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the upper Permian Wujiaping
Formation,
Longmen–Wushankan area,
eastern Sichuan Basin
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1Chongqing Gas Field, PetroChina Southwest Oil and Gasfield Company, Chongqing, China,
2Southwest Oil and Gas Field Company Development Department, Chengdu, China, 3School of
Economics, Sichuan University of Science and Engineering, Yibin, China

Recent exploration efforts have revealed significant industrial gas flow from
the Wujiaping Formation marine shale in the Longmen–Wushankan area
of the eastern Sichuan Basin, underscoring its considerable exploration
potential. In this study, the reservoir characteristics and exploration potential
of the Wujiaping Formation shale gas in this area are further evaluated.
On the basis of well rock electrical properties, experimental analyses, and
depositional and structural patterns in the eastern region, we characterize
the reservoir properties and identify the primary factors controlling shale gas
accumulation. The results indicate that the Wujiaping shale is characterized
by a high organic matter content, favorable pore types, high porosity, and
a high content of brittle minerals, which are conducive to subsequent
development and fracturing. A positive correlation is observed between
the total organic carbon (TOC) content, porosity, brittle mineral content,
and shale gas content. The TOC content is strongly correlated with the
gas content (the correlation coefficient is 0.75). The high shale gas yield
of the Wujiaping Formation is attributed to a combination of favorable
sedimentary environments, pore conditions, roof and floor conditions, and
fracturing capabilities. However, compared with the Longmaxi Formation
in the Sichuan Basin, the Wujiaping Formation shale is characterized by
a lower porosity, thinner shale, and deeper burial, posing challenges for
exploration and development. In this study, criteria for evaluating Wujiaping
Formation shale gas are established, and four favorable exploration areas
are identified. Overall, the Permian Wujiaping Formation marine shale in the
Longmen–Wushankan area holds promising exploration and development
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potential. Further exploration and an enhanced understanding of this formation
will provide valuable guidance for future marine shale gas exploration and
development in this area.

KEYWORDS

shale gas, reservoir characteristics, geological conditions, Nanya Syncline, Wujiaping
Formation, Longmen-Wushankan area

1 Introduction

The southern Sichuan Basin has emerged as a focal point for
shale gas exploration and production in China, highlighted by
the recent establishment of a supergiant shale gas field with an
annual production capacity exceeding 200 × 108 m3 (Nie et al., 2018;
Tang et al., 2019; Li, 2022).This remarkable development stems from
successful exploration and production efforts targeting the Silurian
Longmaxi Formation, which is widely recognized as a prolific shale
gas reservoir. Success in the southern Sichuan Basin has prompted
broader exploration activities, which have delineated shallow shale
gas production zones (at depths less than 3,500 m) in key areas, such
as Fuling, Weiyuan, Changning, and Zhaotong (Zhang et al., 2015;
Chen et al., 2024). These shallower zones typically target organic-
rich shales within the Longmaxi Formation and are characterized
by favorable combinations of the total organic carbon (TOC)
content, thermal maturity, thickness, and gas content. Building
on these successes, exploration efforts have expanded into deeper
portions of the Sichuan Basin (at depths of 3,500–4,500 m), with
areas such as Luzhou showing significant promise for deep shale
gas discoveries. These deeper plays often target the Longmaxi
Formation and the underlying Permian Wujiaping Formation. The
exceptional exploration and production potential of the marine
shales in the Sichuan Basin and its adjacent areas can be attributed
to a combination of favorable geological factors: depositional
environments conducive to the accumulation of organic-rich
sediments, suitable burial histories leading to optimal thermal
maturation of organicmatter, the presence of extensive overpressure,
and the development of natural fractures enhancing permeability
(Li et al., 2021; Yang et al., 2021; Yang et al., 2023). These factors,
along with ongoing technological advancements in drilling and
completion techniques, have positioned these marine shales as the
primary target for shale gas exploration and production in China
(Zou et al., 2022; Wang et al., 2022a).

