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Abstract: This work aims to explore the Lower Silurian shale gas and tight sandstone gas accumula-
tion conditions in the Gongtan Syncline, southeastern Sichuan Basin. The sedimentary environment,
organic geochemical characteristics, reservoir characteristics, gas content, and preservation conditions
of the reservoir were comprehensively analyzed. The results show that the Wufeng–Longmaxi For-
mation shale formed in a deep-water shelf characterized by a large thickness (50–70 m), appropriate
total organic carbon content (0.5–5.47%), high maturity (2.38%), high brittle mineral content (67.10%),
and large gas content (0.71–1.64 m3/t), and the formations show the good resource potential of the
shale gas. The Xintan Formation formed in a lower shore phase, and the tight sandstone is locally
developed with a small thickness. The Xiaoheba Formation formed in an upper-middle shore phase,
and the tight sandstone is stably distributed with large thicknesses. The porosity and permeability of
the two sets of sandstone are small and some natural fractures are developed in the sandstone, but
the fracture filling degree is higher. The results of well logging show that there are abnormally high
values of total hydrocarbon in both the Xintan Formation and Xiaoheba Formation; this indicates that
tight sandstone gas is developed in the Lower Silurian strata. A comprehensive study indicates that
the Lower Silurian of the Gongtan Syncline has the geological conditions for the formation of shale
gas and tight sandstone gas, which are the “Two gases” with good co-exploration prospects.

Keywords: Gongtan Syncline; Lower Silurian; shale gas; tight sandstone gas; gas co-exploration

1. Introduction

With the continuous growth in global energy demand and the transition toward a low-
carbon society, unconventional natural hydrocarbons have garnered increasing attention
from nations worldwide [1–5]. Shale gas and tight sandstone gas have become focal points
of research and exploration for unconventional natural gas resources in China. After years
of exploration and development, these resources have become a tangible and essential
component of China’s energy portfolio [6–8]. In recent years, the Chongqing region, as a
part of the southeastern Sichuan Basin, has emerged as a primary area for shale gas explo-
ration in China. Breakthroughs have been achieved in the Wufeng–Longmaxi Formation in
areas such as Fuling, Yuxi, Pengshui, and Nanchuan, confirming the substantial resource
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potential of this shale formation in the Chongqing region [9–12]. Meanwhile, previous
studies have also indicated that the Sichuan Basin and surrounding areas harbor abundant
tight sandstone gas resources, primarily within the Triassic (Xujiahe Formation), Jurassic,
and Ordovician (Hanjiadian Formation and Xiaoheba Formation) strata [13–15]. Further, in
the Chongqing and adjacent regions, drilling activities targeting the Ordovician Hanjiadian
Formation and Xiaoheba Formation have demonstrated active oil and gas shows, with
multiple wells achieving industrial gas flows [16,17], underscoring the promising explo-
ration potential for tight sandstone gas in the Ordovician strata of the Chongqing region.
However, a significant suite of tight sandstone reservoirs has been identified within the
Ordovician strata in the southeastern region of the Sichuan Basin [18,19], but there has been
limited foundational research into whether the southeastern region of the Sichuan Basin
possesses the geological conditions conducive to the development of tight sandstone gas in
the Ordovician strata.

