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Abstract: The main geological factors controlling the accumulation and yield of marine-facies shale gas reservoirs 

are the focus of the current shale gas exploration and development research. In this study, the Wufeng-Longmaxi 

Formation in the Dingshan area of southeast Sichuan was investigated. Shale cores underwent laboratory testing, 

which included the evaluation of total organic carbon (TOC), vitrinite reflectance (Ro), whole-rock X-ray 

diffraction (XRD), pore permeability, and imaging through field emission scanning electron microscopy (FE-SEM). 

Based on the results of natural gamma ray spectrum logging, conventional logging, imaging logging, and seismic 

coherence properties, the exploration and development potential of shale gas in the Dingshan area have been 

discussed comprehensively. The results showed that (1) layer No. 4 (WF2-LM4) of the Wufeng-Longmaxi 

Formation has a Th/U ratio < 2 and a Th/K ratio of 3.5-12. Graptolites and pyrite are relatively abundant in the 

shale core, indicating sub-high-energy and low-energy marine-facies anoxic reducing environments. (2) The 

organic matter is mainly I-type kerogen with a small amount of II1-type kerogen. There is a good correlation 

among TOC, Ro, gas content, and brittle minerals; the fracturing property (brittleness) is 57.3%. Organic and  

inorganic pores are moderately developed. A higher pressure coefficient is correlated with the increase in porosity 

and the decrease in permeability. (3) The DY1 well of the shale gas reservoir was affected by natural defects and 

important late-stage double destructive effects, and it is poorly preserved. The DY2 well is located far from the 

Qiyueshan Fault. Large faults are absent, and upward fractures in the Longmaxi Formation are poorly developed. 

The well is affected by low tectonic deformation intensity, and it is well preserved. (4) The Dingshan area is 

located at the junction of the two sedimentary centers of Jiaoshiba and Changning. The thickness of the 

high-quality shale interval (WF2-LM4) is relatively small, which may be an important reason for the unstable 

production of shale gas thus far. Based on the systematic analysis of the geological factors controlling high-yield 

shale gas enrichment in the Dingshan area, and the comparative analysis with the surrounding typical exploration 

areas, the geological understanding of marine shale gas enrichment in southern China has been improved. 

Therefore, this study can provide a useful reference for shale gas exploration and further development. 
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1 Introduction 
 

Southern China experienced a multi-phase tectonic cycle and a transition towards a depositional 
environment, which led to the significant development of marine-facies organic-rich shale (Dong et al., 
2014, 2016; Guo et al., 2014). Previous studies indicated that the marine-facies shale gas reservoirs in 
southern China contain high amounts of total organic carbon (TOC). Moreover, they exhibit significant 
thickness, high maturity, good brittleness, and high gas content. These shale gas reservoirs are mainly 
distributed in the Sichuan Basin and its surroundings (Wang et al., 2015; Chen et al., 2018; Cui et al., 
2017; Li et al., 2018). In particular, a set of Upper Ordovician-Lower Silurian marine-facies 
organic-rich shales in the Wufeng-Longmaxi Formation are broadly developed in southeast Sichuan. 
These shales are thick and have high TOC and natural gas content, moderate thermal evolution, organic 
pores, and good accumulations. Exploration and development have led to the discovery of the Fuling 
Jiaoshiba and Nanchuan commercial shale gas fields (Liu et al., 2011; Nie et al., 2016a; Jin et al., 2016; 
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Feng et al., 2016; Guo et al., 2014; Li et al., 2018). In recent years, the DY1, DY2, and DY4 wells were 
successively drilled and completed in the Dingshan area of Qijiang in southeast Sichuan. All produced 
shale gas, which indicates that the Wufeng-Longmaxi Formation shales in this area also have the 
potential for shale gas exploration and development (Wei et al., 2017; Huang et al., 2017; Fan et al., 
2018; Li et al., 2018; Ren et al., 2018).  

In particular, the DY1 well is located in the steep and shallowly buried zone of the southeastern 
Dingshan structure, where the burial depth of the base of the high-quality shale formation reaches 
2054.0 m. The test yield of DY1 was 3.4 × 10

4
 m

3
/d. The DY2 well is located in the northwest deeply 

buried flat area of the Dingshan structure, where the burial depth of the base of the high-quality shale 
formation segment reaches 4367.5 m. The test yield of DY2 was 10.5 × 10

4
 m

3
/d (Wei et al., 2017; 

Huang et al., 2017). The test yield of the DY4 well, which is located in a similar structural position to 
DY2, was 20 × 10

4
 m

3
/d. Due to different tectonic positions and burial depths, the yield of the DY1 

well is far less than that of the DY2 and DY4 wells. Moreover, the drilling and well log data, as well as 
the gas testing, exhibit various differences between wells, including mineral compositions, organic 
matter content, brittleness, geo-stress conditions, fracture characteristics, gas-bearing properties, 
formation pressures, porosities, and permeabilities. On the other hand, when the thickness of 
organic-rich and high-quality shale does not reach the minimum standard for commercial exploitation, 
not only the initial output changes greatly, but also it is relatively difficult to achieve a stable 
productivity in a later stage (Jin et al., 2018; Nie et al., 2018). This reflects the complexity of the 
reservoir formation conditions of marine-facies shale and the structural characteristics at the periphery 
of the Sichuan Basin. 

Recently, there has been an increase in shale gas exploration and development, and an influx of 
information on comparisons between the shales in North America and the marine-facies shale in 
southern China. Chinese researchers have established that marine-facies shales in southern China date 
further back than those in North America, and have a complicated formation history, which includes 
having experienced intense tectonic activity. Furthermore, marine-facies shales in southern China have 
large differences in their gas-bearing properties (Guo, 2014; Wei et al., 2017). Therefore, the “binary 
enrichments” theory (Guo, 2014) and exploration of the idea of “source-cap hydrocarbon control” (Jin, 
2012) have been proposed, emphasizing that the enrichment and accumulation of shale gas in the 
Wufeng-Longmaxi Formation are controlled by two major factors: the hydrocarbon source and its 
preservation. High-quality original material conditions are the basis for hydrocarbon generation and 
reservoir control, and subsequent good preservation conditions are the key to the accumulation and 
yield of shale gas (Guo et al., 2017; Fan et al., 2018). Therefore, it is necessary to identify the basic 
conditions that control the accumulation of shale gas in the shale system of the Dingshan area and 
clarify influences on the effective preservation of shale gas reservoirs with respect to overlying and 
underlying strata, tectonic deformation and style, faults and fractures, tectonic position, and pressure 
coefficients.  

 
2 Geological setting 
 

The Dingshan area is located in Qijiang County, Chongqing. The main shale structure is located at 
the intersection of the west Hunan-Hubei-northeast Guizhou fault-fold zone, the north Guizhou 
fault-fold zone, and fault-fold zones in southeast Sichuan (Fig. 1-a) (Mei et al., 2010; Huang et al., 
2017). Due to the influence of thrust-nappe structures controlled by the Qiyueshan Fault, a basin edge 
and intra-basin fold pattern was formed, as shown in the cross section, and the pattern generally 
includes a shallow and highly positive structure on the footwall of the Qiyueshan Fault (Fig. 1-b). The 
structure has undergone continuous multi-phase deformations during the Caledonian, Hercynian, 
Indosinian, and Himalayan orogeneses, and the NE-, NW-, and NS-trending faults and fold systems are 
well developed. The general structure is a NE-SW-trending nose-like anticline (Guo et al., 2013; Zeng 
et al., 2013; Hu et al., 2014; Huang et al., 2017; Wei et al., 2017). Devonian, Carboniferous, and 
Mesozoic strata are generally absent in the region. The strata in the core of the anticline are 
significantly eroded, which causes the older Sinian strata to be exposed at the surface with varying 
degrees of weathering and denudation. The Jiangnan-Xuefeng uplift, central Sichuan uplift, and central 
Guizhou uplift that occurred in the Upper Yangtze region were exposed at sea level during the early 
stage of the Late Ordovician-Early Silurian, and surrounded the Sichuan Basin and its peripheral edge. 
The Early-Middle Ordovician open sea transitioned to a confined shallow sea with relative retention, 
large area, low energy, and an anoxic highly reducing depositional environment because of the 
confinement by the three uplifts (Mou et al., 2011). A sequence of black high-quality shales that are 
rich in organic matter and graptolites was deposited. It has been named Wufeng Formation-Longmaxi 
Formation, and it is over 30 m in thickness (Fig. 1-c). 
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Fig. 1. (a) Location of the study area; the map shows the structural features. (b) Seismic cross-section of the DY1 

and DY2 wells with the location shown in (a). (c) Comprehensive stratigraphic column of the Wufeng-Longmaxi 

Formation in DY1 and DY2 (according to Huang et al., 2017; revised by Wei et al., 2017). 