Recent exploration has revealed that the HY1H and DY1H
wells deployed and implemented by Sinopec and the CNPC in
the Wujiaping Formation, respectively, yielded gas at rates of 8.9
× 104 m3/d and 32.06 × 104 m3/d, respectively (Feng et al., 2016;
Zhu et al., 2019; Li, 2023; Smedley et al., 2024). This finding reveals
new blocks and stratigraphic layers for marine shale gas exploration
in the Sichuan Basin beyond the Ordovician Longmaxi Formation,
Cambrian Danshancheng Formation, Cambrian Qiongzhusi
Formation, Permian Dalong Formation, and Triassic Xujiahe
Formation (Chen et al., 2019; Chen et al., 2021; Li et al., 2019;
Dang et al., 2022;He et al., 2022a;He et al., 2022b; Jiang et al., 2023).
Previous studies have investigated the distribution, sedimentary
environment, and main factors controlling shale gas enrichment
in the Wujiaping Formation in the western Hubei Province in
depth (Zhai et al., 2019; Zeng et al., 2020; Wang et al., 2022b;

Wang et al., 2024; Li et al., 2022a; Chen et al., 2022). Liang and Li
(2021) clarified the geological conditions and exploration potential
of shale gas in theWujiaping Formation in eastern Chongqing–West
Hubei, whereas Bao et al. identified the main factors controlling the
high productivity of shale gas in theHongxing area of westernHubei
(Bao et al., 2023; Cao et al., 2021) defined the characteristics of
organic-rich siliceous shale reservoirs in the Wujiaping Formation
in the Lichuan area of western Hubei. However, the Wujiaping
Formation in the Kaijiang‒Liangping trough in the eastern Sichuan
Basin has not received much attention. Existing studies have
focused mostly on areas of non-deep-water carbonate facies along
the Kaijiang‒Liangping trough in northern and northwestern
Sichuan (Liu and Xie, 2017; Zhang et al., 2022; Du et al., 2023)
or have focused on the extension and expansion of the DY1H
well. Limited detailed research has focused on the deep-water
shale adjacent to the area of the DY1H well (He et al., 2021c). In
this study, the characteristics of shale reservoirs in the Wujiaping
Formation of the Nanya Syncline, eastern Sichuan Basin, are
examined, drawing upon the electrical properties of well rocks and
the sedimentary background of the eastern Sichuan Basin. In this
research, the relationship between shale reservoir characteristics
and the gas content is investigated, key factors controlling these
reservoirs are identified, and they are compared to those of the
Longmaxi Formation in the Sichuan Basin. By providing a clearer
understanding of the Wujiaping Formation shale, in this study,
insight into the exploration and exploitation of new shale gas
resources in the Sichuan Basin is provided.

2 Geological setting

2.1 Structural setting

The eastern Sichuan Basin is part of the high and steep fold
zone of eastern Sichuan, a relatively active tectonic area within the
stable block. NE–SW-trending barrier-type folds have developed
across the area from west to east. The Longtan and Wujiaping
Formations are extensively developed in the eastern Sichuan Basin
(Chen et al., 2020; Luo et al., 2024). These two formations represent
isochronous heterotopic deposits. The Wujiaping Formation is
exposed in northeastern Sichuan and adjacent areas and is
characterized by marine carbonate rock deposits. In some parts
of the eastern Sichuan Basin, thin to thick layers of shale
and Emeishan basalts are interbedded and exposed (Wang et al.,
2021). From the Guang’an–Chongqing area southeastward, the
Wujiaping Formation gradually transitions into the Longtan
Formation.

The study area is located mainly in the Nanya Syncline, which
is a secondary structural unit of the high and steep fold zone in
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FIGURE 1
Structural location of the study area (A) and lithological profile of the Wujiaping Formation (B).

the eastern Sichuan Basin. The structural position is stable. Within
the syncline, burial depths range from 4,000 m to 5,500 m, with
predominant NE–SW-trending structures. The structural width
gradually decreases from north to south, forming an overall
elongated shape with significant folding intensity. The Datianchi
structural belt and the eastern boundary of the Nanmenchang
structural belt mark the western boundary. The southern part
features a concealed Longmen structure, whereas the northern part
features a concealed Wushankan structure (Figure 1A). Owing to
the impact of the Dongwu Movement, the top of the Maokou
Formation in the study area has been completely eroded, with only
remnants of the Gufeng Member remaining (Wang et al., 2021).
With fluctuating sea levels, coastal swamp deposits with interbedded
thin coal seams and volcanic rocks subsequently developed in the
lower part of the Wujiaping Formation in the early late Permian.
This unit is in disconformable contact with the underlying Gufeng
Member of theMaokou Formation.The upper part of theWujiaping
Formation is characterized by interbedded shale and limestone,
which developed predominantly in a shelf facies environment
(Yang et al., 2021; Yang et al., 2023).