In response to the coexistence of multiple oil and gas resources in the same region,
scholars have proposed various methods for joint exploration and development of multiple
resources [20–23]. These approaches not only help in cost-saving during exploration, but
also ensure the comprehensive utilization of resources. As of now, successful examples of
unconventional gas joint development have been seen around the world. For instance, in
Colorado’s Piceance Basin, deep coalbed methane and tight sandstone gas have been jointly
extracted in a pioneering experiment [24,25]. In Wyoming’s Wind River Basin, pressure-
parted joint production of coalbed methane and sandstone gas has yielded individual well
daily production rates of tens of thousands of cubic meters [26]. Similarly, in Canada’s
Horseshoe Canyon, coalbed methane along with the overlying and underlying sandstone
and shale have been exploited jointly, resulting in higher gas production compared to
single-layer extraction methods [27]. In China, regions with coexisting coalbed methane,
shale gas, and tight sandstone gas are abundant, and in recent years, several studies have
been conducted focusing on the characteristics of unconventional natural gas coexistence,
resource potential assessment, and exploration and development strategies. For example,
based on the research on unconventional natural gas accumulation conditions in the
Qinshui Basin coal series, Li et al. established a model for the coexistence of coalbed
methane, shale gas, and tight sandstone gas, indicating promising prospects for the joint
exploration and development of these “Three gases” in the region [28]. Cao Daiyong et al.
studied the geological conditions of unconventional natural gas accumulation in the coal
series on the western margin of the Ordos Basin and established a model for the occurrence
of coal-based unconventional natural gas [29]. Zhong Jianhua et al., based on their research
on the gas-bearing seal characteristics of the coal series on the eastern margin of the Ordos
Basin, proposed a model for the coexistence of tight sandstone gas, shale gas, and coalbed
gas [30]. Zhou Yitong et al. conducted a coal series of “Three gases” joint production
engineering practices in the Songhe Oilfield in western Guizhou, revealing promising
development prospects for the “Three gases” in that area [31]. Previous comprehensive
exploration and evaluation studies on the unconventional natural gas in China have
often focused on coal-based unconventional gas, with limited research on the coexistence
and feasibility of marine unconventional gas. However, in recent years, discoveries of
coexisting shale gas and tight sandstone gas have been made in the marine strata of
southern China [32,33], suggesting that southern marine strata also possess multiple types
of unconventional gas accumulation conditions and configuration relationships, potentially
enabling the joint exploration and exploitation of multiple gases. Nevertheless, research
evaluating the joint exploration potential of shale gas and tight sandstone gas in the marine
strata of southern China has yet to be undertaken.

In recent years, extensive exploration and evaluation of the shale gas in the Wufeng–
Longmaxi Formation has been carried out in the southeastern Sichuan Basin. In 2015,
during drilling operations at the GD 1 well located in the Gongtan Syncline, besides
encountering favorable gas shows in the target Wufeng–Longmaxi Formation layers, gas
anomalies were also detected in the overlying Xintan Formation tight sandstone. This
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discovery represents the first identification of tight sandstone gas in the Silurian strata in the
southeastern marginal area of the Sichuan Basin [33], suggesting the potential coexistence
of shale gas and tight sandstone gas in the Silurian strata of this region. Therefore, this
study aims to analyze the fundamental conditions for the formation of Silurian shale gas
and tight sandstone gas in the southeastern region of the Sichuan Basin, elucidate the
unconventional natural gas resource potential in the Gongtan Syncline, and provide data
support and guiding recommendations for the joint exploration and development of shale
gas and tight sandstone gas in the study area.

2. Geological Settings and Sample Collection
2.1. Geological Background

The Gongtan Syncline is situated at the border between the southeastern region of
Chongqing and the northern region of Guizhou (Figure 1), and it is a geological unit within
the Yangtze Paraplatform (Level I), consisting of the Shangyitai Intra-Basin Depression
(Level II) and the Yudongnan Depression and Fold Belt (Level III). The exposed parts of
the syncline in the southeastern Sichuan Basin are divided into the northern and central
segments, with an exposed length of approximately 20 km. The syncline comprises sedi-
mentary strata from the Neoproterozoic era to the present, and it is dominated by Paleozoic
formations. The axis of the syncline is primarily composed of the Lower Triassic Jialingjiang
Formation, with Triassic, Permian, Devonian, and Ordovician formations exposed on both
flanks. The Gongtan Syncline was mainly formed during the Late Yan Mountain and
Himalayan periods. Despite undergoing extensive geological evolution, it exhibits good
structural continuity and simplicity, trending in a north–northeast direction. The limbs of
the syncline have steep dips, ranging from 30–86◦ on the northwest limb and 10–65◦ on the
southeast limb. Faults are relatively rare and mostly occur near the fold axis, with short
extensions (Figure 2).
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Figure 1. Regional location of the study area. Figure 1. Regional location of the study area.

