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The Upper Permian Linghao Formation shale is the most potential shale gas exploration
target in Nanpanjiang Basin. In this study, X-ray diffraction, field emission scanning electron
microscopy, CH4 isothermal adsorption, and nuclear magnetic resonance cryoporometry
are intergrated to reveal comprehensive characterization of Linghao Formation shale
collected from a well in Nanpanjiang Basin. Results indicate that organic-rich shales
developed in the Ling 1 member and the lower part of Ling 3 member. The organic-rich
shales are predominantly characterized by kerogen type |, with a relatively highly mature to
overmature status. The Ling 1 organic-rich shale mainly consists of mixed shale lithofacies,
and the organic-rich shale in the lower part of Ling 3 is mainly composed of argillaceous
shale. The pore volume in Ling 1 organic-rich shale is mainly contributed by 3- to 6-nm and
8- to 11-nm organic pores. The pore volume of Ling 3 organic-rich shale is mainly
contributed by 2- to 3-nm and 4- to 11-nm organic pores. The organic pores between 3
and 10 nm also have a small contribution to the pore volume. The absolute adsorption gas
content of Ling 1 and Ling 3 organic-rich shale is 1.21 m®/tand 1.64 m>/, respectively. The
absolute adsorption gas content of Ling 1 and Ling 3 organic-rich shale exceeds the
minimum standard for commercial shale gas development in China (1.0 m®/t). According to
the adsorption gas ratio of 50%, the total gas content of Ling 1 and Ling 3 organic-rich
shale can reach 3.28 m/t and 2.28 m®/t, respectively. It is suggested that the Upper
Permian Linghao Formation shale in the Nanpanjiang Basin has a significant potential for
shale gas exploration.

Keywords: Upper Permian, shale lithofacies, geochemistry, organic-rich shale, Linghao Formation, Nanpanjiang
Basin

INTRODUCTION

The great success of shale gas development in North America has triggered a boom in shale gas
exploration and promoted research on the potential of global shale gas development (Curtis, 2002; Li
etal,, 2007; Zou et al., 2010; Clarkson et al., 2012; Zou et al., 2015). Most of the recovered shale gas in
the United States is produced from marine shales (Wei et al., 2020). China has developed three types
of organic shale: one is the marine shale of Early Paleozoic, the second is the Carboniferous-Permian
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transitional shale, and the third is the Mesozoic lacustrine shale
(Bao et al,, 2016; Xi et al., 2017; Liang et al., 2018; Kuang et al.,
2020; Liu et al,, 2021; Wang et al., 2022). In 2010, the exploration
and development of Silurian marine shale gas in China made an
industrial breakthrough (Zou et al., 2010; Qiu and Zou, 2020;
Zhang et al., 2022), which has been more than 12 years ago, and
the annual output in 2018 reached 10.8 x 109 m® (Qiu and Zou,
2020). Under this demonstration effect, marine shales of other
strata in China have quickly become the key targets of shale gas
exploration and evaluation (Wei et al., 2012; Cao et al., 2015; Ding
et al,, 2018; Wang et al., 2018; Zhang et al., 2019a; Zhang et al,,
2019b; Zou et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b;
Ding et al, 2021), but they are still in the early stages of
exploration and have not made any industrial breakthroughs.
The Sichuan Basin and the Nanpanjiang Basin are the two largest
oil- and gas-bearing basins in south China. A number of Permian
marine or marine-continental transitional organic-rich shale
units are recognized (Han et al.,, 2017; Guo et al., 2018; Chen
etal, 2020; He et al., 2020; Zhu et al., 2021), which play the role of
source rock covering conventional natural gas production. In
recent years, the research achievements of Permian shale in
Sichuan Basin are abundant (Han et al, 2017; Guo et al,
2018; Zhang et al.,, 2018; Sun et al, 2020; Wang et al., 2021),
but a relevant study of Nanpanjiang Basin is rare.