 
3 Samples and analytical methods 
 
3.1 Rationale and research method 

In this study, natural gamma ray spectral logging was used to analyze the redox environment of the 
Wufeng-Longmaxi Formation. The shale was analyzed and tested for mineral composition, organic 
matter content, maturity, permeability, and porosity. Shale storage and storage conditions were studied 
systematically. Furthermore, the shale roof and floor were analyzed comprehensively. Shale gas 
preservation conditions related to regional tectonic movement and style, burial and thermal evolution 
history, and formation pressures. Thereby, two major controlling geological factors of high-yield 
"hydrocarbon source" and "preservation" in marine shale gas reservoirs were systematically studied. 
The shale gas exploration and development in this area provides a scientific basis applicable to future 
research (Fig. 2). 
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Fig. 2. Flow chart of the research work. 

 
3.2 Samples and experimental methods 
 
3.2.1 Samples 

Our work set out to evaluate the "hydrocarbon source" conditions of the Wufeng-Longmaxi 
Formation shale in the Dingshan area systematically by investigating its geochemical characteristics, 
mineral composition, microstructure, porosity, permeability, and other aspects. The research was 
conducted mainly at the “State Key Laboratory of Oil and Gas Reservoir Geology and Development 
Engineering” of the Southwest Petroleum University. The samples were taken mainly from the DY1 
and DY2 wells in the Wufeng-Longmaxi Formation core. In order to ensure the representativeness of 
the test results, the thickness of the whole shale has been determined. Table 1 summarizes the 
laboratory tests that have been conducted and the number of samples that have been tested for each 
well. 
Table 1. Laboratory experiments, equipment, and provenance of the tested samples. 

Parameters Laboratory equipment and model 
Provenance and amount of samples 

DY1 well DY2 well 

TOC TOC Tester (TOC-VCPH) 
58 70 

Ro Measurement of vitrinite reflectance (DM4500P+QDI308) 

Mineral constituent X-Ray Diffractometer (X’Pert Pro) 49 58 

Micro-pore structure Field emission scanning electron microscope (FEI Quanta 650 FEG) 13 19 

Porosity and Permeability Unconventional reservoir porosity and permeability analyzer (CMS-300) 51 43 

Note: The laboratory equipment belongs to the “State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation”. 

 
3.2.2 Total organic carbon 

The TOC of the Wufeng-Longmaxi Formation shale sample was determined by the Japanese 
SHIMADZU-TOC-VCPH total organic carbon analyzer, equipped with a TNM-1 total nitrogen test 
unit and a SSM-5000A solid sample injection accessory, which contains a catalytic aid. A 680 °C 
combustion chamber was employed with a normal sensitivity catalyst, standardized according to a 
6-point calibration curve, using the phthalic acid k-phthalate standard (100 mg/l, or 10 mg/l, according 
to the DOC range of the sample). MilliQ water (MQW) was used as a blank, and each sample was 
injected at least twice, to ensure data consistency and a low (< 2) maximum coefficient of variation 
(CVmax) of the integrated area (Schlegel et al., 2013; Orem et al., 2014). The relative standard deviation 
of repeated measurements of total carbon (TC) and inorganic carbon (IC) in liquid samples were <1.5%, 
and those in solid samples were < 1%. The TOC content is determined by the difference TC–IC, in 
which organic carbon (i.e., TOC) is combined with hydrogen or oxygen to form an organic compound, 
and inorganic carbon is the structural basis of inorganic compounds such as gas carbonates and 
carbonates. The carbon is collectively referred to as total carbon (TC) (Kim et al., 2016). 

 
3.2.3 Vitrinite reflectance analysis 

The vitrinite reflectance test was carried out using a Leica DM4500P polarizing microscope and a 
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6-hole QDI308 microscopic spectrophotometer with a minimum sampling area ≤ 1 μm
2
 (Chen et al., 

2018; Kang et al., 2018). The measurement of the vitrinite reflectance was conducted according to the 
international standards "GB/T 6948" and "SY/T 5124-2010". 

 
3.2.4 XRD analysis 

At the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, a total of 84 
samples from the core of the Wufeng-Longmaxi Formation were analyzed using the X’Pert Pro 
full-rock X-ray diffractometer from the Dutch PANalytical Company. The apparatus comprises the 
main operating system (PW3040/60 cabinet, etc.) and other accessories. The maximum current is 60 
mA, and the maximum voltage is 60 kV. First, the sample was ground into a powder. Then, the 
different mineral components were analyzed in the range 2°–60° at a scanning rate of 45 kV and 35 mA, 
and evaluated quantitatively (Xu et al., 2017; Luo et al., 2018). 

 
3.2.5 FE-SEM 

FE-SEM is a common method for directly observing micro-nano pores and evaluating fracture sizes, 
as well as their shapes and distribution (Loucks et al., 2012; Wang et al., 2016). We used a 
variable-voltage field emission scanning electron microscope (model FEI Quanta 650 FEG) 
manufactured by FEI Czech Republic S.r.o. The acceleration voltage range is 200 V – 30 kV, and the 
resolution of the sample in vacuum is down to 1.4 nm. In this experiment, 20 samples were collected 
uniformly across the layers 1-4 of the Wufeng-Longmaxi Formation. The sample was fixed on the 
polisher before inducing vacuum, and the operating parameters (acceleration voltage, and high-energy 
argon ion beam) were set. Subsequently, we bombarded the sample and polished the shale section 
(Wang et al., 2015), before applying a thin (10–20 nm) gold coating to the polished surface to improve 
conductivity (Curtis et al., 2012). Finally, we conducted high-resolution field emission scanning 
electron microscopy to observe the polished surface and obtain key information about the pore 
structure, type, and size. 

 
3.2.6 Pore and permeability analyses 

The permeability and porosity of the cores from the DY1 and DY2 wells were measured and 
calculated by the non-conventional layer pore permeation analyzer (CMS-300) produced by the Temco 
Company of the United States. The instrument determines the permeability and porosity by the 
pressure decay method, following Boyle's law (He et al., 2016; Zhou et al., 2016). The porosity 
measurement range is ~0.01–40%, and the permeability test range is ~0.00005 mD–15 D. Before the 
experiment, the core test sample was dried at a temperature of 104.4 °C for 2 days, and the 
permeability was measured under the confining pressure of ~1000–6000 PSIA. Permeability and 
porosity were measured using a core measurement system (CMS-300) (Teklu et al., 2017). 

 
3.2.7 Spectral gamma ray logging 

The geochemical characteristics of radioactive elements such as K, U, and TH in the formation 
were measured by energy gamma logging. The measured radioactive elements uranium, thorium, 
and potassium were neglected in their respective units to calculate the ratios Th/U, Th/K, which 
are ratios of great geological significance (Ito et al., 2017). The information on Th, U and K 
radioactive elements were derived from the logging data of Sinopec Exploration Branch. The 
ECLIPS-5700 imaging logging system and the Log-IQ fast platform logging system were used. 
The testing process was based on the industry standard SY/T5132-2003, "Logging Raw Materials 
Quality Requirements". 