The Silurian strata in the southeastern Sichuan Basin, where the study area is located,
are widely distributed, particularly in the lower and middle series. The upper part of the
middle series and the upper series are absent within the regional context. From bottom
to top, the stratigraphy consists of the Longmaxi Formation, Xintan Formation, Xiaoheba
Formation, and Hanjiadian Formation. The Longmaxi Formation and the underlying
Wufeng Formation are characterized by dark shale. Reservoirs of Silurian clastic rocks
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are mainly distributed in the Middle Silurian Hanjiadian Formation, the Lower Silurian
Xiaoheba Formation, and the Xintan Formation. However, the Hanjiadian Formation
suffers from severe erosion and extensive exposure within the Gongtan Syncline.
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2.2. Sampling and Methodology

Shale samples from the Wufeng and Longmaxi Formations were collected from the cores
of shale gas Wells GD 1 and YC 2, as well as from three outcrop profiles within the study area,
totaling 100 samples. Additionally, tight sandstone samples from the Xintan and Xiaoheba
Formations were collected from Well GD 1, totaling 15 samples. The collected shale samples were
subjected to a series of analyses, including TOC, Ro, maceral composition, thin section analysis,
whole-rock X-ray diffraction quantitative analysis, scanning electron microscopy, porosity and
permeability measurements, and gas desorption. Tight sandstone samples underwent thin
section analysis, as well as porosity and permeability measurements.

In this study, the organic geochemical characteristics of shale were characterized us-
ing three parameters: TOC, Ro, and organic matter type. The German Leica Instrument
Company’s DM4500P optical microscope was employed to measure the Ro and maceral
composition, assessing the thermal maturity and organic matter type of the shale. The
corresponding analysis methods followed the standards of the Chinese petroleum and
natural gas industry, specifically SY/T 5124-2012 [34] and SY/T 5125-2014 [35]. To deter-
mine the total organic carbon content of the samples, a China HaiCheng Rock-Eval VIII
instrument (produced by HaiCheng Petrochemical Instrument Factory) equipped with a
flame ionization detector was employed. The corresponding testing procedures adhered to
the Chinese national standard GB/T 18602-2012 [36].

The reservoir characterizations of the shale and tight sandstone in this study primar-
ily involved analyzing mineral composition characteristics, pore structure features, and
porosity–permeability characteristics. Mineral composition characteristics were analyzed
using X-ray diffraction (XRD) technology with a Bruker D8 Advance X-ray diffractome-
ter from Bruker Corporation, Berlin, Germany, following the guidelines of the Chinese
petroleum and natural gas industry standard SY/T 5163-2010 [37]. The pore structure was
determined using a JSM-6610LV scanning electron microscope (SEM) from JEOL, Beijing,
Chian and an X-max energy dispersive spectrometer from Oxford Instruments, Shanghai,
Chian. Corresponding analysis methods adhered to the Chinese national standards GB/T
18295-2001 [38] and GB/T 17359-2012 [39]. Porosity and permeability were determined
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using an AP-609 porosity–permeability testing instrument from Coretest Systems following
the procedures outlined in the Chinese national standard GB/T 29172-2012 [40].

An integrated analysis of sedimentary environments was conducted by combining
the field outcrop data, drilling logs, well-logging data, and thin section analysis results.
The thin section analysis was primarily aimed at identifying rock types and providing data
support for the depositional facies division of the target layers. The experiments utilized
a Leica Scope.A1 polarizing microscope from Leica Instrument Company, Beijing, China,
following the guidelines of national standard GB/T 17412.1~3-1998 [41]. Shale gas content
testing was performed using an on-site gas content testing instrument developed by the
Chongqing Institute of Geology and Mineral Resources. The test results were primarily
used to evaluate the shale gas resource potential, with on-site testing methods following
the Chinese national standard GB/T 19559-2008 [42].

3. Gas Accumulation in Shale and Tight Sandstone
3.1. Favorable Geological Condition for Shale Gas
3.1.1. Sedimentary Environment

Previous studies have indicated that the Silurian strata in the southeastern part of the
Sichuan Basin were deposited in a shallow marine shelf environment [43,44]. Based on
a comprehensive analysis of drilling, outcrop data, and thin-section identification, along
with previous research findings, the Wufeng–Longmaxi Formation in the southeastern of
the Sichuan Basin can be vertically subdivided into two subfacies and four microfacies
sedimentary types. The two subfacies are a shallow-water continental shelf and a deep-
water continental shelf. The four microfacies are deep-water argillaceous continental shelf
facies, shallow-water mixed continental shelf facies, shallow-water argillaceous continental
shelf facies, and shallow-water sandy continental shelf facies. Organic-rich shale mainly
develops in the deep-water mudstone shelf sub-facies. On a planar scale, most areas of
the southeastern Sichuan Basin are situated in a deep-water shelf environment, with only
parts of Youyang County and Xiushan County in a shallow-water shelf environment. The
Wufeng–Longmaxi Formation in the Gongtan Syncline is located within a deep-water shelf
environment (Figure 3), which represents a favorable sedimentary environment for shale
gas development.
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3.1.2. Hydrocarbon Source Rock Conditions