Previous studies have shown that the Permian organic-rich
shales developed in the Nanpanjiang Basin met the conditions for
the accumulation of shale gas (Liu et al., 2018; Luo et al., 2018; He
etal,, 2020). However, due to the rapid change of the sedimentary
environment, the Upper Permian organic-rich shale in different
areas of the Nanpanjiang Basin varies greatly in terms of shale
thickness, geochemical characteristics, hydrocarbon generation
capacity, mineral composition, and gas content (Liu et al., 2018;
Luo et al, 2018). At present, there are many views about the
exploration and evaluation of Permian shale in the Nanpanjiang
Basin (Sun et al., 2019; He et al., 2020). Luo et al. (2018) studied
the geological and geochemical characteristics of the Upper
Permian organic-rich shale under transitional environment;
they presented that the high TOC value, high thermal
maturity level, and moderate burial depth are favorable factors
for shale gas exploration. However, the high clay content is not
conducive to shale gas development. He et al. (2020) pointed out
that the organic matter of the Upper Permian organic-rich shale
in Nanpanjiang Basin was primarily sourced from terrestrial
plants, and the detrital flux and paleoproductivity may play a
limited role on organic matter accumulation. Liu et al. (2018)
proposed that detrital influx decreased the concentration of TOC
in the Upper Permian organic-rich shale of Nanpanjiang Basin,
and paleoproductivity is not the critical factor controlling the
concentration of TOC. In this study, X-ray diffraction (XRD)
analysis, field emission scanning electron microscopy (FE-SEM),
CH, isothermal adsorption, and nuclear magnetic resonance
(NMR) cryoporometry are intergrated to reveal comprehensive
characterization of Upper Permian Linghao Formation organic-
rich shale collected from the studied well in Nanpanjiang Basin. It
might produce valuable information for engineers to properly
evaluate the storage capacity and exploration potential of Upper
Permian organic-rich shale. It is hoped that this study will
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contribute to the industrial breakthrough of shale gas
exploration in Nanpanjiang Basin.

GEOLOGICAL SETTING

The Nanpanjiang Basin, with an area of 380, 000 km?, is located at
the junction of Yunnan, Guizhou, and Guangxi, and the
geotectonic position is located in the southwestern margin of
the South China Block (Xia et al., 2018) (Figure 1A). Similar to
the Carboniferous Datang Formation in Nanpanjiang Basin, the
Linghao Formation is a special and representative stratigraphic
unit formed by the deep water sedimentary environment between
isolated platforms during late Permian (Zhang et al., 2012b;
Zhang et al., 2012c). Observations from the studied well and
outcrops show that the Linghao Formation is in conformable
contact with underlying limestone or muddy limestone of
Maokou Formation, and overlying Luolou Formation.
According to the combination of lithology and logging
characteristics, the Linghao Formation can be divided into
Ling 1 member, Ling 2 member, and Ling 3 member. The
Ling 1 member consists of shale with Emeishan basalt
interbed. Previous studies suggested that the influence of
igneous rocks including basalt on the sedimentary organic
matter is characterized by organic matter maturity in advance
and the maturity is abnormally high (Simoneit et al., 1978;
Alalade and Tyson, 2013). The Ling 2 member is composed of
mudstone and limestone. The Ling 3 member is composed of
shale (Figure 1B). According to previous studies, the northwest
Nanpanjiang Basin is dominated by swamp, tidal flat, and lagoon
facies during Linghao period (Luo et al., 2018; He et al., 2020).
The contemporaneous strata of the Linghao period comprises
mudstones, silty mudstones, siltstones, limestones, and coals (He
et al., 2020). The studied well is located in central Nanpanjiang
Basin which is dominated by shelf or deep water basin facies
during Linghao period (Figure 1A).

SAMPLES AND METHODS

The studied well carried out continuous coring in the Permian
Linghao Formation. Core observation identified different
lithology, including shale, organic-rich shale, fine-grained
sandstone, siltstone, silty mudstone, limestone, chert, and
record the lithology combination of different members.
Opverall, 300 thin sections of core samples were made, and the
core observation results were further verified by a Carl Zeiss
microscope digital photography system under transmitted light.
Full combustion of shale samples were done under high
temperature and pure oxygen flow. Then strong oxidant was
used to react in acidic solution, and the collected carbon dioxide
gas was purified in a vacuum system to remove the interference.
The content of carbon dioxide gas was measured by an Elementar
VarioMACRO CHNS element analyzer, and the content of
organic carbon was calculated. The bulk mineralogical
compositions of 59 selected samples were analyzed by XRD
using a Panalytical X’Pert PRO MPD X-ray diffractometer.
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FIGURE 1 | (A) Location of the Nanpanijiang Basin, Southwest China (modified from Xia et al., 2018). (B) Generalized stratigraphy of Upper Permian Linghao
Formation in the study area (based on the studied well).