2.2 Stratigraphy

On the basis of the electrical, geochemical, and paleontological
characteristics observed in well logs from wells in the study area,
the Wujiaping Formation can be divided into three members. The
shale and argillaceous mudstone at the base of the first member of
the Wujiaping Formation unconformably overlie the carbonaceous

and siliceousmudstone of the GufengMember (uppermostMaokou
Formation) (Tang et al., 2020; Fan et al., 2024a; Li et al., 2024a). The
shale and argillaceous mudstone (or thin coal seams) at the base
of the second member of the Wujiaping Formation conformably
overlie the volcanic rocks of the first member. The shale and
marl at the base of the third member of the Wujiaping Formation
conformably overlie the limestone with siliceous chert nodules of
the second member. Finally, the marl and siliceous rocks at the
base of the Changxing/Dalong Formation conformably overlie
the shale and carbonaceous–calcareous–siliceous shale of the
uppermost third member of the Wujiaping Formation (Figure 1B).
The boundaries between these three members are distinct
and easily recognizable, supporting the validity of this
subdivision.

3 Samples and methods

3.1 Samples

In this study, we conducted core observations of well DY1H
and collected more than 80 core samples. These core samples
were subjected to thin section and scanning electron microscopy
(SEM) observations, total organic carbon (TOC) analysis,
porosity measurements, X-ray diffraction (XRD) analysis, and
gas content determination (Table 1). All the experiments were
conducted at the Analytical Laboratory of the Exploration and
Development Research Institute of PetroChina Southwest Oil &
Gasfield Company.
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TABLE 1 Test items and samples.

Test item Test instrument Sample number

Shale slice identification PH100-PG-B 10

TOC LECO CS230 14

Porosity HEP-P 18

SEM TESCAN CLARA 9

XRD TTR-08070518 13

Shale isothermal adsorption experiment H-Sorb X600 12

3.2 Methods

3.2.1 TOC analysis
TOC analysis was conducted via the acid dissolution method.

The samples were ground to particle sizes smaller than 0.2 mm
and then heated to 60°C–80°C after 3 mL of dilute hydrochloric
acid was added (Zhang et al., 2023a; Tan et al., 2020). After a
thorough reaction, the samples were washed with water and dried.
The TOC content was subsequently measured via a LECO CS230
carbon‒sulfur analyzer. The measurement method followed the
Chinese National Standard GB/T19145-2003 “Determination of
TOC in Sedimentary Rocks.”

3.2.2 SEM observations
SEM was used to characterize the pore structures and types

in the shale samples (Li et al., 2024b). The procedure involved
the following steps: shale samples were cut into 10 mm ×
5 mm × 5 mm cubes along the axial line via a water-free
cutting technique and then embedded in cubic epoxy resin
molds. Next, the samples were polished under vacuum conditions
using a high-energy argon ion beam (Leica EM RES 102).
Finally, the polished samples were imaged and analyzed via SEM
(Zhao et al., 2022; Zhang et al., 2023b).

3.2.3 Characterization of the whole-rock mineral
composition

A Rigaku X-ray diffractometer (Model TTR, 08070158) was used
for mineral composition analysis (Shan et al., 2022; Xia et al., 2023).
The steps involved the following: 50 g of the prepared sample was
crushed to a size of 1 mm via an iron mortar. The crushed sample
(50 g) was then placed in a porcelain mortar and mixed with a small
amount of distilled water, followed by repeated grinding.Themixture
was transferred to a beaker and mixed with 500 mL of distilled water.
After stirring for approximately 10 min, the mixture was allowed to
settle for at least 8 h. The clay fraction of the suspension (<2 μm) was
extracted via a centrifuge. Approximately 40 mg of the clay fraction
was mixed with 7 mL of distilled water and stirred thoroughly. The
mixture was then spread evenly on a frosted glass slide and allowed
to air dry. Finally, the sample was scanned via XRD to determine the
mineral composition. The analysis followed the standard procedure
outlinedinthe“MethodforX-rayDiffractionAnalysisofClayMinerals
in Sedimentary Rocks” (SY/T5163-2018), published by the China
National Petroleum Corporation.

3.2.4 Isothermal adsorption
An isothermal adsorption experiment was conducted in which

the collected shale samples were crushed and heated to remove
adsorbed shale gas (Shan et al., 2018; Qi et al., 2022). The shale
samples were subsequently placed in a sealed container. The
temperature was kept constant, and the pressure inside the container
was gradually increased. The amount of natural gas adsorbed by
the experimental samples was observed and measured. Finally, the
experimental data were fitted via the Langmuir equation to obtain
the isothermal adsorption curve. In this study, nitrogen isothermal
adsorption was employed to analyze the pore size distribution.
This method effectively characterizes mesoporous structures with
a measurement range of 1.5–100 nm and a sensitivity range of
2–50 nm.