The mud shale of the Wufeng–Longmaxi Formation represents a regionally excellent
hydrocarbon source rock [45]. In partial areas of the southeastern Sichuan Basin, this
stratigraphic unit has undergone erosion, resulting in significant variations in sediment
thickness, ranging from 30 to 120 m, with a gradual thinning trend from northwest to
southeast [46]. Drilling and outcrop data reveal that, within the Gongtan Syncline, the
distribution of the Wufeng–Longmaxi Formation mud shale is relatively stable, with
thickness primarily ranging between 50 to 70 m. Specifically, in the GD 1 well, the thickness
ranges from 1180 to 1259 m (a total of 79 m) (refer to Figure 4a), while in the YC 2 well,
the thickness ranges from 2104 to 2182 m (a total of 78 m) (refer to Figure 4b). An organic
geochemical analysis of 100 samples from drilling and outcrop materials indicates that
the organic matter in the Wufeng–Longmaxi Formation shale is predominantly Type I and
Type II1, with organic carbon content ranging mainly from 0.21% to 4.91% and averaging
at 1.10% (refer to Figure 5a). The organic matter maturity is relatively high, with vitrinite
reflectance (Ro) ranging from 1.19% to 2.39% and averaging at 2.18% (refer to Figure 5b),
indicating an evolution stage of high to over maturity. The mud shale has reached the
peak generation period, facilitating the full generation of shale gas. Consequently, the mud
shale of the Wufeng–Longmaxi Formation in the southeastern Sichuan Basin serves as a
favorable hydrocarbon source rock, providing conducive conditions for the generation of
Lower Silurian shale gas and tight sandstone gas in the region.
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3.1.3. Reservoir Characteristics

The shale of the Wufeng–Longmaxi Formation constitutes a “source-reservoir unity,”
serving as both the hydrocarbon source rock and the reservoir for shale gas [47]. Results from
an X-ray diffraction (XRD) analysis of 36 drilling and outcrop samples within the Gongtan
Syncline indicate that the predominant mineral composition of the Wufeng–Longmaxi For-
mation shale comprises detrital minerals and clay minerals (refer to Figure 6), with minor
quantities of carbonate and pyrite, among other minerals. The shale contains a high content
of brittle minerals such as quartz, feldspar, and carbonate, averaging at 67.10%, which is
conducive to reservoir fracturing and enhancement. The scanning electron microscope (SEM)
results reveal that the matrix pore types in the shale of the Wufeng–Longmaxi Formation in
the study area are primarily organic matter pores and interlayer clay mineral pores, with well-
developed structural fractures that provide favorable storage space for shale gas enrichment.
The porosity and permeability of 47 shale core samples from two wells were tested by the
thermal pulse-decay method. The results showed that the porosity of the samples ranged
from 0.19 to 5.41%, with an average of 1.21%, and the permeability ranged from 0.0001 to
0.2223 mD, with an average of 0.0082 mD. In general, the Wufeng–Longmaxi Formation in
the study area belongs to ultra-low porosity and ultra-low permeability reservoirs.
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3.1.4. Gas Content

The gas content of shale is a key parameter for evaluating the potential of shale gas
reservoirs, and it is crucial for shale gas evaluation, favorable area selection, resource
estimation, and calculation [48]. Shale gas content parameters are typically obtained
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through on-site desorption or isothermal adsorption experiments [49]. In this study, the
gas content parameters were primarily obtained using on-site desorption methods, where
the desorbed gas quantity was measured using instruments at the drilling site. Statistical
analysis of the on-site desorption experiment data from the GD 1 and YC 2 wells within
the Gongtan Syncline showed that the Wufeng–Longmaxi Formation shale exhibits good
gas content. Vertically, the gas content tends to increase with depth. Specifically, the
on-site desorption gas content of the core samples from the GD 1 well ranged from 0.42 to
3.02 m3/ton, averaging 1.64 m3/ton (Figure 7a). For the YC 2 well, the on-site desorption
gas content ranged from 0.11 to 2.39 m3/ton, averaging 0.71 m3/ton (Figure 7b). These
values are comparable to the on-site analyzed gas content of 0.90 m3/ton at the Jiaoye-1
well in the Reefs Dam area [50], indicating the favorable shale gas resource potential of the
Wufeng–Longmaxi Formation within the Gongtan Syncline.
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Longmaxi Formation in the Gongtan Syncline.