The samples were ground into powder (>200 mesh), and then
step-scanned at a rate of 2°/min from 5° to 75° (26). Before high-
resolution SEM observation, the selected shale samples are cut
into a 1.5-cm length, 1.0-cm width, and 0.5-cm height cube
(perpendicular to the bedding plane) and then polished by
argon ion. After the treatment, the FEI-QUANTAN 250 FE-
SEM was used to image the micropores in shale. The resolution
can reach to 0.8 nm, with a 20,000-300,00x magnification at an
acceleration voltage adjustment of 0.02-30kV. The built-in
algorithm of “Image]” software was used to quantitatively
obtain microfractures, organic pores, and inorganic pores.

In this work, based on the second electron imaging
observation on the polished surface of the shale sample,
nanoscale pores can be imaged by optimizing the
acceleration voltage and scanning speed of the working state.
Using the NMRC12-010V NMR instrument produced by
Niumag Company, low-temperature NMR cryoporometry
was carried out on the Linghao Formation samples. First,
the samples were mechanically crushed to 35-50 meshes and

then dried in a vacuum drying oven at 373.15K for 24 h.
However, the samples were packed into 2-ml
chromatographic bottle and vacuumed for 12h, and then
pure water was added, balanced for 6 h, and centrifuged for
12h. Finally, the samples were packed in a 25-ml
chromatographic bottle and placed in the coil of the
instrument for testing. Porosity values are tested by an
NMRC12-010V NMR instrument to make shale samples
into 2.5-cm x 4-cm plug. Before the test, the plug samples
were placed in a vacuum drying oven at 373.15 K for 24 h, and
then vacuumed, with 30 MPa pressure saturated water for 12 h.
After the saturation is completed, the plug samples were placed
in the coil to start the test. Methane isothermal adsorption
experiment was carried out using Rubotherm high-temperature
and  high-pressure gravimetric adsorption instrument
produced in the Netherlands. The experimental temperature
was set to 110°C, and the pressure was from 0.5 to 30 MPa. The
actual formation conditions of 30 MPa and 110°C are basically
the same as those of the studied wells. The adsorption phase
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TABLE 1 | Key parameters of major gas shale in America and the Linghao Formation shale (modified from Luo et al., 2018).

Shale name

Ling 1

Ling 2

Ling 3
Longtan
Barnett
Lewis

New Albany

Burial depth
(m)

3,753-3,820
3,481-3,732
3,291-3,471
1,300-2,500
1981-2,591
914-1829
183-1,494

TOC (%)

0.84-4.12
0.50-3.08
0.24-4.36
0.35-26.99
2.00-7.00
0.45-2.50
1.00-25.00

Ro (%) Kerogen type

3.49-4.17
3.39-3.93
3.38-4.13
1.10-2.74
1.10-2.20
1.60-1.88
0.40-1.00

Porosity (%)

0.11-1.01 (average 0.52)
0.17-2.26 (average 1.22)
0.83-1.07 (average 0.95)
1.39-5.05
4.00-5.00
3.00-5.50
10.00-14.00
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FIGURE 2 | Kerogen maceral for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Amorphous masses, Ling

1 member organic-rich shale, 3,767.54 m. (B) Amorphous masses, Ling 1 member organic-rich shale, 3,772.24 m. (C) Amorphous masses, Ling 2 member mudstone,
3,5657.75 m. (D) Amorphous masses, Ling 2 member mudstone, 3561 m. (E) Amorphous masses and asphaltene, Ling 3 member organic-rich shale, 3,408.92 m. (F)
Amorphous masses and asphaltene, Ling 3 member organic-rich shale, 3,412.12 m.
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FIGURE 3| Thin section photomicrograph for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Thin section
image (transmitted light) showing the presence of sponge spicule, radiolarian, silt size quartz grains, sand size quartz grains, and dolomite grains in organic-rich shale,
Ling 1 member, 3,773.11 m. (B) Thin section image (transmitted light) showing the presence of sand size quartz grains and dolomite grains in mudstone, Ling 2 member,
3,5656.10 m. (C) Organic-rich shale containing sand size quartz grains, Ling 3 member, 3,414.88 m. (D) Shale containing sand size quartz grains, Ling 3 member,

3310 m.

density was obtained by fitting calculation, and the ternary
Langmuir equation was used to fit excess adsorption and
absolute adsorption.

