of which were tested for thermal maturity at the
same time. The TOC content of shale varies from 0.26% to 5.16%,
with an average of 2.02%, showing a good hydrocarbon
generating material base (Figure 5H). The Ro values of the
shale range from 1.48% to 1.67%, with an average of 1.55%.
The analysis of the Ro suggests that the shale of the Shahezi
Formation evolved into the humid gas and thermal cracking gas
window as the organic matter has reached the high maturation
stage (Tissot, 1984). The Shahezi Formation was in a high
thermodynamic environment due to volcanic thermal events,
and thus, the shale reached a high maturity.

4.2 Organic Matter Type
Kerogen has three major types: humic (type I), humic-sapropelic
mixed (type II), and sapropelic (type III). Kerogen types determine
the hydrocarbon generation characteristics, where type I has the
strongest ability to generate oil, type III has the strongest ability to
generate gas, and type II falls somewhere in between (Batten, 1996;
Tang et al., 2019). Two methods are used to determine the types of
organic matter, including type index (TI) analysis based on maceral
compositions and carbon stable isotope analysis. TI values of 11 shale
samples were calculated according to the maceral composition of the
kerogen. The calculated TI values for the Shahezi Formation ranged
from −37 to 17.5 with an average of −10 (Table 2). The δ13CPDB

values of the kerogen of these 11 shale samples ranged from −23.8%
to−22.3%with an average of−22.76% (Table 2). The results of carbon
stable isotope analysis were consistent with the TI analysis
aforementioned, except for four shale samples. In general, the
kerogen types of shale samples from the Shahezi Formation were
primarily Type II andType III kerogen and tend to produce gas in the
high maturation stage.

4.3 Lithofacies Types
The gas content has an obvious positive correlation with TOC
(Figure 5H), indicating the TOC plays an important role in shale
gas enrichment. Previous studies have shown that the TOC
content of at least 2.0% is necessary for the formation and
enrichment of shale gas (Tan et al., 2014; Chen et al., 2015).
The TOC content of two-thirds of the shale samples is greater
than 2.0%. XRD analysis suggests that the shale of the Shahezi
Formation is mainly composed of quartz, clay minerals, feldspar,
carbonates (calcite and dolomite), and pyrite. The total content of
quartz and feldspar ranged from 13.9% to 55.3%, with an average
of 41.7%. The content of clay ranged from 15.3% to 69.8%, with
an average of 45.7%. The total content of calcite and dolomite
ranged from 0.2% to 63.9%, with an average of 4.0%. The shale of
the Shahezi Formation in the study area shows high brittle
mineral content. Combined with the mineral composition, the
organic-rich shale (TOC>2%) is further classified into four types:
organic-rich siliceous (ORS) shale (quartz and feldspar >50%),
organic-rich argillaceous (ORA) shale (clay >50%), organic-rich
calcareous (ORC) shale (carbonate >50%), and organic-rich
mixed (ORM) shale (quartz and feldspar <50%, clay <50%,
and carbonate <50%). The results showed that the lithofacies
of organic-rich shale samples in the well LFS1 are mostly mixed,
followed by siliceous and argillaceous shales and a few calcareous
shale samples (Figure 2). For the ORS shale, the total content of
quartz and feldspar is between 50% and 75%, the clay content is
between 25% and 50%, and the carbonate content is less than
25%. For the ORA shale, the clay content is between 50% and
75%, the total content of quartz and feldspar is between 25% and
50%, and the carbonate content is less than 25%. For the ORC
shale, the carbonate content is between 50% and 75%, the clay
content is less than 25%, and the total content of quartz and
feldspar is less than 25%. For the ORM shale, the total content of
quartz and feldspar is between 25% and 50%, the clay content is
between 25% and 50%, and the carbonate content is less than
25%. Seven shale samples of different lithofacies types were
selected for detailed analysis of reservoir characteristics and to
identify favorable lithofacies types. The basic parameters of the
seven samples are shown in Table 3.

4.4 Porosity and the Gas Content
The porosity of the selected seven organic-rich shale samples of
four lithofacies types is compared. The porosity values of the
seven samples are all larger than the limits (around 1%) for a shale
gas reservoir (Nie et al., 2011). The ORS and ORM shales have
obviously higher porosity than the ORA shale. Also, the porosity
of the ORM shale seems to be relatively higher than the ORS shale
as the clay mineral content of the twoORM shale samples is about
45% (Table 3). The only one ORC shale sample shows a low
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porosity, with a value of 2.1%, similar to the ORA shale (an
average of 2.3%).