 
4 Results 
 
4.1 An anoxic (occlusive) paleoenvironment is the basis for the development of organic-rich shale 

The study area is located at the periphery of the Sichuan Basin. The depression is bounded by the 
Xuefeng uplift, the central Sichuan uplift, and the central Guizhou uplift that occurred due to the 
influence of the uniform Late Ordovician-Early Silurian movement in the middle part of the 
Caledonian orogeny. With the large-scale melting of glaciers after the ice age and the rapid 
transgression of the depression, a large deep-water continental shelf environment was formed (Fig. 3) 
(Mou et al., 2011; He et al., 2016; Zhao et al., 2016; Feng et al., 2016; Wei et al., 2017). In addition, the 
ice age led to massive biological extinction, and the climate rewarmed after the ice age. Lower 
organisms reproduced in great numbers, the dead zooplanktons settled in deep water like snowflakes. 
Numerous siliceous organisms (e.g., radiolaria, foraminifera, sponge spicules, and graptolites) 
deposited at the bottom with high concentrations (Wang et al., 2014). The anoxic (occlusive) 
deep-water continental shelf environment also played an important role in the burial and preservation 
of the organisms after death, and promoted the enrichment of organic matter. 
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Fig. 3. Model of the sedimentary environment during the deposition of the Wufeng-Longmaxi Formation in the 

Sichuan Basin and the surrounding area (Mou et al., 2011; He et al., 2016; Zhao et al., 2016; Feng et al., 2016; 

revised by Wei et al., 2017). 

Natural gamma energy spectral logging can determine the U-Th-K content in strata from different 
gamma ray intensities, and the ratios of the radioactive elements Th/U and Th/K in shale can be used to 
effectively determine the paleo-sedimentary environment. In particular, a ratio Th/U > 7 represents a 
continental depositional environment of weathering, oxidation, and leaching; 2 < Th/U < 7 indicates a 
marine-facies oxygen-deficient reducing environment; and Th/U < 2 indicates a marine-facies anoxic 
strongly reducing environment. In addition, the cross plot of Th and K can be used to differentiate 
various kinds of clay minerals, and Th/K can reflect the energy of the depositional environment (Ding 
et al., 2014). Based on the natural gamma energy spectrum, the Th/U and Th/K values of the 
Wufeng-Longmaxi Formation in DY1 well are in the ranges of 0.5–15 and 2.5–10, respectively, which 
indicates that the depositional environment was mainly dominated by low-energy marine facies and a 
sub-high-energy reducing or strongly reducing environment. The main clay minerals are illite and 
montmorillonite. In particular, the upper segment of the Longmaxi Formation and layer No. 1 both 
contain oxidized terrestrial deposits, and the clay minerals are locally rich in illite. The Th/U and Th/K 
values of the Wufeng-Longmaxi Formation in the DY2 well are in the ranges of 0.5–7 and 3.5–12, 
respectively, which indicates that the depositional environment was also mainly dominated by 
low-energy marine facies and a sub-high-energy reducing or strongly reducing environment. As in DY1, 
the clay minerals are mainly illite and montmorillonite. The Th/U values in the two wells clearly 
increase, which indicates that the depositional environment transitioned from a low-energy strongly 
reducing environment to a sub-high-energy oxygen deficient or even oxidized continental deposit, and 
that the water depth gradually became shallower (Fig. 4). In addition, the stable ratios V/Ni and 
V/(V+Ni) can be used to determine the oxidizing-reducing conditions of the water body. Based on 
previous measurements of the V and Ni contents in samples of the Wufeng-Longmaxi Formation shale 
in the Guanyin Bridge section of Qijiang, which outcrop in the study area, V/N is 1.27–6.7 and is 
generally greater than 1.0, and V/(V+Ni) is 0.56–0.87 and is generally greater than 0.56. Therefore, the 
shale in the Wufeng-Longmaxi Formation in this area was clearly deposited in a marine-facies anoxic 
reducing environment. 
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Fig. 4. Cross plots of the radioactive elements U-Th-K in the shale of the Wufeng-Longmaxi Formation in the 

DY1 and DY2 wells.  

(a) Th/U in DY1; (b) Th/K in DY1; (c) Th/U in DY2; (d) Th/K in DY2. 

Core observations of the target layers in the wells show that the upper lithology is mainly dominated 
by gray-black silty shale (Fig. 5-a), and the lower part is mainly composed of black carbonaceous shale 
(Fig. 5-b). The fracture surfaces in the rock core are mostly dentate, and the carbonaceous shale is 
damaged and exhibits fragmented or scaly shapes. There is also a large number of punctiform (nodular), 
banded, and disseminated pyrite in bedding-parallel layers, which indicates an anoxic deep-water 
reducing environment (Fig. 5-c, 5-d, and 5-g). The sedimentary structure includes horizontal bedding 
with good layering, formed by inter-bedded silty and argillaceous layers (Fig. 5-c). The lamellae are 
relatively well developed throughout the entire rock core. Bio-fossils with different shapes and sizes 
are relatively abundant in layer No. 4 in the two wells, and the overall distribution is not uniform, 
containing local enrichments. Glyptograptus with a double row of straight thecae and biramous 
Dicellograptus with curved thecae are common (Fig 5-e and 5-f), as are a small number of crustacean 
trace fossils. We can observe local strike-slip fractures caused by tectonic movements. The fracture 
surfaces exhibit a mirror-like appearance and bright scratches, most of which are filled by calcite (Fig. 
5-h). Core flooding results in a small amount of bubbling overflow. 
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Fig. 5. Core characteristics of the shale in the Wufeng-Longmaxi Formation in the DY1 and DY2 wells. 

(a) Silty, graptolite-poor, apparent mineral granules in the fragmented surfaces; DY1 well, upper segment of the Longmaxi Formation, 

1963.51-1963.54 m. (b) Centimeter, carbonaceous, graptolite-rich, scaly after fragmentation; DY2 well, layer No. 4, 4360.54-4360.56 m. 

(c) Banded pyrite and punctiform pyrite with horizontal bedding; DY1 well, layer No. 4, 2051.03-2051.20 m. (d) Pyrite granules with 

horizontal bedding; DY2 well, layer No. 4, 4355.13-4355.16 m. (e) Glyptograptus and Dicellograptus; DY1 well, layer No. 4, 

2051.03-2051.20 m. (f) Graptolite; DY2 well, layer No. 4, 4356.53~4356.62 m. (g) Horizontal bedding; DY1 well, layer No. 4, 

2030.14-2030.25 m. (h) Scratches and calcite filling, scrapes and mirror surfaces; DY2 well, layer No.4, 4353.29-4353.30 m. 

 
4.2 Favorable generation and storage conditions ensure the enrichment of shale gas 

Shale gas exploration and development in China and other countries revealed that shale gas 
reservoirs are typically authigenic self-storing gas reservoirs, which have the characteristics of early 
formation times, continuous accumulation, absence of obvious trap boundaries, low permeability, and 
low porosity (Zou et al., 2010; Loucks et al., 2009). Therefore, properties established for traditional 
reservoirs, including the relationship among the lithology, physical, electric, and oil- and gas-bearing 
properties are not applicable to the characteristics of shale gas reservoirs and to studies on the 
enrichment of shale gas in the complex tectonic framework of southeast Sichuan. Analyses of these 
reservoirs should also include six types of rock properties, i.e. geochemical properties, lithology and 
mineral composition, brittleness (fracturing properties), gas-bearing properties, physical properties, and 
heterogeneity (anisotropy) (Zou et al., 2015; Zhang et al., 2016). Furthermore, optimal correlations and 
relationships among these six properties should be established. 