RESULTS AND DISCUSSION

Organic Geochemistry and Mineral
Compositions

Geochemical indicators for characterizing and evaluating shale
gas reservoirs include total organic carbon (TOC), maturity
(Ro), kerogen type, hydrocarbon phase, gas content, and
composition (Zou et al,, 2015; Zou et al., 2019). According
to the marine shale data (Zou et al., 2015; Zhou et al., 2016; Xi
et al., 2018; Zou et al.,, 2019; Xi et al., 2022), the higher the
organic matter content, the greater the gas potential of shale.
In addition, shale gas can be adsorbed on the surface of organic
matter. Under certain pressure conditions, the higher the
organic matter content, the greater the adsorption capacity
of shale gas (Curtis, 2002; Li et al., 2007). TOC can also have a
decisive influence on the gas sorption capacity of the shale
(Ross and Bustin, 2009). Higher TOC content implies higher
hydrocarbon generation potential and better adsorption
capacity for shale gas. Currently, the lower limit of TOC for

commercial exploitation of shale gas is generally 2.0%.
However, a few scholars suggested that the lower limit of
TOC of shale with a high-maturity stage can be reduced to
1% (Curtis, 2002; Jarvie et al., 2007; Zou et al., 2010). The
analysis results of the TOC content in Linghao Formation
showed that the TOC content varied greatly in different
members, with the overall range of 0.24-4.36%, and the
average value of 1.95%. Among them, Ling 1 member is
0.84-4.12%, with an average of 2.58%. The TOC
distribution of Ling 2 member is 0.50-3.08% (Table 1),
with an average of 1.52%. The TOC distribution of Ling 3
member is 0.24-4.36%, with an average of 1.85%. The organic-
rich shale is distributed in the Ling 1 member and lower part of
Ling 3 member (Figure 1B).

Thermal maturity is another important parameter for
evaluating shale reservoirs. It affects not only gas
generation potential but also gas adsorption capacity (Nie
etal., 2009; Zhang et al., 2020c). With the increase in thermal
maturity, the hydrocarbon generation potential decreases, but
the gas adsorption capacity increases. Vitrinite reflectance is
the most reliable organic matter maturity index, which is
widely used to characterize the organic matter maturity of
shale. The organic-rich shale of the Linghao Formation in the
study area lacks vitrinite (Figures 2A,B) but generally
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FIGURE 4 | Ternary lithofacies diagram of the Upper Permian Linghao Formation shale/mudstone samples. CM: argillaceous shale; M: mixed shale; S: siliceous
shale; C: carbonate shale. (A) Organic-rich shale, Ling 1 member. (B) Mudstone, Ling 2 member. (C) Organic-rich shale and shale, Ling 3 member. (D) Organic-rich
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contains a small amount of solid bitumen (Figure 2), which
provides a material basis for exploring the maturity of organic
matter in this area (Figures 2E,F). Based on comparative
thermal simulation experiments and natural evolution
samples, Wang et al. (2020) pointed out that when the
vitrinite reflectance is greater than 1.5%, the solid bitumen
reflectance is approximately equal to the vitrinite reflectance.
Highly mature to overmature shale can be evaluated directly
by solid bitumen reflectance. The results suggest that the
overall bitumen reflectivity of Linghao Formation is high
(n = 5), with an average value of 3.85%. The thermal
maturity of organic matter can be equivalent to vitrinite
reflectivity. It is found that the thermal maturity of the

Ling 1 member is significantly higher than that of the other
two members (Table 1), which is speculated to be related to
the volcanic activity represented by basalt interbed.

Organic carbon isotope is mainly controlled by the source
of organic matter and remains stable during the thermal
evolution of geological history. It is generally used for the
evaluation of organic matter types in overmature shales. The
carbon isotope of kerogen (5" Crerogen) in Linghao Formation
ranges from -22.2%o to -20.3%o (n = 6). The carbon isotopes of
Ling 1 kerogen range from -20.3%o to -20.4%o. The carbon
isotopes of kerogen in Ling 2 member mudstone are between
-21.9%o0 and -22.1%o. The carbon isotopes of kerogen in Ling 3
member organic-rich shale range from -22.2%o to -22.1%o.
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TABLE 2 | TOC content and mineralogical composition of the Upper Permian Linghao Formation shale/mudstone from studied well.