3.2. Favorable Geological Conditions for Tight Sandstone Gas
3.2.1. Sedimentary Environment

Based on the analysis of drilling and logging data in the southeastern Sichuan Basin,
the overlying Xintan Formation and Xiaoheba Formation above the Wufeng–Longmaxi
Formation primarily exhibit three sedimentary subenvironments: marginal marine (in-
cluding lower and middle-upper), offshore transition, and outer shelf (Figures 8 and 9).
Sandstones are mainly deposited in the middle-upper marginal marine environment, with
limited shoreface sand barriers in the lower marginal marine setting and more common
occurrences of mudstone interbeds. In the offshore transition zone, there are occasional
storm-induced sand barriers, but they are limited in distribution and scale. The Xin-
tan Formation predominantly consists of the sand barriers and mud flats of the lower
shoreface within the study area (Figure 8), with tight sandstones developed only in the
sand barriers on the western flank of the syncline. The Xiaoheba Formation in the Gongtan
Syncline mainly features coastal sand barriers in the middle-upper marginal marine setting
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(Figure 9), with a relatively developed occurrence of tight sandstones. Therefore, the Xintan
Formation and Xiaoheba Formation in the study area represent sedimentary environments
conducive to the development of tight sandstones, providing the material basis for the
formation of tight sandstone reservoirs in the region.
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3.2.2. Reservoir Characteristics

Analysis of the drilling and logging data from Wells GD 1 and YC 2 revealed the
presence of discontinuous sand bodies in the middle-upper part of the Xintan Formation
within the study area. These sand bodies exhibit unstable single-layer thicknesses ranging
from 2 to 15 m, and they are primarily composed of calcareous silty sandstone. The lower
part of the Xiaoheba Formation shows continuous and relatively thick-bedded sand bodies,
with thicknesses ranging from 26 to 50 m. The lithology of these sand bodies mainly
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consists of fine-to-silty sandstone and calcareous silty sandstone, exhibiting coarser grain
sizes compared to the mudstone–siltstone of the Xintan Formation. Physical property
analyses of 15 core samples from the GD1 well (Figure 10) showed low porosity and
permeability values for the middle-upper part of the Xintan Formation and the lower
part of the Xiaoheba Formation. Porosity values ranged from 0.83% to 3.96%, with an
average of 2.12%, while permeability ranged from 0.0015 to 0.0920 mD, with an average
of 0.0227 mD. Interpretation of the logging data indicates that, even in the middle-upper
Xintan and lower Xiaoheba Formations, the tight sandstone reservoirs exhibit extremely
low porosity and low permeability characteristics (Table 1). In summary, the sandstone
reservoirs within the Xintan and Xiaoheba Formations exhibit poor physical properties,
and they are characterized as having extremely low porosity and low permeability tight
sandstone reservoirs.
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Table 1. Reservoir petrophysical parameters of the tight sandstones from the Xintan and Xiaoheba
formations. The value of porosity and permeability refers to the minimum-maximum and the average.

Well Top Depth (m) Basal Depth (m) Porosity (%) Permeability (mD)