 
4.2.1 Hydrocarbon generation capability and gas-bearing conditions 

The formation and distribution of oil and gas reservoirs are mainly controlled by those rocks that are 
a source of hydrocarbon. Their measurement, and the evaluation of their hydrocarbon generation 
capability, are mainly based on the abundance and type of organic matter and thermal maturity. When 
the thermal maturity of organic-rich shale reaches the gas generation stage, the TOC and gas contents 
are high. This is because shale at high degrees of thermal evolution contains a large volume of 
micropores, which increase its gas-bearing properties (Dong et al., 2016; Huang et al., 2017). We set 
out to investigate the relationship between hydrocarbon generation capability and gas-bearing 
properties of the shale in the wells. The experimental tests and analyses indicate that the TOC content 
in the target layers of the DY1 and DY2 wells increases from top to bottom. In particular, the TOC in 
layer No. 4 in the DY1 well is 1.72–4.64% (average of 3.12%), which is lower than the TOC of the 
corresponding layer of the DY2 well, which is 3.11–5.96% (average of 4.07%). The well log 
interpretation indicates that the gas content increases with the gradual increase of the TOC content, and 
the overall gas content in DY2 is greater than that in DY1. The gas content of layer No. 4 in DY2 is 
estimated in 4.12–8.76 m

3
/t, with an average of 5.77 m

3
/t, exhibiting better gas-bearing properties. In 

addition, the results of the maturity analysis indicate that the organic matter in the shale is mainly 
I-type kerogen with a small amount of II1-type kerogen. Moreover, the degree of thermal evolution of 
the organic matter is high, and it is generally between the late stage of the highly mature stage and the 
overmature stage, which is the gas production stage (Table 2). 
Table 2. Geochemical test results of the shale in the Wufeng-Longmaxi Formation in the DY1 and DY2 

wells. 
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Well 

position 

Layer 

segment 

Thickness 

(m) 

Number of 

samples 
TOC (%) 

Vitrinite 

reflectance (Ro) 

Type of 

organic matter 
Maturity Log gas content (m

3
/t) 

DY1 

Upper 

segment 
78.0 15 

0.23-1.31 

(0.76) 
1.92-2.18 (2.04) I-II1 type 

Highly mature 

to overmature 
0.475-0.886 (0.62) 

1 20.7 9 
0.37-1.43 

(0.88) 
1.97-2.32 (2.13) I-II1 type 

Highly mature 

to overmature 
0.53-0.907 (0.62) 

2 19.1 9 
0.53-1.45 

(1.33) 
2.07-2.48 (2.26) I type Overmature 0.61-1.34 (0.92) 

3 12.0 10 
0.95-2.05 

(1.71) 
2.18-2.44 (2.32) I type Overmature 0.96-1.50 (1.13) 

4 31.6 15 
1.72-4.64 

(3.12) 
2.57-2.89 (2.64) I type Overmature 1.34-3.75 (2.94) 

DY2 

Upper 

segment 
60.4 18 

0.3-1.90 

(1.14) 
2.03-2.35 (2.19) I type Overmature 0.45-1.90 (1.31) 

1 35.0 10 
0.80-1.97 

(1.54) 
2.03-2.59 (2.43) I type Overmature 1.00-2.20 (1.83) 

2 17.2 17 
1.10-3.70 

(1.91) 
2.17-2.76 (2.46) I type Overmature 0.72-3.40 (2.18) 

3 16.8 12 
1.68-3.80 

(2.80) 
2.46-3.15 (2.82) I type Overmature 2.20-4.81 (3.65) 

4 18.5 13 
3.11-5.96 

(4.07) 
2.64-3.59 (2.85) I type Overmature 4.12-8.76 (5.77) 

Note: the values in parentheses indicate the average values. The tests were performed at the State Key Laboratory of Oil and Gas 

Reservoir Geology and Exploitation at the Southwest Petroleum University. 

We compared the TOC and the thermal evolution degree (Ro) of the rock core with the gas content 
from the well logs. The results indicate that there is a good positive correlation between these 
parameters. A higher TOC and Ro indicate higher gas content, with a coefficient of determination R

2
 

greater than 0.8 (Fig. 6). The layers with economic value are mainly located at the base of the 
Wufeng-Longmaxi Formation, namely the overmature high-quality hydrocarbon source rocks with 
TOC > 2% and Ro > 2%. In particular, the high-quality hydrocarbon source rock in the DY1 well is 
mainly in the lower part of layer No. 3 and layer No. 4, and the thickness is approximately 30.0 m. The 
high-quality hydrocarbon source rock in the DY2 well is in layers No. 3 and 4, and the thickness is 
approximately 35.5 m. In general, the highest TOC values in both wells are found in the Wufeng 
Formation, where the maturity is also the highest, and the gas content is relatively high. This is 
followed by the black shale interval in layers No. 1–4 of the Longmaxi Formation. The TOC value of 
the non-black portion of the shale in the upper segment of the Longmaxi Formation is the lowest, 
consistently with its lowest maturity; the corresponding gas content is also relatively low. 
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Fig. 6. Cross plots of TOC, Ro, and gas content in the shale of the Wufeng-Longmaxi Formation in DY1 well (a, c, 

e) and DY2 well (b, d, f). 

 
4.2.2 “Sweet spot” condition 

Shale gas reservoirs have low porosity and low permeability. Artificial fracturing must be applied to 
achieve industrial production (Zou et al., 2010). Therefore, the fracturing properties of shale gas 
reservoirs (such as the brittleness), are particularly important. The brittleness depends on the mineral 
composition and the mechanical properties of the rock (Ju et al., 2014; Li et al., 2012). Conventional 
brittleness evaluations are based on the quartz content. Because the shale in the Longmaxi Formation in 
the Sichuan Basin can contain up to seven lithofacies, the quartz content is 15.6–55.0%, the feldspar 
content is 3.3–10.2%, and the carbonate mineral content is low (Zhao et al., 2016). Evaluation of the 
shale brittleness based on a single mineral would cause problems, because feldspar is more brittle than 
carbonate minerals, and because pyrite, which forms in anoxic environments, accounts for some of the 
quartz content. Thus, we use quartz, feldspar, and pyrite as the main brittle minerals to evaluate the 
brittleness of the shale. The brittleness index defined by Rickman et al. (2008) is often applied in 
several important shale gas production areas in China and in other countries to evaluate shale 
brittleness. Its use is practical on site, while the required elastic parameters can be conveniently 
measured in the laboratory (Rickman et al., 2008; Wang et al., 2016). The equations for the calculation 
are as follows:  
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where BI1 is the brittleness index from the rock mineral composition method; vquart, vfeldspar, and vpyrite 

are the percentages of the brittle minerals; vcarbonate is the percentage of carbonate minerals; vclay is the 

percentage of clay minerals; BI2 is the brittleness index from the rock elastic parameter method; E is 

Young’s modulus, 10 GPa; and μ is Poisson’s ratio (dimensionless).  

Similar to the samples used to evaluate the variation in the organic matter in the shale interval, the 
samples used for the analysis of the mineral composition were collected according to the thickness and 
burial depth of the target layers in the DY1 and DY2 wells. A whole-rock X-ray diffraction 
experimental apparatus (X’Pert Pro from PANalytical B.V., the Netherlands) was utilized, and a total of 
153 specimens were analyzed. The results indicate that there is a clear variation in the overall mineral 
composition of the target layers. The content of brittle minerals decreases in the upper layers and is 
inversely proportional to the clay content (Table 3 and Fig. 7). The average brittle mineral content of 
layer No. 4 in the DY2 well is 53.6%, which is higher than that of layer No. 4 in the DY1 well; the 
average clay mineral content is 30.3%, which is lower than that of layer No. 4 in the DY1 well. 
However, the opposite relationship is observed in the upper segment. The average carbonate content in 
the upper segments of the DY1 and DY2 wells are 18.4% and 16.3%, respectively, and the carbonate 
contents in layers No. 1–4 are relatively low and relatively uniform (approximately 10%). The 
brittleness index associated to the mineral compositions decreases from layer No. 1 to the upper 
interval. In particular, the average brittleness index (58.3%) of layer No. 4 in the DY1 well is slightly 
higher than that of layer No. 4 in the DY2 well (57.3%).  