The ORM shale shows the highest gas content (with an average
of 3.7 m3/t) in these seven shale samples, followed by the ORS and
ORA shales with an average of 2.5 and 2.3 m3/t, respectively
(Table 3). The ORC shale has poor gas content, with a value of
only 1.5 m3/t.

4.5 N2 Adsorption
N2 adsorption is commonly used to analyze mesoporous
(2–50 nm) characteristics. The N2 adsorption–desorption
isotherms for all shale samples were of type IV with a
hysteresis loop, according to the classification of physisorption
isotherms by Sing, 1985. N2 adsorption isotherms of shale
samples rise rapidly at low pressure and then increase slowly,
showing an anti-S shape. The shape shows a transition process of
adsorption from monolayer to multilayer. N2 adsorption curves
show that the adsorbed volumes of ORM shale samples are less
than those of ORS and ORA shale samples (Figure 3), indicating
that the ORM shale has lower mesopore volumes than the ORS
and ORA shale. The ORC shale has a much lower mesopore
volume than the other three lithofacies.

TABLE 2 | Geochemical data on shale samples for the Shahezi Formation.

Sample ID Depth (m) Formation TOC (%) Ro (%) Maceral composition (%) TI δ13CPDB (%)

Sapropelinite Liptinite Virtrinite Inertinite

LFS1-2 3,578.52 Shahezi 0.48 1.48 38 54 8 -29.50 -22.4
LFS1-7 3,584.42 Shahezi 4.02 1.50 25 40 30 5 17.50 -23.0
LFS1-11 3,589.5 Shahezi 2.61 1.52 16 44 34 6 6.50 -22.3
LFS1-16 3,595.95 Shahezi 2.33 1.49 12 42 39 7 -3.25 -23.3
LFS1-20 3,601.03 Shahezi 3.88 1.52 42 52 6 -24.00 -23.8
LFS1-26 3,608.92 Shahezi 0.84 1.61 32 60 8 -37.00 -22.9
LFS1-31 3,615.58 Shahezi 0.91 1.51 7 55 32 6 4.50 -22.6
LFS1-34 3,621.3 Shahezi 2.22 1.63 34 58 8 -34.50 -22.3
LFS1-39 3,627.5 Shahezi 1.00 1.67 68 28 4 9.00 -22.3
LFS1-43 3,634.91 Shahezi 0.70 1.56 10 44 40 6 -4.00 -22.3
LFS1-48 3,639.04 Shahezi 4.01 1.58 48 44 8 -17.00 -23.2

TI, type index; TI, 100 * % sapropelinite + 50 * % liptinite + (-75) * % virtrinite + (-100) * % inertinite. Type I, TI > 80 and δ13CPDB shifting from −35% to −30%; type II, TI is between 80 and 40
and δ13CPDB shifting from −30% to −27.5%; type II–III, TI is between 40 and 0 and δ13CPDB shifting from −27.5% to −25%; type III, TI < 0 and δ13CPDB is higher than −25% (Meyers, 1994).

FIGURE 2 | Ternary diagram of mineral components for shale samples
from the Shahezi Formation based on XRD.

TABLE 3 | Basic parameters of the selected seven samples.

Lithofacies Sample ID Depth (m) Mineral composition Brittleness (%) TOC Gas content
(m3/t)

Porosity (%)

Q + F (%) Clay (%) C + D (%) Other
minerals (%)

(wt%)

ORS LFS1-22 3,603.72 54.2 40.7 1.1 4.0 57.6 2.9 2.6 2.6
LFS1-9 3,586.79 53.5 41.5 2.0 3.0 57.2 2.3 2.4 3.1
Mean 53.9 41.1 1.6 3.5 57.5 2.6 2.5 2.9

ORM LFS1-51 3,644.70 48.1 44.3 3.4 4.2 53.8 5.2 4.2 3.7
LFS1-5 3,582.41 46.1 47.4 1.7 4.8 50.2 2.6 3.1 2.8
Mean 47.1 45.9 2.6 4.5 52.0 3.9 3.7 3.2