GD 1 978 1030 0–6.448
2.731

0–0.414
0.077

YC 2 1670 1900 1.026–6.074
2.966

0–0.255
0.023

3.2.3. Gas Content

The existing drilling and logging data indicate that the two wells not only exhibit good
gas indications within the syncline, but also show gas indications in the overlying Xintan
and Xiaoheba formations. The gas logging curves from the GD 1 well revealed consistent
gas shows from the lower-middle part of the Xintan Formation (around 1000 m) down to
the base of the Wufeng Formation (Figure 11). In the middle section of the Xintan Formation
(approximately 1010 m to 1055 m), gas anomalies were detected in silty mudstone and
mudstone–siltstone intervals, with total hydrocarbon contents ranging from 1.651% to
12.183%. Logging interpretation of this section indicates the presence of gas-bearing zones,
suggesting good gas saturation in the mudstone–siltstone of the Xintan Formation. At
the YC 2 well, gas anomalies were identified in the lower part of the calcareous silty
sandstone within the Xiaoheba Formation (1788–1796 m), with total hydrocarbon contents
ranging from 0.196% to 7.384% (Figure 12). The logging interpretation of this section also
confirmed the presence of gas-bearing zones in this interval. These findings from both
wells encountering tight sandstone gas within the Xintan and Xiaoheba Formations further
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confirm the geological characteristic of coexisting “dual-gas” in the lower Silurian strata of
the study area.
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3.2.4. Hydrocarbon Migration Pathways

(1) Reservoir fractures and hydrocarbon accumulation

Based on the research results above, it is evident that the high mud content in the tight
sandstones of the Xintan and Xiaoheba formations within the study area leads to relatively
poor reservoir properties, which are unfavorable for the migration and accumulation
of natural gas. Scholars have discovered that natural fractures developed within tight
reservoirs can serve as pathways for oil and gas migration and as trapping locations,
thereby improving the conditions for oil and gas accumulation in tight reservoirs [54,55].
Through core observations, fractures were identified within the gas-rich intervals of the
mudstone–siltstone in the middle-upper part of the Xintan Formation in the GD 1 well
(Figure 13). These fractures predominantly consist of low-angle and inclined fractures. The
fracture density is relatively low, with an average longitudinal fracture density of only
0.11 fractures per meter, primarily consisting of small fractures. The statistical analysis of
fracture filling indicates that most fractures are filled, with fully filled fractures accounting
for 87.2% of all fractures. The imaging logging data from Well YC 2 (Figure 14) show
that fractures within the tight sandstone of the Xiaoheba Formation mainly consist of
high-resistance fractures and drilling-induced fractures, with minimal development of
high-conductivity fractures. As a result, natural fractures are developed to a certain extent
within the Lower Silurian tight sandstone formations in the study area, but these fractures
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are predominantly filled, which may partially affect the migration and accumulation of
natural gas within the tight sandstone reservoirs.
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(2) Fractures of the hydrocarbon source rock and hydrocarbon accumulation

For the tight sandstone gas reservoirs in the Xintan and Xiaoheba Formations within
the study area, the organic-rich shale of the Upper Ordovician Wufeng Formation to the
Lower Silurian Longmaxi Formation serves as the main source rock for hydrocarbons.
Natural gas within shale layers require effective migration pathways for transport [56–58],
whereas these shale layers exhibited characteristics of self-generation, self-storage, tightness,
low porosity, and ultra-low permeability. The presence of natural fractures undoubtedly
can provide crucial conditions for the migration of gas within shale layers, facilitating gas
expulsion. Through core observations, it was observed that natural fractures are developed
within the Wufeng–Longmaxi formations in the wells of GD 1 and YC 2 (Figure 15). These
fractures predominantly consist of high-angle cutting and vertical fractures. Such fractures
effectively connect different mechanical layers of the rock, forming efficient pathways for
natural gas migration. Consequently, natural gas generated within the Wufeng–Longmaxi
shale formations can migrate into the overlying Xintan and Xiaoheba formations of tight
sandstones through these pathways.

Energies 2024, 17, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 14. Dip angles of the natural fractures in the Xiaoheba Formation, Well YC 2. 

(2) Fractures of the hydrocarbon source rock and hydrocarbon accumulation 
For the tight sandstone gas reservoirs in the Xintan and Xiaoheba Formations within 

the study area, the organic-rich shale of the Upper Ordovician Wufeng Formation to the 
Lower Silurian Longmaxi Formation serves as the main source rock for hydrocarbons. 
Natural gas within shale layers require effective migration pathways for transport [56–
58], whereas these shale layers exhibited characteristics of self-generation, self-storage, 
tightness, low porosity, and ultra-low permeability. The presence of natural fractures un-
doubtedly can provide crucial conditions for the migration of gas within shale layers, fa-
cilitating gas expulsion. Through core observations, it was observed that natural fractures 
are developed within the Wufeng–Longmaxi formations in the wells of GD 1 and YC 2 
(Figure 15). These fractures predominantly consist of high-angle cutting and vertical frac-
tures. Such fractures effectively connect different mechanical layers of the rock, forming 
efficient pathways for natural gas migration. Consequently, natural gas generated within 
the Wufeng–Longmaxi shale formations can migrate into the overlying Xintan and 
Xiaoheba formations of tight sandstones through these pathways. 