 
Fig. 7. Ternary diagrams of mineral compositions of the Wufeng-Longmaxi Formation in the DY1 (a) and DY2 (b) 

wells.  

Note: the tests were performed at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation. 

Table 3. Mineral composition, elastic parameters, and brittleness index of the shale in the 

Wufeng-Longmaxi Formation in the DY1 and DY2 wells. 

Well 

position 

Layer 

segment 

Numb

er of 

sampl

es (n) 

Quartz + 

feldspar + pyrite 

(%) 

Carbonate 

mineral 

(%) 

Clay 

minerals 

(%) 

Brittleness 

index of 

mineral 

compositions

, BI1 

Poisson’s 

ratio 

Young’s 

modulus (10 

GPa) 

Rickman 

brittleness 

index, BI2 

DY1 

Upper 

segment 
15 26.7-42.3 (35.7) 

6.6-34.9 

(18.4) 

36.7-50.2 

(44.2) 

27.2-43.0 

(36.3) 

0.234-0.276 

(0.257) 

3.87-4.12 

(3.98) 

45.3-54.8 

(49.4) 

1 7 41.3-45.1 (43.3) 1.8-9.0 49.7-53.4 41.3-45.1 0.270-0.295 3.46-3.87 38.9-45.4 
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(5.4) (51.3) (43.4) (0.285) (3.66) (41.9) 

2 8 42.7-45.5 (43.9) 
1.4-7.5 

(3.8) 

47.6-52.2 

(50.3) 

43.8-46.4 

(44.8) 

0.237-0.269 

(0.258) 

3.59-3.86 

(3.72) 

43.4-56.0 

(47.7) 

3 7 42.3-45.2 (43.8) 
5.5-8.9 

(7.5) 

43.5-46.4 

(44.8) 

44.1-47.1 

(45.6) 

0.231-0.268 

(0.247) 

4.12-4.44 

(4.22) 

49.0-56.2 

(53.7) 

4 12 47.2-53.9 (50.9) 
3.6-7.8 

(5.9) 

37.6-45.1 

(41.2) 

49.5-54.3 

(51.9) 

0.212-0.250 

(0.226) 

3.72-4.66 

(4.11) 

50.9-61.2 

(58.3) 

DY2 

Upper 

segment 
16 

36.4-44.6 (41.6) 9.2-30.3 

(16.3) 

31.3-44.6 

(40.0) 

37.1-45.2 

(42.5) 

0.211-0.290 

(0.266) 

2.94-4.01 

(3.14) 

35.6-59.3 

(46.4) 

1 9 
41.7-47.1 (44.8) 4.2-14.3 

(9.9) 

37.4-50.1 

(41.3) 

43.4-49.3 

(46.7) 

0.181-0.307 

(0.264) 

2.67-42.4 

(3.08) 

32.5-64.9 

(41.9) 

2 16 
44.3-48.1 (46.5) 4.2-14.0 

(9.2) 

31.1-38.7 

(35.4) 

48.7-52.9 

(51.0) 

0.185-0.261 

(0.230) 

2.96-3.45 

(3.24) 

42.7-59.7 

(50.0) 

3 7 
47.6-51.1 (49.2) 6.9-13.2 

(10.5) 

29.6-33.4 

(31.3) 

52.3-56.2 

(54.1) 

0.195-0.256 

(0.232) 

3.31-4.35 

(3.70) 

48.1-60.7 

(52.9) 

4 10 
50.3-57.3 (53.6) 7.5-10.9 

(9.1) 

26.5-33.0 

(30.3) 

54.1-61.7 

(57.6) 

0.186-0.242 

(0.208) 

3.45-4.53 

(4.38) 

49.8-62.2 

(57.3) 

Note: values in parentheses represent average values. The tests were performed at the State Key Laboratory of Oil and Gas Reservoir 

Geology and Exploitation. 

The analyses of the organic matter content, mineral composition, and brittleness of the shale in the 
Wufeng-Longmaxi Formation in the DY1 and DY2 wells demonstrate that there is a significant 
correlation between these parameters. An increase in the siliceous content causes an increase in shale 
brittleness. In addition, due to the influence of the regional depositional environment, the siliceous and 
organic matter contents are positively correlated. Therefore, there should also be a correlation between 
the shale brittleness and the organic matter content. The cross plot of the brittleness index of the 
mineral composition and the corresponding organic carbon content (Fig. 8) shows a clearly linear 
positive correlation. The coefficient of determination of the target layers in the DY1 well is 0.705, and 
that of the target layers in the DY2 well is 0.699. Experience in shale gas exploration and development 
has demonstrated that favorable gas reservoir segments have a TOC > 2%, and TOC is higher than 3% 
in the “sweet spot layer” (Wang et al., 2016). By combining the shale brittleness index and the TOC, 
we can preliminarily divide the target layers into three categories: (1) a high-quality gas reservoir 
interval (“sweet spot layer”) with TOC > 3% and BI1 > 50%; (2) a secondary high-quality gas reservoir 
interval with 2% < TOC < 3% and BI1 > 50%; and (3) a poor non-gas-reservoir interval with TOC < 
2% and BI1 < 50%. Layer No. 4 in the DY1 well is in the high-quality to secondary high-quality gas 
reservoir interval, which has a cumulative thickness of approximately 15–30 m. The shale in the upper 
segment of layer No. 3 is in the poor non-gas-reservoir interval. The lower part of layers No. 3–4 in the 
DY2 well are in the high-quality gas reservoir interval, which has a cumulative thickness of more than 
30 m, and the shale in the upper part of layer No. 2, which is the upper segment of the Longmaxi 
Formation, is in the secondary high-quality to poor non-gas reservoir intervals. 

 

Fig. 8. Cross plots of brittleness and TOC for the mineral composition of the Wufeng-Longmaxi Formation in the 

DY1 (a) and DY2 (b) wells. 

Rocks with a high Young’s modulus and a low Poisson ratio have high brittleness, which is 
conducive to the formation of a complex fracture network after fracturing (Li., 2012; Rickman, 2008). 
The dynamic mechanical parameters of rocks calculated from the interval transit time log curve 
indicate that there is a significant difference between the elastic parameters of the shale in the target 
layers of the two wells (Table 3). The average elastic brittleness indexes of the upper segments of the 
Longmaxi Formation are 49.4% and 46.4%, respectively, which are higher than that of layer No. 1. The 
main reason for this difference may be that the brittleness increases slightly in the upper segment 
despite the low siliceous content because the water became shallower during the deposition of the 
upper segment. Thus, the depositional environment was a shallow continental shelf environment, in 
which the carbonate mineral content serves as the main brittle component. Because layer No. 4 in the 
DY2 well is affected by a high organic matter content, its brittleness is lower than that of layer No. 4 in 
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the DY1 well. The elastic brittleness generally first decreases and then increases from the lower to the 
upper levels in both wells. Based on this index and the standard geological evaluation parameters for 
shale gas in the Sichuan Basin (Tu, 2014) it can be inferred that: (1) a region with the Poisson ratio μ < 
0.25 and Young’s modulus E > 2×10 GPa is a favorable region; and (2) a region with the Poisson ratio 
μ < 0.20 and Young’s modulus E > 3×10 GPa is a core area. The interaction between Young’s modulus 
and the Poisson ratio indicates that layers No. 3 and No. 4 in both wells are in the favorable region, and 
the Rickman brittleness index (BI2) is approximately 48.1–62.2%. The lower part of layer No. 4 in the 
DY2 well is located in the core region, and it has a lower Poisson ratio and a higher Young’s modulus 
than layer No. 4 in the DY1 well. The Rickman brittleness index (BI2) is 49.8–62.2%, and the average 
is approximately 57.3% (Fig. 9). In general, the fracturing in the lower part of the target layers in the 
two wells is relatively good. Layer No. 4 in the DY2 well has high values of both indexes (high TOC 
and high BI) and represents the “sweet spot layer” interval of the high-quality gas reservoir. 