ORA LFS1-20 3,601.03 32.7 61.7 1.8 3.8 35.9 3.9 2.0 3.0
LFS1-13 3,591.38 34.2 58.4 3.9 3.5 39.5 3.0 2.6 1.5
Mean 33.5 60.1 2.9 3.7 37.7 3.4 2.3 2.3

ORC LFS1-46 3,637.35 13.9 15.3 63.9 6.9 83.6 3.0 1.5 2.1

ORS, organic-rich siliceous shale; ORM, organic-rich mixed shale; ORA, organic-rich argillaceous shale; ORC, organic-rich calcareous shale; Q + F, quartz + feldspar; C + D, calcite +
dolomite; brittleness, (Q + F + C + D)/(Q + F + clay + C + D).
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The pore shape of the shale can be characterized according to the
N2 adsorption–desorption isotherms (Xi et al., 2017; 2018b). The
hysteresis loops were classified into four types based on De Boer’s
categories by IUPAC. In general, the type H2 hysteresis loop is often
associated with pores that have narrow necks and wide bodies
(defined as inkbottle-shaped pores), and the type H3 hysteresis
loop represents slit-shaped or wedge-shaped pores. The slit-shaped
or wedge-shaped pores can have a better connectivity than the
inkbottle-shaped pores. The shapes of the hysteresis loop for the
shale samples varied between types H2 and H3, indicating a
combination of several typical pore types (Figure 3). At low
pressure (P/P0 < 0.2), the unclosed hysteresis loops for all shale
samples suggest the existence of ultra-micropores as N2 diffuses at a
very slow velocity (Bertier et al., 2016). There are obvious differences
in the shape of the hysteresis loop among the four types of lithofacies.
The hysteresis loops of the ORM shale are smaller and flatter than
those of the ORS and ORA shale, and the desorption curve is closer
to the adsorption curve than that of the ORS and ORA shale
(Figure 3). In addition, the desorption curves of the ORS and
argillaceous shale are steeper at a relative pressure of 0.4–0.6 than
that of the ORM shale. Furthermore, the hysteresis loops of the ORA
shale are larger than those of the ORS shale. Also, for ORA shale, the
distance between desorption and adsorption curves is further than
that of the ORS shale at the relative pressure of 0.5–1.0. The results
show that slit-shaped or wedge-shaped pores are better developed in
the organic-richmixed shale than those inORS andORA shales. The
development degree of inkbottle-shaped pores is higher in the ORA
shale and followed by the ORS shale, and the ORM shale seems to
have a relatively low proportion of inkbottle-shaped pores. The

hysteresis loop of ORC shale is similar to that of ORM shale,
showing that the pores may be dominated by slit-shaped or
wedge-shaped pores.

4.6 High-Pressure Mercury Intrusion
Porosimetry
The mercury intrusion–extrusion curves are generally used to
elucidate the characteristics of macropores (>50 nm), such as the
distribution of micron-size pores and pore-throat connectivity
(Rezaee et al., 2012). In this study, in order to eliminate the
effects of the filling of fractures and surface irregularities, the
surface roughness is corrected by subtracting injection volumes of
the mercury intrusion porosimetry (MIP) data below 0.07MPa (10
PSI) (Giesche, 2006; Gao and Hu, 2016). The mercury
intrusion–extrusion curves of accumulated mercury saturation are
similar among the ORS shale, ORM shale, and ORA shale
(Figure 4). The cumulative intrusion curves increase stability
when the capillary pressure is below 100Mpa, and the mercury
saturation increased with pressure, showing a slit-shaped pore
structure consisting mainly of mineral matrix pores. Also, the
slope of cumulative intrusion curves for the ORM shale is little
higher than that of the ORS shale and ORA shale, indicating a better
development degree of slit-shaped pores. When the capillary
pressure exceeds 100Mpa, the slope of cumulative intrusion
curves increases distinctly, indicating that mercury breaks
through the pores with narrow necks and enters the pores with
wide bodies, which are mainly affected by the organic and clay
mineral pores (Cai et al., 2013).