4 Results

4.1 Organic matter abundance

Organic matter abundance is a crucial indicator for evaluating
the hydrocarbon generation potential of shale (Dessouky, 2024; Xu
et al., 2024).TheTOC content was used to evaluate the abundance of
organic matter in the shale. According to the experimental results,
64% of the samples presented TOC values exceeding 5%, whereas
28.5% had TOC values less than 2%. Notably, wells TD19 and
TD58 had the highest TOC values, reaching 7.4%. The Wujiaping
Formation exhibited high TOC contents, indicating significant
hydrocarbon generation potential. Additionally, the TOC values in
the deep-water shelf facies samples were significantly higher than
those in the shallow-water shelf facies samples. The TOC value
in well TD19 (7.4%), located in the deep-water shelf facies, was
5.2% higher than the TOC value in well TD4 (2.2%), located in the
shallow-water shelf facies. The average TOC content in the deep-
water shelf facies was 6.2%, whereas the average TOC content in
the shallow-water shelf facies was 1.8%, indicating a significant
difference (Figure 2A). From a vertical perspective, the TOC
enrichment and high values in the third member of the Wujiaping
Formation were significantly greater than those in the other
members. From a planar distribution perspective, the TOC contents
ranged from 3.0% to 7.0%, and the high-TOC zones were consistent
with the morphology of trough development, with the average TOC
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FIGURE 2
TOC contents shown in column format and plan view of the study area. (A) TOC contents of the main wells in the study area; (B) TOC contents of the
third member of the Wujiaping Formation in the study area.

generally exceeding 4.0%within the trough (Figure 2B). Overall, the
TOC content in the study area rapidly changed, with high values
occurring along the trough, indicating a significant patchy trend of
enrichment.

4.2 Spatial and physical characteristics of
the reservoir

Three types of nanoscale pores were observed in the third
member of the Wujiaping Formation: inorganic pores, organic
pores, and microfractures (Figure 3). In accordance with the
International Union of Pure and Applied Chemistry (IUPAC) pore
diameter classification standard, these pores are classified into
micropores (diameters < 2 nm), mesopores (diameters 2–50 nm),
and macropores (diameters > 50 nm) (Guo et al., 2019; Li, 2022).
The pores exhibited irregular shapes, with elliptical and circular
shapes being the most common (Figure 3).

The third member of the Wujiaping Formation in the study
area was dominated by meso- and macropores, with a pore size
distribution ranging from 20 to 200 nm (Figure 4B). The average
porosity values were between 4.0% and 5.0%. Significant high-value
zones, similar in morphology to the trough, were observed in the
central and southern areas (Figure 4C). Additionally, the correlation
between porosity and permeability was weak when the porosity was
less than 6%. However, the correlation became more prominent
when the porosity exceeded 6%, and the permeability was greater
than 520 nD, reaching a correlation coefficient of 0.98 (Figure 4A).
This suggests that the shale in the study area has a strong gas storage
capacity with good pore connectivity.

4.3 Brittle mineral content

The variation in the brittle mineral content directly affects
the mechanical properties of shale. A higher brittle mineral

content indicates that shale is more prone to fracturing under
the same stress conditions, leading to the formation of fractures,
which are beneficial for hydraulic fracturing and gas desorption
(Yin et al., 2018a; Yin et al., 2018b; Li, 2022). The brittle
mineral content in the study area was calculated via the
following equation.

VBM = (Vquarz +Vcalcite +Vpyrite)/(Vquarz +Vcalcite +Vpyrite +Vclay)

where VBM is the brittle mineral content (%), Vquartz is the silicate
content (%), Vcalcite is the carbonate content (%), Vpyrite is the pyrite
content (%), and Vclay is the clay content (%).

The shale in the third member of the Wujiaping Formation
in well DY1H was primarily composed of quartz, carbonate,
and clay minerals, with minor amounts of feldspar and
pyrite (Figure 5A). Planarly, a high-value zone formed around
well DY1H, with values exceeding 80%. Vertically, the shale
in the Wujiaping Formation exhibited some heterogeneity,
with silicate minerals consistently exceeding 40%. Statistical
analysis revealed that the brittle mineral contents ranged
from 60.1% to 87.2%, with an average value of 77.54%
(Figure 5B).