Rock Fabrics Depth (m) TOC (%) Quartz (%) Feldspar (%)  Total clay (%) Calcite (%) Dolomite (%) Siderite (%)
Shale (Ling 3) 3,291 0.24 20 9.6 30.3 30.4 2.2 0.7
Shale (Ling 3) 3,295 0.43 19.2 7.8 30.3 17.9 15.8 1.2
Shale (Ling 3) 3,299 0.85 21.3 9.4 30.7 22.8 55 0.7
Shale (Ling 3) 3,303 0.67 23.8 1.8 38.2 7.3 4.2 1.5
Shale (Ling 3) 3,323 0.35 32.1 6.4 28.2 25.5 35 0.8
Shale (Ling 3) 3,326 0.55 42.8 1.2 29.8 6.7 2.9 1.4
Shale (Ling 3) 3,329 1.25 29.5 161 38.3 6.7 2.4 1.2
Shale (Ling 3) 3,331 0.98 36.7 15.8 35.8 4.6 25 0.9
Shale (Ling 3) 3,349 0.50 30.9 1.4 29.2 19.5 4 0.8
Shale (Ling 3) 3,353 0.74 31.1 12.7 34.7 7 9.3 0.5
Shale (Ling 3) 3,357 0.58 33.8 7.4 28.6 7.9 16.2 0.8
Organic-rich shale (Ling 3) 3,383 1.78 10.8 5.1 38.8 1561 18.1 1.8
Organic-rich shale (Ling 3) 3,391 3.56 16.7 12.2 54.9 1.1 7.3 1.7
Organic-rich shale (Ling 3) 3407.32 4.36 14.9 9.8 45.9 1.3 8.8 6.3
Organic-rich shale (Ling 3) 3408.92 3.33 16.4 13.8 58.6 1.2 1.1 3.2
Organic-rich shale (Ling 3) 341212 2.57 156.3 12.6 55.4 0.1 8.5 2
Organic-rich shale (Ling 3) 3414.87 3.86 14.3 9.5 61.6 2.5 3.9 1.9
Organic-rich shale (Ling 3) 3,418 2.47 13.9 12.5 55.2 1.6 1.1 1.6
Organic-rich shale (Ling 3) 3,422 2.18 14.2 12.4 48.6 6.9 10.2 1.3
Organic-rich shale (Ling 3) 3,426 3.18 16.5 1.6 57.7 0.7 3.9 1.4
Organic-rich shale (Ling 3) 3,430 2.28 15.2 10.4 54.5 1.9 10.1 1.7
Organic-rich shale (Ling 3) 3,459 3.44 15.2 14.5 56.6 0.1 8 1.2
Organic-rich shale (Ling 3 member) 3,463 2.00 18.9 18.4 41.4 0.8 16.4 0.3
Organic-rich shale (Ling 3) 3,467 2.27 141 17.7 48.8 0.7 12.2 1.5
Organic-rich shale (Ling 3) 3,471 1.90 12.2 21 30 1 25.3 3.4
Mudstone (Ling 2) 3,481 1.57 28.6 7.9 34.8 10.5 11.6 0.6
Mudstone (Ling 2) 3,485 2.38 17.7 10.9 48.2 2.5 14 0.9
Mudstone (Ling 2) 3,489 2.60 18.3 13.2 40.8 3.9 14.2 1.4
Mudstone (Ling 2) 3,493 3.08 17.4 10.2 48.2 1.7 1.7 2.8
Mudstone (Ling 2) 3,497 2.92 19 16.6 44.5 0.7 124 0.9
Mudstone (Ling 2) 3556.95 1.27 25.6 8.6 44.8 0.3 14.8 1
Mudstone (Ling 2) 3557.35 0.63 26.5 15.9 241 1.4 23.6 1.1
Mudstone (Ling 2) 3557.75 1.82 10.9 21 55.4 0.5 1.5 1.2
Mudstone (Ling 2) 3,561 0.50 14.8 16.4 33.9 0.5 26.5 0.8
Mudstone (Ling 2) 3563.15 1.29 31.2 13.6 22.9 18.2 6.8 1
Mudstone (Ling 2) 3,596 1.91 17.2 23.9 31.4 1.3 18.5 1
Mudstone (Ling 2) 3,608 1.18 16.4 22.9 34 0.9 18.6 1.1
Mudstone (Ling 2) 3,631 1.49 251 13.6 39.2 9.7 3.4 1.3
Mudstone (Ling 2) 3,676 0.60 17.3 16.8 30.8 23.2 3.9 1.1
Mudstone (Ling 2) 3,705 0.83 151 13.9 37.1 25.6 3.3 0.8
Mudstone (Ling 2) 3,726 0.99 20.3 126 43.4 6.8 9.3 1.2
Mudstone (Ling 2) 3,729 1.37 23.7 1941 22.7 1.5 191 4.2
Mudstone (Ling 2) 3,732 0.96 29.8 14.7 13.9 13 20.7 1.6
Organic-rich shale (Ling 1) 3,752 0.84 281 11 10.9 21.2 17.8 1.7
Organic-rich shale (Ling 1) 3,754 2.23 14 15.1 34.5 10 18.1 0.6
Organic-rich shale (Ling 1) 3,756 2.78 12.6 15.6 38.2 7.9 18.2 1.2
Organic-rich shale (Ling 1) 3,758 3.30 1.6 15.2 41.3 8.7 14.9 1.2
Organic-rich shale (Ling 1) 3,760 412 9.7 14.1 421 8.2 17.3 1.7
Organic-rich shale (Ling 1) 3765.14 2.80 9.5 1.7 56.1 1.6 10.3 1.4
Organic-rich shale (Ling 1) 3767.54 1.86 14.4 12.2 46.3 0.9 17.9 1.1
Organic-rich shale (Ling 1) 3770.74 3.57 7.4 11.3 55.9 2.6 11.7 1.6
Organic-rich shale (Ling 1) 3772.24 3.13 18.7 15 35.3 1 20.8 2
Organic-rich shale (Ling 1) 3,775 1.96 22.5 8.6 43.8 2.3 12.8 1.2
Organic-rich shale (Ling 1) 3,802 2.36 20.6 6.4 43.4 12.8 8.8 1.3
Organic-rich shale (Ling 1) 3,804 2.71 13.6 19.5 36.9 11.4 10.1 1
Organic-rich shale (Ling 1) 3,806 3.60 13.6 8.7 44.8 9.3 13.6 1.5
Organic-rich shale (Ling 1) 3,809 2.91 15.5 8.2 43.4 8 16.5 1.5
Organic-rich shale (Ling 1) 3,811 2.19 25 10.1 32.1 7.3 16.3 1.5
Organic-rich shale (Ling 1) 3,813 0.94 20.1 16.6 34.4 9.1 15.1 0.7