 

Fig. 9. Diagram of the elastic parameters and brittleness of the shale in the Wufeng-Longmaxi Formation in the 

DY1 (a) and DY2 (b) wells. 

 
4.2.3 Physical properties 

 The large amount of micro- to nanometer-level pores in shale are considered to serve as the 
enrichment and storage space for shale gas. The degree of development of these pores affects the 
reservoir performance of shale gas reservoirs and controls the shale gas yield (Curtis, 2002; Jarvie 
et al., 2007; Zou et al., 2010; He et al., 2017).  

Many classifications of the microscopic pores in shale exist in China and internationally (Slatt 
et al, 2011; Nie et al., 2018), and no uniform standard or scheme is recognized in the industry. A 
division based on the origin and type of the formation can conveniently reflect the mineral 
compositions and the organic matter content in the shale. The statistical characteristics of the 
microscopic pores in the Wufeng-Longmaxi Formation from scanning electron microscopy 
observations indicate that they are mainly inorganic and organic pores with a small number of 
micro-fractures. In the DY1 well, clay interlamellar pores and strawberry-like pyrite intergranular 
pores can be observed in most samples (Fig. 10-e and 10-f). Most of the clay interlamellar pores 
have a fibrous and curved morphology similar to clay (illite), and are abundant and well connected. 
Strawberry-like pyrite intergranular pores are likewise common in some samples (Fig. 10-b, 10-f, 
and 10-g). Because the pyrite crystals are different in size (large or small), the connectivity 
between single strawberry-shape pyrite crystals is good, and the space between the crystals is 
often filled with organic matter. However, the connectivity between multiple strawberry-like 
pyrite colonies is poor, and they are often isolated. In addition, the primary circular or elliptical 
pores that developed during diagenesis are honeycomb organic pores, and mostly exhibit a spotty 
distribution (Fig. 10-d), with a small number of secondary organic contraction fractures (Fig. 10-g) 
and structural micro-fractures filled with pyrite (Fig. 10-c). There is also a small amount of 
nanometer-scale micro-fractures that formed by the internal dehydration of clay minerals. The 
opening of this type of fractures ranges from 10 nm to several tens of nanometers, and they 
progress from narrow- to pointed-shape in the extension direction (Fig. 10-a). 
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Fig. 10. Characteristics of the size distributions of the organic pores and inorganic pores in the shale of the 

Wufeng-Longmaxi Formation in the DY1 well. 

The gas-bearing properties of shale mainly reflect two aspects of the absorbed gas and the free gas in 
shale. The absorbed gas is mainly absorbed on the surface of organic matter and minerals, while the gas 
molecules of the free gas are mainly located in the pores (Jiang et al., 2016; Xue et al., 2015). When the 
pore sizes of the shale are larger, the corresponding surface area and pore volume inside the pores are 
larger. Based on scanning electron microscopy observations, we statistically analyzed the pore radii of 
the organic and inorganic pores in layers No. 1–4 in the DY1 well and in layer No. 4 in the DY2 well. 
The results indicate that the microscopic pores in both wells are mainly nanometer-scale pores. The 
sizes of the organic pores in the shale rock samples from layers No. 1–4 in DY1 vary little in the 
longitudinal direction, and the range of the median pore sizes is 10–100 nm with an average of 38 nm 
(Fig. 10 and 11-a). The variation in the inorganic pore radii is relatively large. The range of the median 
pore sizes is 50–220 nm, and the average is 108 nm (Fig. 10 and 11-b). The variation in the organic 
pore size in the longitudinal direction in the shale rock samples from the DY2 well is relatively small; 
they are generally smaller than 50 nm, and the range of the median pore radii is 25–50 nm with an 
average of 35 nm (Fig. 11-c). The variation in the inorganic pores in the longitudinal direction is small, 
and the median pore radii are mostly greater than 100 nm; the range is 100–200 nm, and the average is 
133 nm (Fig. 11-d). According to Khodot’s classification method, we can divide the pores into large 
pores (greater than 1 um), medium pores (100–1000 nm), small pores (10–100 nm), and micropores 
(smaller than 10 nm). Most of the organic pores in the two wells are small pores. The inorganic pores in 
the DY1 well are mainly small and medium pores, and the inorganic pores in the DY2 well are mainly 
medium pores. This is because shale is affected by compaction, which causes the porosity to decrease 
continuously. However, the quartz, feldspar, and pyrite in the shale are rigid, and have a strong ability 
to resist compaction, such that they support the surrounding pores (Tang et al., 2016). Inorganic pores 
are mainly represented by intergranular lattice pores supported by particles, and the sizes of the 
inorganic pores in the shale in the two wells are generally greater than those in the organic matter. 
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Fig. 11. Characteristics of the size distributions of the organic pores and inorganic pores in the shale in the 

Wufeng-Longmaxi Formation in the DY1 (a, b) and DY2 (c, d) wells. 

The comparison of the test results of the inorganic and organic porosity for the two wells indicates 
that the inorganic porosity of the specimens from the DY1 and DY2 wells is less than 1%. Combining 
this information with the pore size characteristics, we can infer that the size of the inorganic pores is 
greater than that of the organic pores. However, this also indicates that the abundance of organic matter 
in the specimen is higher, leading to a higher organic matter porosity than that of the inorganic pores. In 
particular, the inorganic pores in layers No. 1–4 in the DY1 well increase, and the inorganic porosity of 
layer No. 4 in the DY2 well is greater than that of layer No. 4 in the DY1 well (Fig. 12-a). In the DY1 
well, the organic matter porosity decreases from 1.7% to 0.1% from layer No. 4 to layer No. 3. The 
organic matter porosity of samples from layer No. 4 in well DY2 is approximately 1.5%, which is 
greater than that in the corresponding sample from the DY1 well (Fig. 12-b). This also indicates that 
the preservation conditions of the DY1 well were poorer during the late stage, and that the gas escaped. 
Inorganic pores and organic pores are subject to compaction by the overlying formations, and the pore 
radii and porosity decrease. The gas preservation conditions in the shale of the DY2 well are better, and 
gas emissions are lower because gas is trapped inside the pores. The corresponding pore radius and 
porosity are greater than those in the DY1 well. 
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Fig. 12. Comparative histogram of shale inorganic porosity and organic matter porosity of the Wufeng-Longmaxi 