4.4 Gas content

The gas content is the most direct parameter for evaluating
the commercial viability of shale gas reservoirs. The total gas
content in the main wells of the study area was generally
high, averaging approximately 3.5 m3/t. The gas contents in
wells DY1H and G18 reached 6.3 m3/t and 4.9 m3/t, respectively
(Figure 6A). The third member of the Wujiaping Formation
had the highest total gas content, with that in DY1H reaching
9.3 m3/t (Figure 7). Planarly, the total gas content reached high
values along the trough zone, exhibiting a banded distribution
(Figure 6B).
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FIGURE 3
Micropore types in shale reservoirs of the Wujiaping Formation. (A) DY1H, 4,335.76 m, organic pores; (B) DY1H, 4,338.21 m, abundant interconnected
organic pores developed from organic matter; (C) D201, 4,567.71 m, rounded organic pores; (D) DY1H, 4,337.20 m, intercrystalline pores developed in
strawberry-shaped pyrite; (E) DY1H, 4,337.20 m, intergranular micropores, and microfractures; (F) D201, 4,568.53 m, a few dissolution pores developed
in microcrystalline dolomite; (G) FT1, 4,578 m, microfractures; (H) D201, 4,564.12 m, concentrated distribution of strawberry-shaped pyrite, with
microfractures developed at the edges; (I) DY1H, 4,334.15 m, bedding microfractures filled with organic matter.

5 Discussion

5.1 Main factors controlling shale gas
reservoirs

Shale gas, a hydrocarbon resource found in organic-rich shale
layers or interlayers, exists in free, adsorbed, or dissolved states,
respectively, and migrates in situ or over short distances to form
reservoirs (Tian et al., 2024; Fan et al., 2024; Lascelles, 2024). In the
Longmen–Wushankan area of the eastern Sichuan Basin, deepwater
shelf shale gas within the Wujiaping Formation is significantly
influenced by theTOCcontent, porosity, and brittlemineral content.
The presence of clay minerals in the lower Wujiaping Formation
results in high experimental porosity but low effective porosity in the
clay-rich shale. Consequently, the correlation between the porosity
and gas content in theWujiaping Formation is only 0.04 (Figure 8A).
However, within the third member of the Wujiaping Formation, a
positive correlation of 0.55 is observed between the porosity and
shale gas content (Figure 8B).

Similarly, the high clay mineral content and low brittle mineral
content in the lowerWujiaping Formation lead to a weak correlation
of 0.22 between the brittle mineral and gas contents for the entire
formation (Figure 8C). In contrast, the third member has a stronger
positive correlation of 0.60 between the brittle mineral content and
gas content (Figure 8D), suggesting that the high brittle mineral
content in this member facilitates fracture development, thereby
increasing shale gas accumulation. A strong positive correlation
exists between theTOCcontent and gas content in the shale gas, with
correlations of 0.75 and 0.73 for the entireWujiaping Formation and
its third member, respectively (Figures 8E, F).

Considering the three influential factors, the presence of clay
minerals in the lower Wujiaping Formation means that a positive
correlation with the gas content is observed only for the porosity
and brittle mineral content of the third member. However, the TOC
content positively correlates with the gas content throughout the
Wujiaping Formation. Therefore, while the porosity, brittle mineral
content, and TOC content are positively correlated with the shale
gas content in the Wujiaping Formation, the TOC content is the
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FIGURE 4
Shale porosity and distribution of the Wujiaping Formation. (A) Correlation between shale porosity and permeability in well DY1H; (B) Pore size
characteristics of the shale samples; (C) Planar distribution of porosity.

FIGURE 5
Characteristics and planar distribution of brittle minerals in the third member of the Wujiaping Formation. (A) Mineral composition in well DY1H; (B)
Contour map showing the brittle mineral distribution.

most influential factor. This suggests that the TOC content is a key
factor driving the high shale gas content observed in the Wujiaping
Formation.

5.2 Main factors controlling shale gas
enrichment and high yield

Multiple factors influence the enrichment and preservation
of shale gas (Li et al., 2022b). The study area is located in the

depositional center of the Kaijiang‒Liangping Trough in the eastern
Sichuan Province and is characterized by deepwater shelf facies.This
deepwater environment, which was typically anoxic and reducing,
positively impacted the enrichment and preservation of shale
gas. Within the study area, the TOC content exhibits noticeable
heterogeneity and longitudinal differentiation. Shales deposited in
the trough’s deepwater shelf facies display relatively high TOC
contents, particularly those formed in the deepwater reducing
environment of the third member of the Wujiaping Formation.
These findings suggest that the deepwater shelf sedimentary
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FIGURE 6
Column diagram of the gas contents in the study area and isogram of the gas contents of the third member of the Wujiaping Formation. (A) Column of
the gas contents of some wells in the study area; (B) Isocontour plot of the gas contents in the study area.

environment provided the conditions for the development of
organic-rich shales.