FIGURE 3 | N2 adsorption isotherms of four types of lithofacies for shale samples in the Shahezi Formation. (A)ORS shale; (B)ORM shale; (C)ORA shale; and (D)
ORC shale.
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The cumulative mercury extrusion curves have a platform in the
initial stage at high pressure for the ORS shale, ORM shale, and ORA
shale, and then, the curves gradually decrease (Figure 4). The platform
of the ORS shale and ORA shale seems to be bigger than that of the
ORM shale, indicating that the mercury in the ORS shale and ORA
shale is more difficult to extrude from pores at high pressure than that
in the ORM shale. The results suggest that the ORM shale may have
better pore connectivity than the ORS shale and ORA shale. The
average value of the mercury withdrawal efficiency for the ORM shale
is 54.9% and is slightly higher than that for the ORS shale and ORA
shale with an average of 50.1% and 53.7%, respectively.

The mercury intrusion–extrusion curve of the ORC shale is quite
different from the other three (Figure 4). The slope of the intrusion
curve increases when the capillary pressure exceeds 10Mpa, showing a
breakthrough of pore throat, and gradually decreases when the capillary
pressure is higher than 60Mpa. The extrusion curve has a large
platform at a capillary pressure of 2–450Mpa, and the final
mercury withdrawal efficiency is only 20.4%. The results suggest the
ORC shale may have poor pore-throat connectivity in micron-
size pores.

5 DISCUSSION

5.1 Factors Affecting Porosity and the Gas
Content
Porosity is a key parameter to evaluate reservoirs, which provides
a measure of the potential shale gas capacity. The weak

correlation between porosity and TOC suggests that the
organic pore may account for a low proportion of total
porosity, and the inorganic pore is the main type (Figure 5D).
Siliceous minerals are positively correlated with porosity
(Figure 5A). Argillaceous minerals seem to be positively
correlated with porosity when the content is lower than 45%
and negatively correlated with porosity when the content exceeds
45% (Figure 5B). However, calcareous minerals have no
correlation with porosity (Figure 5C). Therefore, the siliceous
and argillaceous minerals are the key factors influencing the
porosity. Siliceous minerals have a greater effect on porosity
than argillaceous minerals. The siliceous minerals which have
strong rigidity could shield the pores from compaction. Also, the
combination of siliceous and argillaceous shales in a suitable
proportion may be contributed to increasing the porosity. A high
content of argillaceous minerals could decrease the porosity as it
lacks the support from rigid minerals. The calcareous minerals
may decrease the porosity due to re-precipitation within pore
spaces.

TOC is positively correlated with the gas content (Figure 5H),
and there is a slight positive correlation between siliceous
minerals and the gas content (Figure 5E). The relationship
between the gas content and porosity and gas content and
calcareous minerals is not obvious (Figures 5G,I). Argillaceous
minerals seem to be positively correlated with the gas content
when the content is lower than 45% and negatively correlated
with the gas content when the content exceeds 45% (Figure 5F).
The results indicated that material basis is the key factor affecting

FIGURE 4 | Curves of mercury intrusion–extrusion from different lithofacies for shale samples in the Shahezi Formation. (A) ORS shale; (B) ORM shale; (C) ORA
shale; and (D) ORC shale.
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the gas content, and the moderate argillaceous mineral content
(45%) can contribute to the form of favorable reservoir space and
increase the gas content. The influence of other factors on the gas
content is relatively limited.

5.2 Pore Size Distribution
The PSD of shale of four lithofacies types was calculated on the
basis of CO2 and N2 adsorption and MICP data. The micropores
(0–2 nm), mesopores (2–50 nm), and macropores (>50 nm) were

FIGURE 5 | Relationship between porosity and (A) siliceous minerals, (B) argillaceous minerals, (C) calcareous minerals, (D) TOC; relationship between the gas
content and (E) siliceous minerals, (F) argillaceous minerals, (G) calcareous minerals, (H) TOC; and (I) relationship between porosity and gas content.
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characterized with CO2 adsorption (DFT model), N2 adsorption
(BJH model), and MICP (Washburn equation) data, respectively.
The results showed that mesopores contribute mostly to the total
pore volume in the ORS, ORM, and ORA shale (Figure 6). The
average pore volume of mesopores in the ORM shale (0.0048 ml/
g) is much smaller than that in the ORS shale (0.0084 ml/g) and
the ORA shale (0.0104 ml/g) (Table 4). The average pore volume
of micropores and macropores is similar among the ORS, ORM,
and ORA shale. The development degree of pores for the ORC
shale is weak compared with the other three types of shale.