According to the relative enrichment of 12C (613Ckemgen < kerogen (Wang et al., 2002; Hu et al,, 2019). The kerogen
-28%o) in Linghao Formation kerogen, it is suggested that the ~ maceral identification suggested that the sapropel asphaltene
organic matter of Linghao Formation is composed of type I ~ content in the organic-rich shale of the Linghao Formation is
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1 member, 3,772.40 m. (C,D) Organic-rich shale, Ling 1 member, 3,770.30 m (E) Intragranular pores of dissolution origin in mudstone, Ling 2 member, 3,556.80 m. (F)
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Ling 3 member, 3,407.00 m. (M,N) Intragranular pores of dissolution origin in feldspar grain, shale, Ling 3 member, 3,261.82 m. (O,P) Microfractures in clay mineral,
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relatively high (Figure 2), and it is often filled in the pore
spaces of authigenic minerals or contacted with authigenic
minerals, showing irregular morphology. The maceral of
organic matter is mainly composed of sapropel (n = 6), the
proportion is between 90 and 96% with an average value of
93.83%. The solid bitumen content is relatively low, ranging
from 4 to 10%.

Shale is a kind of fine-grained sedimentary rock, and its
material composition is complex. The inorganic mineral types
are mainly terrigenous minerals or authigenic minerals. Mineral
composition reflects the material source of the reservoir, which
has an impact on shale gas reservoir space, gas adsorption,
fracture development, post-fracturing fracture, and process
performance. It is an important part of shale reservoir
evaluation. Results suggest that Ling 1 member organic-rich
shale is characterized by a clay content of 40.0% (10.9-56.1%),
quartz content of 16.1% (7.4-28.1%), feldspar content of 12.5%

(6.4-19.5%), and carbonate content of 24.0% (13.3-40.7%)
(Figure 3A). Ling 2 member mudstone is characterized by a
clay content of 36.1% (13.9-55.4%), quartz content of 20.8%
(10.9-31.2%), feldspar content of 15.1% (7.9-23.9%), and
carbonate content of 21.1% (3.2-35.3%) (Figure 3B). Organic-
rich shale in the lower part of Ling 3 member is characterized by a
clay content of 50.6% (30.0-61.6%), quartz content of 14.9%
(10.8-18.9%), feldspar content of 13.0% (5.1-21.0%), and
carbonate content of 14.9% (5.5-35.0%). Shale in the upper
part of Ling 3 member is characterized by a clay content of
32.2% (28.2-38.3%), quartz content of 29.2% (19.2-42.8%),
feldspar content of 10.8% (6.4-16.1%), and carbonate content
of 21.4% (8.0-34.9%) (Figures 3C,D).