Formation in the DY1 (a) and DY2 (b) wells. 
Due to the compaction of shale during the late sedimentary stage, the internal clay minerals were 

oriented by multiple episodes of plastic deformation to form lamellae with extremely good 
permeability (Hu et al., 2014) (Fig. 5-e and 10-k). In addition, the bedding-parallel compressive 
strength became lower than the vertical compressive strength, and the influence of tectonic movement 
during the late stage of sedimentation helped the development of bedding-parallel shear fractures in the 
high-quality shale interval (Fig. 5-f and 10-m). We tested the horizontal and vertical permeabilities of 
the cores of the shale in the Wufeng-Longmaxi Formation in the DY1 and DY2 wells. To restore the 
lithostratigraphic conditions, the overburden pressure was applied during the test. The overburden 
pressure during the tests of the samples from the DY1 well was 20 MPa, while that for the samples 
from the DY2 well was 48 MPa. The test results indicate that the horizontal permeability of the shale is 
greater than the vertical permeability, and the lateral seepage and diffusion velocity of the shale gas are 
much greater horizontally than vertically. The horizontal permeability of the shale in the DY1 well is 
0.008–1.967 mD, with an average of 0.695 mD, and the vertical permeability is approximately 
0.005–0.495 mD, with an average of 0.205 mD. The permeabilities differ by a factor of 2.4–7.4 (Fig. 
13-a). The horizontal permeability of the shale in the DY2 well is approximately 0.007–0.18 mD, with 
an average of 0.064 mD, and the vertical permeability is approximately 0.002–0.068 mD, with an 
average of 0.019 mD. The permeabilities differ by a factor of 2.9–6.7 (Fig. 13-b). A comparison of the 
permeabilities in the two wells shows that the permeability in the DY2 well is much lower than that in 
the DY1 well. The main reason for the difference stems from the consequences of burial depth increase, 
which causes the pressure of the overlying formation to increase, and the clay minerals to be 
compacted further, further compressing the pore structure of the lamellae. With the burial depth 
increasing from approximately 2,000 m to approximately 4,500 m, the average transverse permeability 
decreases from 0.695 mD to 0.064 mD, and the average vertical permeability decreases from 0.205 mD 
to 0.019 mD. The results also indicate that when the burial depth is appropriate, the shale permeability 
is extremely low, and the shale gas reservoir is sealed when it reaches a certain thickness. 

 

Fig. 13. Histograms comparing the vertical and horizontal permeabilities of the shale in the Wufeng-Longmaxi 

Formation in the DY1 (a) and DY2 (b) wells. 
 
4.3 Effective preservation conditions are the key to the enrichment of shale gas 

The formation of shale gas reservoirs generally begins with a hydrocarbon generation period during 
ultra-deep burial, and a period of uplift due to tectonic movement (Guo, 2014). During the latter 
process, the stratigraphic conditions and environment for the occurrence of shale gas change. The 
conditions of the overlying and underlying strata, burial depth, time and intensity of the tectonic uplift, 
regional faulting, and fracture development can all cause the shale gas to escape and cause damage to 
the shale gas reservoir. In comparison with North America, where shale gas exploration and 
development are more mature, the marine-facies shale in the Longmaxi Formation in the Sichuan Basin 
experienced strong and complex tectonic movements, such as the Caledonian, Hercynian, Indosinian, 
Yanshanian, and Himalayan orogeneses. Moreover, the marine-facies shale in the Longmaxi Formation 
dates further back and has a complicated formation process, along with large differences in its 
gas-bearing properties. The preservation conditions are vital to the formation of shale gas reservoirs 
and the enrichment of shale gas. 

 
4.3.1 Conditions of the overlying and underlying strata 
The conditions of the overlying and underlying strata determine the large difference between the 

preservation conditions of shale and conventional gas (Hu et al., 2014). The overlying and underlying 
strata can be of any lithology (i.e., mudstone, shale, tight sandstone, and carbonate), and their 
properties depend on the physical properties and closure of the rocks. In particular, overlying and 
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underlying strata with relatively good physical properties and closure form a fluid storage box around 
the gas-bearing shale interval, which can effectively restrict the outward migration of the shale gas, and 
therefore preserve it. In contrast, poor overlying and underlying strata result in poor containment of the 
fluids, and the oil and gas tend to dissipate outwards, causing damage to the shale gas reservoir (Hu et 
al., 2014; Nie et al., 2016b).  

The Longmaxi Formation shale in the Dingshan area is underlain by the shale of the Wufeng 
Formation, the nodular limestone of the Linxiang Formation, and the limestone of the Baota Formation. 
The distribution is continuous, and the total thickness can reach 52.7 m. The Shiniulan Formation, 
which overlies the Longmaxi Formation, is mainly composed of argillaceous limestone, mudstone, and 
calcareous mudstone. The total thickness can reach 214.0 m, and it can be considered to be the cap rock 
of the high-quality shale interval (Fig. 14). In addition, a thick layer of gypsum salt formed in the upper 
part of the Silurian strata under the Triassic confining rocks in a strong evaporation tableland facies 
environment. This gypsum can also prevent the vertical migration of shale gas. The core properties of 
the overlying and underlying strata in the two wells indicate that the porosity of the underlying strata is 
approximately 1.5%, the permeability is approximately 0.013 mD, and the breakthrough pressure is 
approximately 48.8 MPa. The average porosity of the overlying strata is only 1.27%, the permeability 
is approximately 0.015 mD, and the breakthrough pressure is as high as 75.9 MPa. These data suggest 
good sealing properties of the strata overlying and underlying the shale gas reservoir. 

The seismic coherence properties indicate that the degree of development of fractures and 
micro-faults in the Wufeng Formation in the Dingshan area is relatively low, whereas fractures and 
micro-faults are well developed at the upper boundary of the Longmaxi Formation. In particular, the 
black striped area on the map near the DY1 well is greater than that of the region near the DY2 well, 
and the degree of fracture development generally decreases from the Qiyueshan Mountains to the 
northwest. On the other hand, the degree of development of fractures in the Shiniulan Formation in the 
DY1, well interpreted from imaging logging, is higher than that in the DY2 well. This indicates that 
due to late tectonic uplift, the changes of the formation temperature and confining pressure caused the 
elastic brittleness of the rock to increase. The shale in the Longmaxi Formation in the DY1 well is 
prone to forming numerous structural fractures under stress, and the pressure of the overlying 
formation is lower. The black shale could not bear the abnormally high pressure that was generated 
during the decomposition of organic matter. Therefore, several bedding-parallel fractures formed, 
creating a poor overall closure, and thus poor the gas-bearing properties. The DY2 well is located far 
from the Qiyueshan Fault, and the burial depth is significant. The degree of fracture development is 
much lower than that in the DY1 well, and the closure is better. The overlying and underlying strata 
and the overlying regional gypsum layer can effectively block the shale gas, and therefore, the 
gas-bearing properties are better (Fig. 14). 
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Fig. 14. Lithology of the overlying and underlying strata and the development of fractures in the DY1 and DY2 

wells. 

 
4.3.2 Tectonic movement and type of tectonics 

During its geological history, the marine-facies shale in the Sichuan Basin experienced early deep 
burial and hydrocarbon generation, as well as a subsequent deformation due to multi-stage tectonic 
movements. During the burial process, shale hydrocarbon generation and adsorption, and accumulation 
of shale gas occurred. During the late uplift process, hydrocarbon generation stopped, and desorption of 
the adsorbed gas and diffusion of the free gas occurred. Therefore, intense tectonic movements cause 
the loss of the shale gas, and therefore are not conducive to its preservation (He, 2016, 2018). 

 

4.3.2.1 Timing of tectonic movement and degree of uplift and denudation 

The timing and intensity of tectonic events have important influences on the escape, degree, and 
residual abundance of shale gas. Tectonic deformation destroys the integrity and sealing performance 
of regional cap rocks, changes the temperature and pressure fields of shale formations, and disrupts the 
original dispersion equilibrium of shale gas reservoirs, reducing the closure (Hu et al., 2014). Early 
tectonic movement, a long duration of the movement, and strong uplift and erosion are not favorable 
for the preservation of shale gas. When the stratigraphic uplift occurs following the tectonic movement, 
less shale gas is lost, and preservation conditions are better (Guo et al., 2017). 