The Wujiaping Formation in the study area has average
porosities ranging from 4% to 5%. These porosities, characterized
by diverse pore types, contribute to shale gas preservation.
Furthermore, the Wujiaping Formation’s roof and floor lithologies
are crucial for gas preservation. The roof comprises dense
limestone or marl belonging to the Dalong or Changxing
Formations, whereas the floor consists of thickly layered
limestone of the Maokou Formation in the eastern area. These
bounding layers provide effective sealing capacity, sandwiching
the Wujiaping Formation shale and further facilitating shale gas
preservation.

Finally, the fracturing capacity is crucial for achieving
high shale gas yields. The Wujiaping Formation shale contains
abundant brittle minerals, as exemplified in well DY1H, and
it has an average brittle mineral content of 77.54%. This high
brittle mineral content enhances the effectiveness of later-
stage fracturing operations, ultimately increasing shale gas
production.

In summary, the high yield of shale gas in the Wujiaping
Formation is controlled by a combination of factors:
the sedimentary environment, pore conditions, roof and
floor conditions, and fracturing ability. The sedimentary
environment provides the material basis, pore conditions
provide reservoir space, favorable preservation conditions govern
shale gas enrichment, and the fracturing ability enables high
production rates.

5.3 Comparison with shale gas in other
areas of the Sichuan Basin

The brittle mineral content affects the effectiveness of hydraulic
fracturing. The Wujiaping Formation shale has a high overall

brittle mineral content, reaching a maximum of 94%, which is
significantly higher than those in other areas, such as western
Chongqing (maximum of 68%), Luzhou (maximum of 72%), and
Weiyuan (maximum of 71%) (Figure 9A). The range of TOC
contents of the Wujiaping Formation is broad, with contents
varying from 2.8% to 6.7%, with an average exceeding 4.0%
within the trough. These values are also significantly higher than
those in other areas in the Sichuan Basin, indicating that the
Wujiaping Formation has a high TOC content, which is conducive
to hydrocarbon generation and results in high-quality shale gas
(Figure 9B). The organic matter maturity (Ro) of the Wujiaping
Formation is comparable to that in other areas (Figure 9D).
However, in terms of the porosity, shale thickness, and burial
depth, the Wujiaping Formation shale is slightly inferior to the
Longmaxi Formation shale. The porosity values of the Wujiaping
Formation shale range from 5.6% to 6.8%, which are slightly lower
than those in areas such as Changning and Weiyuan (Figure 9C).
The shale thickness is generally less than that of the Longmaxi
Formation. Although the Wujiaping Formation shale is widely
distributed, it interlayers with limestone vertically, resulting in
significant variations in shale thickness. The single-layer shale
thicknesses range from 1 to 45 m (generally less than 20 m),
which are less than the 20–66 m thickness of the Longmaxi
Formation (Figure 9E). With respect to the burial depth, the
area of the Longmaxi Formation with mature rocks is buried
between 2,000 and 4,500 m, with a relatively small thickness.
However, the Wujiaping Formation in the eastern Sichuan Basin
is generally buried between 3,000 and 6,000 m. The study area
predominantly comprises deep shale formations buried at depths
exceeding 4,500 m, posing significant challenges for exploration and
development (Figure 9F).

The gas content is a direct indicator of shale gas production.
The adsorbed gas content in the third member of the Wujiaping
Formation in well DY1H is 4.2 m3/t, which is higher than that
in the Longmaxi Formation in areas such as Changning (1.7 m3/t
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FIGURE 7
Comprehensive gas column of reservoir parameters in well DY1H.

to 3.4 m3/t), Luzhou (1.5 m3/t to 2.0 m3/t), and Weiyuan (2.2 m3/t
to 2.5 m3/t), indicating that the shale reservoir in the third
member of the Wujiaping Formation has a strong adsorption
capacity. The free gas content is 6.2 m3/t, which is slightly higher
than those in Changning (2.5 m3/t to 4.4 m3/t), Luzhou (2.4 m3/t
to 4.7 m3/t), and Weiyuan (4.3 m3/t to 6.1 m3/t). The total gas
contents range from 7.2 m3/t to 10.67 m3/t, which are significantly
greater than that of the Longmaxi Formation. Overall, the gas
content in the third member of the Wujiaping Formation in the
study area is relatively high, with significant exploration potential
(Figure 10).