The ternary diagram plotting mineralogy clearly shows
that compared to Longmaxi Formation marine shales (Jia
et al., 2020), the Permian Linghao Formation shales is not
similar to these marine shales in terms of mineral
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composition (Figure 4). Siliceous shale (S) lithofacies is not
developed in Linghao Formation (Table 2). Ling 1 member
organic-rich shale is mainly mixed shale (M) lithofacies, but
some samples are argillaceous shale (CM) lithofacies
(Figure 4A). The mudstone of Ling 2 is similar to the
lithofacies of Ling 1 member (Figure 4B). The upper part
of Ling 3 member is mainly composed of mixed shale
lithofacies (M), while the organic-rich shale in the lower
part of Ling 3 is mainly composed of argillaceous shale (CM)
(Figures 4C,D).

Reservoir Space Types

Analysis of SEM images using image processing technology is
used in the study (Figure 5). Results suggest that microfractures
are well developed in argillaceous shale (CM) lithofacies of Lin
1 organic-rich interval, accounting for 19% and organic pores for
only 22% (Figure 5). The proportion of reservoir space types of
mixed shale lithofacies (M) is very similar to marine shale
(Figure 6). The lithofacies are dominated by organic pores,
accounting for 66%. The proportion of organic pores is 41%
in argillaceous shale (CM) lithofacies of Ling 2 member
mudstone. The proportion of reservoir space types in
argillaceous shale (CM) lithofacies of Ling 3 member is very
similar to that of marine shale and argillaceous shale (CM)
lithofacies of Lin 1 member. The lithofacies are dominated by
organic pores, accounting for 67%. The proportion of organic
pores in argillaceous shale (CM) lithofacies of Lin 3 member is
55% (Figure 6).

Porosity Characteristics

The porosity of Ling 1 member organic-rich shale ranges from
0.11 to 1.01%, with an average of 0.52% (n = 9). The porosity of
Ling 2 member mudstone ranges from 0.17 to 2.26%, with an
average of 1.22% (n = 8). The porosity of Ling 3 member organic-
rich interval ranges from 0.94 to 2.38%, with an average of 1.99%
(n=17). The porosity of Ling 3 member shale ranges from 0.83 to
1.07%, with an average of 0.95% (n = 2).

Characterization of Permian Shale in Nanpanjiang Basin

Pore Size Distribution (PSD)

In order to reveal the pore size distribution of Linghao
Formation, the NMR cryoporometry PSD curve was
combined with SEM observation. The PSD curve shows a
bimodal shape in Ling 1 member organic-rich shale, with
peaks at 3-6 nm and 8-11 nm, respectively (Figures 7A,B),
corresponding to the nano-scale organic pores (Figures 5A,B).
Meanwhile, pores ranging from 11 to 110 nm contribute a little
to pore volume, corresponding to inorganic pores and a small
amount of microfractures (Figures 5C,D). The PSD curve of
Ling 2 member mudstone is similar to that of Ling 1 member
organic-rich shale (Figures 7C,D). The pore volume is mainly
composed of 2- to 3-nm and 4- to ll-nm micropores,
corresponding to a large number of nano-sized
intragranular dissolved pores in feldspar (Figures 5E,F).
Meanwhile, 11- to 90-nm inorganic pores and
microfractures also contribute to the pore volume. A few
organic pores with pore size larger than 100 nm contribute
little to the pore volume (Figures 5G,H). The PSD curve shows
a singlet shape in Ling 3 member organic-rich shale (Figures
7E,F). The pore volume is mainly composed of 2- to 3-nm and
4- to 11-nm micropores. The micropores at 3-10 nm also make
a small contribution to the pore volume, and these micropores
correspond to organic pores. Organic pores with larger pore
size (Figures 5L,J), inorganic pores, and microfractures
contribute little to pore volume in Ling 3 member organic-
rich shale (Figures 5K,L). The PSD curve shows a singlet shape
in Ling 3 member shale (Figures 7G,H). The pore volume is
mainly composed of inorganic pores of about 2nm, and
inorganic pores of 3-10 nm also have a small contribution
(Figures 5M,N). The contribution of large inorganic pores and
microfractures to the pore volume is not obvious
(Figures 50,P).