For the ORM shale, the proportion of micropores and
macropores (29.70% and 12.58%) in the total pore volume is
higher than that of the ORS (20.44% and 8.67%) and ORA shale
(17.04% and 8.72%). The proportion of mesopores (57.72%) in

the ORM shale is much lower than that of the ORS (70.89%) and
ORA shale (74.25%). The results indicate that for the ORM shale,
the higher proportion of micropores may contribute to increasing
the adsorption capacity, and the higher proportion of macropores
may help promote pore connectivity.

The ORM shale has the highest specific surface area with an
average value of 9.54 m2/g, followed by ORA shale and ORS shale
with an average value of 7.99 and 5.57 m2/g, respectively
(Table 4). The high specific surface area of ORM shale may
be contributed by the moderately developed organic pores that
were protected by the rigid minerals and clay-related pores. On
the contrary, the ORC shale has the minimum specific surface
area, with a value of 0.18 m2/g. The ORC shale shows a poor
adsorption capacity as the pores are poorly developed.

FIGURE 6 | PSD of four types of lithofacies for shale samples in the Shahezi Formation. (A) ORS shale; (B) ORM shale; (C) ORA shale; and (D) ORC shale. Note:
0–2 nm, CO2 DFT model; 2–50 nm, N2 BJH model; >50 nm, mercury intrusion.

TABLE 4 | Pore volume of all size pores in the shale of different lithofacies types from the Shahezi Formation.

Category Sample ID Pore volume (ml/g) Percentage (%) Specific surface area

Micropore Mesopore Macropore Total Micropore Mesopore Macropore (m2/g)

ORS LFS1-22 0.0019 0.0073 0.0012 0.0104 18.63 70.13 11.24 5.01
LFS1-9 0.0029 0.0094 0.0008 0.0132 22.25 71.64 6.11 6.13
Mean 0.0024 0.0084 0.0010 0.0118 20.44 70.89 8.67 5.57

ORM LFS1-51 0.0018 0.0038 0.0008 0.0065 28.47 58.43 13.11 1.70
LFS1-5 0.0031 0.0058 0.0012 0.0102 30.94 57.01 12.05 5.85
Mean 0.0025 0.0048 0.0010 0.0083 29.70 57.72 12.58 3.78

ORA LFS1-20 0.0026 0.0124 0.0015 0.0166 15.79 75.09 9.12 9.54
LFS1-13 0.0021 0.0084 0.0009 0.0114 18.28 73.40 8.31 6.43
Mean 0.0024 0.0104 0.0012 0.0140 17.04 74.25 8.72 7.99

ORC LFS1-46 0.0011 0.0006 0.0011 0.0028 39.67 22.06 38.27 0.18
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5.3 Microscopic Pore Characteristics
For the twoORS shale samples, the matrix is dominated by quartz
and clay. The organic matter mainly consists of higher plant
detritus and bitumen filling between grains. The pores in the
organic detritus are not developed (Figures 7A,E), but sometimes
shrinkage cracks are developed (Figure 7E). Bitumen is usually
filled between quartz grains or between layers of clay (Figures
7B,C,F,H), and some of the micropores in the bitumen are well
developed, as protected by siliceous minerals or rigid grains. The
big pore cavity can sometimes be observed in the bitumen
(Figure 7C). The organic matter pore shapes are from
elongated to irregular polygons, and pore sizes range from
several to hundreds of nanometers (Figures 7B,C,F,H). The
inorganic pores are mainly quartz intergranular pores and clay
shrinkage cracks (Figures 7D,G). The organic matter pores
appear to be interconnected with each other; however, most of
the inorganic pores seem to be disconnected from the organic
matter pores.

For the two ORM shale samples, similar to the ORS shale, the
matrix is dominated by clay and quartz, and the organic matter
mainly consists of scattered higher plant detritus and bitumen
filling between grains. The pores in the organic detritus are poorly
developed (Figures 8E,G). Bitumen pores are generally unevenly
developed (Figures 8B,D), and pore sizes can range from several
to hundreds of nanometers (Figures 8B,D,F). The big pore cavity
can also be observed in the bitumen (Figure 8D), and sometimes
the shape of bitumen pores is honeycomb (Figure 8F). Inorganic
pores are mainly contact gaps between quartz particles, shrinkage
gaps between clay minerals, and gaps between clay mineral layers
(Figures 8C,G). Different from the ORS shale, organic and
inorganic pores in the two ORM shale tend to be
interconnected by the microfractures, including structural
microfractures and organic shrinkage fractures (Figures 8A–C,
E,G). The moderate content of clay minerals seems to contribute
to increasing the occurrence probability of longer shrinkage
fractures. The interconnection between organic and inorganic

pores contributes to providing more effective storage space as gas
generated from organic matter can flow into the inorganic pores
through connected microfractures.