In general, the shale of the PermianWujiaping Formation in the
eastern Sichuan Basin has brittle mineral contents as high as 94%
and a high organic matter content, which is conducive to shale gas
formation. However, compared with the Longmaxi Formation, the

Wujiaping Formation has no obvious advantage in terms of organic
matter maturity, and it has a slightly poorer porosity, smaller shale
thickness, and deeper burial depth, so exploration and development
are more difficult (Yang et al., 2022; Du et al., 2022). However, the
shale reservoir in the third member of the Wujiaping Formation
has a strong adsorption capacity, and the total gas content is higher
than that in the Longmaxi Formation, so the study interval has great
development potential.

5.4 Classification criteria for favorable
zones

Currently, the Longmaxi Formation shale in areas such as
Weiyuan, Changning, Luzhou, and western Chongqing in the
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FIGURE 8
Relationship between reservoir parameters and the gas content. (A) Porosity and gas content of the Wujiaping Formation. (B) Porosity and gas content
of the third member of the Wujiaping Formation. (C) Brittle mineral content and gas content of the Wujiaping Formation. (D) Brittle mineral content
and gas content of the third member of the Wujiaping Formation. (E) TOC content and gas content of the Wujiaping Formation. (F) TOC content and
gas content of the third member of the Wujiaping Formation.

Sichuan Basin exhibits promising exploration results, with some
areas demonstrating good value for commercial exploration and
development (Fan et al., 2020). The Wujiaping Formation has
certain similarities with the Longmaxi Formation shale. Therefore,
we can utilize the evaluation criteria for the Longmaxi Formation
shale to conduct a comprehensive assessment of shale gas.

The CNPC Southwest Oil & Gasfield Company has classified the
Longmaxi Formation shale on the basis of well logging evaluation
via four categories: source rocks, physical properties, gas contents,
and rock mechanics. The classification used four indicators: total
organic carbon (TOC), porosity, free and adsorbed gas contents, and

brittle mineral content. Three reservoir types were defined: Type I
reservoirs (TOC contents >2%, porosity values >5%, gas contents
>2 m3/t, and brittle mineral contents >55%); Type II reservoirs
(TOC contents between 1% and 2%, porosity values between 3%
and 5%, gas contents between 1 m3/t and 2 m3/t, and brittle mineral
contents between 35% and 55%); and Type III reservoirs (TOC
contents <1%, porosity values <3%, gas contents <1 m3/t, and brittle
mineral contents <35%).

Bai et al. (2023) evaluated the shale gas in the Wujiaping
Formation of the northeastern Sichuan Basin. They established
favorable zones of Type I and Type II reservoirs based on the
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FIGURE 9
The characteristics of the Wujiaping Formation in the eastern Sichuan Basin are compared with those of the Longmaxi Formation shale in other major
areas of the Sichuan Basin. (A) Brittle mineral content; (B) TOC; (C) Porosity; (D) Ro; (E) Thickness; (F) Burial depth.

FIGURE 10
Gas content of the Wu3 Member in the study area compared with that of the Longmaxi Formation shale in other areas of the Sichuan Basin.

shale effective thickness, TOC, Ro, gas content, distance to the
erosion line, and burial depth (Table 2). The Type I favorable zone
characteristics are as follows: effective thickness >20 m, TOC >2%,
Ro >1.1%, gas content >1 m3/t, distance to the erosion line >5 km,
burial depths between 1,000 and 4,000 m; the Type II favorable zone
characteristics are as follows: effective thickness >10 m, TOC >1%,
Ro >1.1%, gas content >0.7 m3/t, distance to the erosion line >5 km,
burial depths between 4,000 and 4,500 m.

Organic-rich shale, deposited in favorable sedimentary
environments, is widely distributed in the Longmen–Wushankan
area. The overall depositional setting was a shelf environment, with

the deep-water shelf facies of the third member of the Wujiaping
Formation being the most favorable for shale gas. Multiple factors
influence the enrichment and preservation of shale. In this study,
evaluation criteria for high-quality shale in the study area are
established on the basis of multiple indicators, including source
rocks, physical properties, rock mechanics, and gas contents. The
criteria are based on the evaluation standards for shale gas in
the Longmaxi Formation in the Sichuan Basin and Bai et al.'s
evaluation standards for shale gas in the Wujiaping Formation in
the northeastern Sichuan Basin, while also incorporating industry
standards NB/T 10398-2020 (Table 3).
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TABLE 2 Optimization criteria for the favorable area of shale gas in the Wujiaping Formation.

Major parameter Class I favorable area Class II favorable area

Effective shale thickness (m) >20 >10

TOC (%) >2 >1

Ro (%) >1.1

Gas content (m3/t) >1 >0.7

Distance denudation line (km) >5

Depth (m) 1,000–4,000 4,000–4,500

TABLE 3 Classification and evaluation criteria for high-quality shale from the Wujiaping Formation.