The Content of Desorbed Gas

Adsorption capacity of shale is the most important factor
controlling total gas content of shale. (2002)
proposed that adsorbed shale gas accounted for 20-85% of
the total shale gas content. Li et al. (2007) suggested that the
adsorbed shale gas content accounted for at least 40%. The
isothermal adsorption experiment is one of the most
important measurements to obtain the shale gas content. At
110°C, the excess adsorption capacity increased first and then
decreased with the increase in pressure. The excess adsorption
capacity of methane increased rapidly with the increase in
pressure in the low-pressure stage. When the adsorption
amount reaches the peak, the excess adsorption amount will
gradually decrease with the continuous increase in pressure,
which is the essential feature of excess adsorption amount of
supercritical methane (Zhou et al., 2016). Results suggest that
the absolute adsorption gas content of the two samples from
Ling 1 member organic-rich shale are 1.21 m*/t and 1.64 m’/t,
respectively (Figures 8A,B). The absolute adsorption gas
content of Ling 2 member mudstone is 0.78 m*/t and that
of Ling 3 member organic-rich shale is 1.14 m*/t (Figures
8C,D). The absolute adsorption gas content of Ling 1 and Ling
3 organic-rich shale exceed the minimum standard for

Curtis.
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FIGURE 7 | NMR cryoporometry pore size distribution curves for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang
Basin. (A) Ling 1 member organic-rich shale, 3,772.05 m. (B) Ling 1 member organic-rich shale, 3,772.05 m. (C) Ling 2 member mudstone, 3,556.80 m. (D) Ling 2
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commercial shale gas development in China (1.0 m>/t) (Zhang with an average of 34% (Pang et al., 2019). According to the
J. et al., 2012). Previous studies have shown that adsorbed gas  adsorption gas ratio of 50%, the total gas content of Ling 1 and
in marine shale accounts for 20-50% of the total gas content,  Ling 3 organic-rich shale can reach 3.28 m>/t and 2.28 m’/t,
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respectively. It is suggested that the Upper Permian Linghao
Formation shale in the Nanpanjiang Basin has a significant
potential for shale gas exploration.

CONCLUSION

1) Twosets of organic-rich shales developed in the Upper
Permian Linghao Formation, which are the Ling 1
member and the lower part of Ling 3 member,
respectively. The Linghao organic-rich shales are
predominantly characterized by kerogen type I, with a
relatively highly mature to overmature status. High
remaining TOC and high to overmaturity indicate that
Linghao organic-rich shales have generated significant
amounts of gas and can be a good shale gas reservoir.

2) The Ling 1 member organic-rich shale is mainly a mix of shale
lithofacies, but some samples are argillaceous shale lithofacies.
The Ling 2 member mudstone is similar to the argillaceous
shale lithofacies of Ling 1 member. The upper part of Ling 3
member is mainly composed of mixed shale lithofacies, while
the organic-rich shale in the lower part of Ling 3 is mainly
composed of argillaceous shale.

3) The pore volume in Ling 1 organic-rich shale is mainly
contributed by 3- to 6-nm and 8- to 11-nm organic pores.
The pore volume of Ling 2 mudstone is mainly composed of
2- to 3-nm and 4- to 11-nm intragranular dissolved pores in

4)

feldspar. Then 11- to 90-nm inorganic pores and
microfractures also contribute evidently to the pore
volume. The pore volume of Ling 3 organic-rich shale is
mainly composed of 2- to 3-nm and 4- to 11-nm organic
pores. The organic pores between 3 and 10 nm also have a
small contribution to the pore volume. The pore volume in
Ling 3 shale is mainly composed of inorganic pores of about
2 nm, and inorganic pores of 3-10 nm also make a small
contribution.

Theabsolute adsorption gas content of Ling 1 organic-rich
shale is 1.21 m’/t or 1.64 m’/t. The absolute adsorption gas
content of Ling 2 mudstone is 0.78 m>/t and that of Ling
3 organic-rich shale is 1.14 m*/t. The absolute adsorption gas
content of Ling 1 and Ling 3 organic-rich shale exceeds the
minimum standard for commercial shale gas development in
China (1.0 m>/t). According to the adsorption gas ratio of
50%, the total gas content of Ling 1 and Ling 3 organic-rich
shale can reach 3.28 and 2.28 m’/t, respectively. It is suggested
that the Upper Permian Linghao Formation shale in the
Nanpanjiang Basin has a significant potential for shale gas
exploration.
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