For the two ORA shale samples, the internal pores of organic
clasts are poorly developed (Figure 9A). The internal pores of
bitumen are generally not developed (Figure 9B) but can
sometimes be observed locally (Figures 9E,F). The pores in
bitumen vary in size and are irregular polygon shapes. The
pores developed in bitumen seem to be bigger than those in
the other types of shale (Figure 9F). Inorganic pores are mainly
shrinkage cracks of clay minerals and dissolution pores in
feldspar. The shrinkage cracks of clay minerals are less
developed than those of ORS and ORM shale (Figure 9C) and
generally developed locally (Figures 9D,H). The phenomenon
shows that the ORA shale has a stronger compaction effect than
ORS and ORM shales due to the reduction in the content of rigid
minerals. Dissolution pores in feldspar are observed in the ORA
shale (Figure 9G), which are rarely found in the ORS and ORM
shale. In the process of hydrocarbon generation from organic
matter, the clay minerals, as a favorable catalyst, promote the
transformation of organic matter and the formation of organic
acids, which results in the development of dissolution pores in
feldspar. Higher clay contents in the ORA shale than those in the
ORS and ORM shale may contribute to increased organic acid
content and form a strong dissolution effect.

For the ORC shale sample, the pores in organic detritus and
bitumen are less developed, and only a few pores can be observed
(Figures 10A,B). The poor development of organic pores may be
caused by alkaline diagenetic conditions that inhibit the pore
development of organic matter. Also, the low clay mineral
content may decrease the rate of hydrocarbon generation of
organic matter as clay minerals are effective catalysts for
hydrocarbon generation from organic matter. Inorganic pores
are well developed, including intergranular pores and shrinkage
gaps between clay minerals (Figures 10C,D). In addition, a few
dissolution pores inside the mineral particles can be observed

FIGURE 7 | SEM images of ORS shale samples in the Shahezi Formation. (A–D) LFS1-22; (E–H) LFS1-9. (A) Organic debris with little internal pores; (B)
micropores developed in the bitumen; (C) intergranular pores are well developed, and the micropores in the edge of bitumen are well developed; (D) quartz intergranular
pores and clay shrinkage cracks are well developed; (E) organic debris with little pores; (F) bitumen is filled between clay layers; (G) clay shrinkage cracks; (H)micropores
are developed in the bitumen which is filled between quartz.
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FIGURE 8 | SEM images of ORM shale samples in the Shahezi Formation. (A–D) LFS1-5; (E–H) LFS1-51. (A) Structural microfractures and organic shrinkage
fractures; (B) micropores developed in the bitumen; (C) contact gaps between quartz particles and shrinkage gaps between clay minerals; (D) unevenly developed
bitumen pores; (E) organic debris with little internal pores; (F) cellular pores in bitumen; (G) gaps between clay mineral layers; (H) micropores are developed in the
bitumen which is filled between quartz.

FIGURE 9 | SEM images of ORA shale samples in the Shahezi Formation. (A–D) LFS1-13; (E–H) LFS1-20. (A)Organic debris with little internal pores; (B) bitumen
with little internal pores; (C) shrinkage gaps between clay minerals are undeveloped; (D) shrinkage gaps between clay minerals and intergranular pores; (E) internal pores
developed locally in bitumen; (F) internal and marginal pores in bitumen; (G) dissolution pores in feldspar grains; (H) shrinkage cracks of clay minerals.

FIGURE 10 | SEM images of ORA shale samples in the Shahezi Formation. (A–D) LFS1-46. (A)Organic debris with little internal pores; (B) bitumenwith little internal
pores; (C,D) a few dissolution pores inside the mineral particles, intergranular pores, and shrinkage gaps between clay minerals.
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(Figures 10B–D). Most of the inorganic pores seem to be
disconnected from organic matter, which may not be
conducive to shale gas storage and enrichment.