 
(a). Core samples from the lower part of the Wufeng–Longmaxi Formation in Well GD 1. 

 
(b). Core samples from the lower part of the Wufeng–Longmaxi Formation in Well YC 2. 

Figure 15. Fracture characteristics of the Wufeng–Longmaxi Formation in the Gongtan Syncline.



Energies 2024, 17, 3735 14 of 17

4. Gas Preservation Settings

The Wufeng–Longmaxi Formation shales are extensively distributed within the Gong-
tan Syncline at moderate burial depths. Overlying these formations are medium-thick
layers of silty mudstone, muddy siltstone, and fine sandstone belonging to the Xintan and
Xiaoheba formations, serving as both reservoirs of tight sandstone gas and caprocks for
Wufeng–Longmaxi Formation shales. The Hanjiadian Formation overlies the Xintan and
Xiaoheba Formations. Its lower portion predominantly consists of yellow and yellow-green
shales interbedded with a purple-red shale. The middle section is composed of yellow-
green, gray-green, and purple-red shales along with thick layers of siltstone. The upper
part of the Hanjiadian Formation is characterized by yellow-gray and gray-green shales.
The Hanjiadian Formation exhibits significant thickness, ranging from 703 to 783 m, and it
is extensively distributed throughout the study area. It is characterized by low porosity,
low permeability, and effective sealing properties. Consequently, the development of direct
caprocks for shale gas and tight sandstone gas is well established, exhibiting favorable
sealing characteristics.

Seismic interpretation results indicate that the Gongtan Syncline is a typical dish-
shaped fold with a relatively weak structural deformation. Only a few faults with relatively
small fault scales and spacings are present within the Xintan and Longmaxi formations,
as well as underlying formations in the syncline. These faults do not breach the overlying
layers of the Lower Silurian shale and tight sandstone reservoirs (Figure 16). Overall, the
structural style of the Gongtan Syncline is straightforward, and the faults developed within
the syncline have minimal impact on the preservation conditions of shale gas and tight
sandstone gas, making it an advantageous area for unconventional oil and gas preservation
in the southeastern part of the Sichuan Basin.
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5. Conclusions

(1) Within the Gongtan Syncline, the Wufeng–Longmaxi Formation is situated in a deep-
water continental shelf depositional environment, characterized by thick organic-rich
shale deposits with high organic content, moderate thermal maturity, and good hydro-
carbon generation potential. This provides a solid material basis for the accumulation
of shale gas and tight sandstone gas. The Wufeng–Longmaxi Formation in the study
area exhibits high desorption gas content from organic-rich shale, indicating good
gas-bearing properties and significant potential for shale gas resources.
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(2) The Xintan Formation primarily comprises offshore sandbars and nearshore mud flats
of the lower shoreface, with an unstable distribution of tight sandstone layers. These
tight sandstone layers have relatively small individual thicknesses, predominantly
developing within the offshore sandbars on the western flank of the syncline. The
Xiaoheba Formation is dominated by alongshore sandbars of the upper-middle shore
phase, with well-developed tight sandstone that is characterized by thicker individual
layer thickness and more stable distribution. Both sets of tight sandstone reservoirs
exhibit low porosity, low permeability, and some natural fractures characterized by
high fracture filling. These natural fractures may facilitate the extensive migration
and accumulation of natural gas in the formations.

(3) The Lower Silurian formations within the Gongtan Syncline are at moderate burial
depths, and they are characterized by overall underdeveloped internal faults and a
relatively intact cap rock. The structural style is a broad and gentle syncline, providing
favorable conditions for hydrocarbon preservation. The geological conditions for
shale gas accumulation in the Wufeng–Longmaxi Formation within the syncline are
favorable, offering conducive prospects for shale gas exploration. The accumulation
conditions for tight sandstone gas in the Xiaoheba Formation are superior to those in
the Xintan Formation. The tight sandstone gas in the Xintan Formation is locally accu-
mulated due to the distribution of tight sandstones, which are primarily developing
on the western flank of the syncline.
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