Major parameter Class I favorable area Class II favorable area

TOC (%) ≥3 ≥2

Brittle mineral content (%) ≥60 ≥40

Thickness (m) ≥20 ≥10

Gas content (m3/t) ≥3 ≥2

Porosity (%) ≥5 ≥4

Ro ≤3.5 ≤3.7

Configuration The fold strength is low Moderate fold strength

5.5 Prospects of shale gas exploration and
development

Within the “Kaijiang–Liangping Trough,” the favorable zone
of the Wujiaping Formation (buried between 4,500 and 5,000 m)
can be divided into four synclinal belts from west to east: the
Tanmuchang Syncline, the Nanya Syncline, the Liangping North
Syncline, and the Yunyang–Wanxian Syncline (Yang et al., 2023).
The shale reservoir in the deep-water shelf facies in the Wujiaping
Formation in the Nanya Syncline, which is the southeastern end of
the “Kaijiang–Liangping Trough,” exhibits stable lateral continuity.
The third member of the Wujiaping Formation shale has good
gas contents, high TOC contents, good compressibility, and high
porosity. Organic-rich shale, with a generally low drilling density,
is widely distributed in this area. The marine shale gas in the
Wujiaping Formation in the Nanya Syncline has good exploration
and development prospects. The area shallower than 5,000 m in the
Wujiaping Formation covers more than 450 km2, with estimated
geological resources of approximately 1,650 × 1012 m3.

Considering factors such as reservoirs, engineering,
preservation, and surface conditions, the favorable zone in the
Longmen–Wushankan area can be divided into four (1∼4) units
of development (Figure 11).

1) Located on a structural slope in the southwestern portion of
the Nanya Syncline, this unit contains well DY1H at its center. It

is characterized by a single secondary fault, indicating low fracture
risk. The reservoir has consistent thicknesses of 15–20 m, a stable
distribution, and burial depths ranging from 4,000 to 4,500 m. 2)
Located on a structural slope in the northwestern portion of the
Nanya Syncline, this unit is bound to the west by the Datianchi
#1 fault. Two secondary faults are present in the northeast. The
reservoir is characterized by a consistent thickness greater than
20 m, a stable distribution, and burial depths ranging from 4,000
to 5,000 m. 3) Located within the main stable area of the Nanya
Syncline, this unit is characterized by a relatively gentle structural
setting.With the Nanmenchang #1 fault as its eastern boundary, this
unit is not internally faulted.The reservoir has consistent thicknesses
of 15–20 m and is buried at depths ranging from 4,300 to 5,000 m.
4) Located in the northeastern portion of the Nanya Syncline, this
unit is characterized by a relatively gentle structural setting within
the stable synclinal area. Two secondary faults are present at the
northeasternmargin. Burial depths predominantly range from4,300
to 5,000 m, locally exceeding 5,000 m.

6 Conclusion

(1) The Wujiaping Formation shale in the Longmen–Wushankan
area exhibits favorable characteristics for shale gas
accumulation, including high TOC contents, abundant pore
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FIGURE 11
Location of the surface structure (A) and division of favorable areas for shale gas exploration (B) in the Nanya Syncline.

types (organic pores, inorganic pores, and microfractures),
high porosities, and significant brittle mineral contents.
These properties are particularly pronounced within the
third member of the Wujiaping Formation, highlighting its
potential for shale gas exploration and development. While
positive correlations exist between the TOC content, porosity,
brittlemineral content, and shale gas content, the TOC content
emerges as the dominant controlling factor.

(2) The high shale gas yield observed in the Wujiaping
Formation is attributed to a combination of factors: a
favorable sedimentary environment (providing source
material), suitable pore characteristics (governing storage
capacity), effective roof and floor conditions (enhancing gas
preservation), and good fracability (enabling high production
rates). However, comparedwith thewell-established Longmaxi
Formation in the Sichuan Basin, the Wujiaping Formation
presents challenges because of its lower porosity, reduced
thickness, and deeper burial depths.

(3) In this study, a framework for evaluating the Wujiaping
Formation shale gas potential is established, drawing
upon existing evaluation standards for both the Longmaxi
and Wujiaping Formations and incorporating the unique
characteristics of the study area. In this evaluation, four
favorable exploration areas within the Nanya Synclinorium
are identified, highlighting its potential for future exploration.
Development strategies should leverage the high-yield
model of well DY1H, focusing on replicating its design
within a pilot test platform for a well group and gradually
expanding development within a small, representative
test area.
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