5.4 Fractal Dimensions From the Analysis of
N2 Gas Adsorption Isotherms
Fractal theory can describe the heterogeneity of a porous material
and has been proven to be a useful tool to characterize the
roughness of the pore surface and the complexity of the pore
structure for porous media such as shale (Yao et al., 2009; Mishra
et al., 2018). The fractal dimension (D) is a key parameter that is
commonly used to quantitatively describe the heterogeneity of
shale surfaces and pores. In general, the fractal dimension values
range between 2 and 3, and the larger the fractal dimension, the
rougher is the pore surface or the more complex is the pore
structure. The values 2 and 3 for surface fractal dimension
indicate a perfect flat pore surface and a very rough pore
surface, respectively. The fractal BET (Brunauer–Emmett–Teller),
fractal Frenkele–Halseye–Hill (FHH), and thermodynamic
methods are three available methods to obtain the value of D
based on gas adsorption isotherms (Avnir and Jaroniec 1989; Yao
et al., 2008; Cai et al., 2013). Among these, the FHH model is the
most commonly used and most effective. According to FHH, the

fractal dimension can be calculated with the results of nitrogen
adsorption, according to the following equation:

ln(V) � K[ln(ln(P0

P
))] + constant, (1)

where V represents the adsorbed volume (cm3) at equilibrium
pressure P (MPa); K is the power-law exponent that is dependent
on D and the mechanism of adsorption; and P0 (MPa) is the
saturation pressure of the gas. Fractal dimension D can be derived
from the expression “K = (D−3),” which can provide realistic
results.

Scatter diagrams of ln (V) versus ln (ln (P0/P)) for these shale
samples were drawn using the original low-temperature N2

adsorption isotherm data. The plots all show a good linear
relationship (Figure 11), indicating that the pores of the shale
sample are fractal. The two distinct linear segments can be
observed at a relative pressure (P/P0) of 0–0.55 and 0.55–1,
indicating that the pores in shale have different fractal
characteristics in these two regions, and the fractal dimension
D1 at a lower relative pressure (P/P0) of 0–0.55 and fractal
dimension D2 at a higher relative pressure (P/P0) of 0.55–1
can be obtained. Previous studies have researched the
discrepancies of D1 and D2 and their contributions to the
CH4 adsorption capacity (Li et al., 2016). The pore structure

FIGURE 11 | Scatter diagram of ln (V) vs. ln (ln (P0/P)) from N2 adsorption data for shale samples from the Shahezi Formation.

TABLE 5 | Fractal dimensions of four types of lithofacies.

Lithofacies type Samples P/P0 = 0.5–1.0 P/P0 = 0–0.5

Fitting equation D2 R2 Fitting equation D1 R2

ORS 3,603.72 m and TOC = 2.86% y = −0.3024x + 0.6678 2.6976 0.9934 y = −0.4735x + 0.5529 2.5265 0.9983
3,586.79 m and TOC = 2.28% y = −0.3031x + 0.8715 2.6969 0.9879 y = −0.4518x + 0.7608 2.5482 0.9994

Mean 2.6973 2.5374
ORM 3,644.7 m and TOC = 5.16% y = −0.4182x − 0.4638 2.5818 0.9898 y = −0.4348x −0.5237 2.5652 0.9998

3,582.41 m and TOC = 2.64% y = −0.2574x + 0.6927 2.7426 0.9914 y = −0.3044x + 0.6697 2.6956 0.9919
Mean 2.6622 2.6304

ORA 3,601.03 m and TOC = 3.88% y = −0.2208x + 1.383 2.7792 0.9698 y = −0.4486x + 1.189 2.5514 0.9979
3,591.38 m and TOC = 2.98% y = −0.2491x + 0.9302 2.7509 0.9850 y = −0.4063x + 0.8009 2.5937 0.9989

Mean 2.7651 2.5726
ORC 3,637.35 m and TOC = 3.04% y = −0.8583x − 3.8397 2.1417 0.9863
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fractal dimension and the surface fractal dimension are the two
conventional definitions in describing fractality (Pyun and Rhee,
2004). At a lower relative pressure (P/P0) of 0–0.55, with the
increasing pressure, gas molecules gradually adsorb on the whole
pore surfaces from monolayer to multilayer until the smoothing
effect appears. In this region, micropore filling mainly occurs, and
van der Waals forces between gas and solid control the gas/solid
interface. The fractal dimension D1 corresponds to the surface
fractal dimension. A higher value of D1 means a more irregular
surface of the shale sample, which can have more adsorption sites
for CH4 and increase the adsorption capacity of shale. At a higher
relative pressure (P/P0) of 0.55–1, the increasing adsorbed layers
lead to the occurrence of smoothing effects as van der Waals
forces between gas and solid become weak, and the capillary
condensation of gas clumps in the shale pores takes more effects
(Qi et al., 2002; Mahnke and Mögel, 2003; Sing, 2004). The fractal
dimension D2 corresponds to the pore structure fractal
dimension; a greater pore structure fractal dimension D2
indicates that the shale has a higher capillary condensation on
pore surfaces, which causes the decrease of CH4 adsorption.

The values of fractal dimensions D1 and D2 for four lithofacies
types of shale are calculated by D = K + 3, and the results are shown
inTable 5. Compared with the ORS andORA shale, the ORM shale
has the highest fractal dimension D1 and lowest fractal dimension
D2, with the mean values of 2.6304 and 2.6622, respectively. This
suggests that the ORM shale may have a more irregular surface
which could providemore space for CH4 adsorption and have lower
liquid/gas surface tension that can enhance CH4 adsorption
capacity. Also, this may be an important reason for explaining
that the ORM shale has higher gas content than the ORS and ORA
shale. The ORA shale has a higher fractal dimension D2 (a mean
value of 2.7651) than that of the ORS and ORM shale (a mean value
of 2.6973 and 2.6622), indicating that higher capillary condensation
on pore surfaces is more likely to occur in the ORA shale, which
causes the decrease of CH4 adsorption and lower gas content than
that of the ORS and ORM shale. The ORS shale has a lower fractal
dimension D1 (a mean value of 2.5374) than that of the ORA and
ORM shale (a mean value of 2.5726 and 2.6304), showing that the
ORS shale offers fewer adsorption sites for CH4 and has lower
adsorption capacity. For the ORC shale, at a lower relative pressure
(P/P0) of 0–0.55, it has very weak gas adsorption, and the fractal
dimension D1 is unrealistic. The fractal dimension D2 of the ORC
shale is much lower than the ORS, ORM, and ORA shale, with a
value of 2.1417, indicating that the ORC shale has weak
heterogeneity of the pore structure and is unlikely to occur in
the capillary condensation of gas clumps.

6 CONCLUSION

Based on the multi-methods, including organic geochemical analysis,
XRD analysis, porosity tests, FE-SEM, N2 and CO2 adsorption, and
MIP experiments, reservoir characteristic differences among ORS,
ORA, ORC, and ORM shales from the Shahezi Formation are
comprehensively analyzed, and the favorable lithofacies is
determined. The following conclusions can be drawn:

1) The ORM shale may be the most favorable lithofacies for shale
gas enrichment and development, which has high porosity,
good pore connectivity, moderate brittleness, and strong gas
adsorption and storage capacity, followed by the ORS and
ORA shale; the ORC shale is the worst.

2) The moderate content of clay minerals (45%) can significantly
improve porosity, and high and low clay mineral contents are
not conducive to the improvement of porosity. The ORM
shale tends to have better pore connectivity than the ORS
shale and ORA shale, and the ORC shale has the poorest pore-
throat connectivity in micron-size. The ORM shale is
dominated by slit-shaped or wedge-shaped pores; however,
ORS and ORA shales mainly develop inkbottle-shaped pores.
The ORC shale shows low mercury withdrawal efficiency.

3) Internal pores in bitumen and clay shrinkage cracks are the
dominant pore type. The two types of pores are likely
interconnected in the ORM shale as structural
microfractures and organic shrinkage fractures are well
developed. However, they are generally disconnected for
the ORS and ORA shale. The bitumen pores and shrinkage
cracks of clay minerals for ORA shale are less developed than
those of the ORS and mixed shale; however, dissolution pores
are better developed than that of them. Inorganic pores are
well developed in the ORC shale, but organic pores are not.

4) The ORM shale may have a more irregular surface which
could provide more space for CH4 adsorption and have lower
liquid/gas surface tension which can enhance the CH4

adsorption capacity. The higher capillary condensation on
pore surfaces is more likely to occur in the ORA shale, which
causes the decrease of CH4 adsorption. The ORS shale offers
fewer adsorption sites for CH4 and has lower adsorption
capacity. The ORC shale has weak heterogeneity of the
pore structure and is unlikely to occur in the capillary
condensation of gas clumps.
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