Due to the progressive extension of the Jiangnan-Xuefeng uplift from the late Jurassic to the early 
Late Cretaceous, and the compression of the central Guizhou uplift from south to north in the Late 
Cretaceous, the Dingshan area was generally uplifted from southeast to northwest (Fig. 1-b). Based on 
the timing of the uplift of the Dingshan area and its periphery, the uplift of the Pengshui syncline 
outside the basin occurred at 125 Ma. The duration of the movement was long, the deformation and 
erosion were intense, making the preservation conditions poor. Consistently, the gas yield during the 
fracturing test stage was only 2×10

4
 m

3
/d. The uplift of the Dingshan area and the Jiaoshiba area, which 
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are within the basin, occurred at 82.5 Ma and 80 Ma, respectively. The uplift occurred later, and the 
tectonic deformation was weak. The strata were denuded by strong uplift after 20–15 Ma. The 
denudation thickness is small, and consistently the fracturing test gas volumes of the DY1 and DY4 
wells were greater than 20×10

4
 m

3
/d. These observations show that the tectonic evolution progressed 

from the outside of the basin to the inside. The tectonic deformation outside the basin occurred earlier, 
and the intensity was high, which was not conducive to the preservation of shale gas. In contrast, the 
tectonic uplift inside the basin occurred later, and the deformation was weak. The duration of the 
diffusion was short, the loss of shale gas was low, and the preservation conditions were good (Fig. 15). 

 

Fig. 15 The burial evolutionary history of the Dingshan area in southeast Sichuan, China. 
 

4.3.2.2 Structural style  
Due to the influence of the major Qiyueshan Fault, the structural style of southeast Sichuan mainly 

features deformation zones, such as a barrier inside the basin, a “groove-blockage” transition zone on 
the basin edge, and a trough outside the basin (Guo et al., 2013). In general, the tectonic deformation of 
the barrier deformation zone was weak, that of the “trough-blockage” transition zone was moderate, 
and that of the trough deformation zone was strong. Structural styles with different characteristics can 
cause the lateral leakage of shale gas, create differences in diffusion, and cause different preservation 
conditions (Guo et al, 2014).  

To determine the characteristics of the structural styles of the Sichuan Basin and peripheral areas 
(e.g., Fuling, Changning, Weiyuan, Nanchuan, Dingshan, Fushun-Yongchuan, and Pengshui), we 
statistically analyzed data from numerous wells. In the Sichuan Basin, the exploration wells located on 
positive structures (e.g., box anticlines, narrow steep faulted anticlines, and broad anticlines) are 
generally in good condition, and the test yields are high (e.g., the JY1 and JY8 wells). The yields of the 
exploration wells on the basin edge and on the monocline and synclines outside the basin are lower 
(Fig. 16). Guo et al. (2013, 2016) proposed that positive structures with a high degree of thermal 
evolution in complex tectonic regions are the most favorable for the accumulation of shale gas. 
However, the Qiyueshan Fault has an obvious effect on the preservation conditions of shale gas in the 
basin edge structure. 
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Fig. 16. Structural style and drilling results for key wells in the Wufeng-Longmaxi Formation in the Sichuan Basin 

and its periphery (Guo et al, 2014; Zhai et al., 2017; Wei et al., 2017). 
The tectonic morphology of the Dingshan area is a semi-diamond structure. Due to the effect of the 

Yanshanian-Himalayan Qiyueshan Fault, the Dingshan area was strongly uplifted and eventually 
formed a nose-like faulted anticline. The DY1 well is located in the southeastern shallowly buried area 
of the nose-like faulted anticline near the Qiyueshan Fault. The test yield of the DY1 well was only 
3.4×10

4
 m

3
/d. In contrast, the DY2 well is located in the northwestern deeply buried flat area of the 

nose-like anticline, far from the Qiyueshan Fault. The test yield of the DY2 well was 20×10
4
 m

3
/d. 

These results show that in the complex tectonic zone of the basin edge, the relatively stable region with 
a positive structure and the weakly deformed local regions with strong tectonic deformation are the 
more favorable regions for the preservation of shale gas. 

 
4.3.2.3 Faults 

Experience acquired during the exploration and development of the Fuling shale gas field indicates 
that the properties, scale, and duration of faulting, and the related high-angle fractures, are important 
factors that affect the preservation conditions of shale gas layers. Moreover, the range of their 
influences on the gas content and yield differ significantly. Near faults with small displacements, low 
dips, and short extents, the fractures close due to high pressures from the overlying rock, which can 
improve the sealing of shale gas reservoirs (Fu et al., 2016). In contrast, in the proximity of faults with 
large displacements, high dip angles, and long extents, the degree of opening is high, which is not 
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conducive to the preservation of shale gas. 
In the Dingshan nose-like faulted anticline, there is an obvious difference in the preservation 

conditions between the main structurally stable regions and the areas of fault and fracture development. 
Based on the fault properties, we divide the degree of fault development in the Dingshan area into four 
levels. The first-order fractures are the basin-controlling faults; the second-order fractures are fractures 
that control the second-order tectonic units; the third-order fractures are the faults that control the local 
tectonics; the fourth-order fractures are the small internal fractures associated with a local structure 
(Fig. 17). The statistical analysis of the ranges of influence of the faults in southeast Sichuan shows that 
the preservation conditions are good at locations more than 10 km away from a first-order fault, more 
than 3 km from second-order strike-slip faults, more than 2 km from weak second-order strike-slip 
faults, and more than 1 km from third-order faults. The range of influence of the fourth-order faults is 
small, and some wells near the faults also have good yields. On the other hand, the rock pores and 
micro-fracture systems near the faults are well developed, and the pore size is generally greater than 
100 μm. A significant amount of gas escapes in the transverse direction along faults and mainly along 
bedding planes. The degree of development of pores and micro-fractures is low in rocks far from faults, 
and the pore size is mainly 2–1000 nm. Because the vertical permeability is much lower than the 
bedding-parallel permeability, the escape of vertical gas is dominated by ordinary diffusion, whereas in 
the transverse direction it is mainly dominated by Knudsen diffusion and interface diffusion. 

The daily gas production during the gas test stage of the DY1, DY3, and DS1 wells, which are 
located near the Qiyueshan Fault, was 3.0×10

4
 m

3
, 3.3×10

4
 m

3
, and 3.4×10

4
 m

3
, respectively, implying 

that they are all low-yield shale gas wells. Observations from the well cores revealed that the 
displacements of the faults near the DY1 and DS1 well are generally greater than 100 m, and 
high-angle fractures are developed at the core. This allowed for a significant escape of gas along the 
fault. At the DY2, DY4, and DY5 wells, which are located far from the Qiyueshan Fault, the burial 
depths are greater, and the degrees of fracture development are low. The rock core is mainly dominated 
by low-angle and bedding-parallel fractures, and gas migrates mostly along the bedding planes. 
Moreover, displacements of the surrounding faults are mostly less than 60 m. The gas production rates 
were 10.5×10

4
 m

3
/d, 20×10

4
 m

3
/d, and 15.2×10

4
 m

3
/d, respectively, which are favorable values. 

 

Fig. 17. Distribution of fault levels of the Wufeng-Longmaxi Formation in the Dingshan area in southeast Sichuan, 

China. 
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4.3.3 Tectonic position and pressure coefficient 

The pressure coefficient of the formation is an important parameter that reflects the quality of the 
tectonic preservation conditions of a region. A high formation pressure coefficient is conducive to the 
accumulation and preservation of shale gas. A comparison and analysis of the pressure coefficients and 
gas production in some of the shale gas reservoirs in the United States and China showed a positive 
correlation between the pressure coefficient and the shale gas yield. When the pressure coefficient is 
large, the yield is high (Bowker et al., 2007; Zhu et al., 2014; Tu et al., 2014). 

The burial depths at different parts of the same structure are different (Wang et al., 2017). A deep 
burial depth and an over-pressured formation indicate good preservation conditions, which are 
favorable for the accumulation, enrichment, and high yield of shale gas. When the burial depth is 
shallow, the overlying formation could be thin, missing or contain faults, leading to a low to normal 
pressure, and thus the preservation conditions are poor and not favorable for the accumulation of shale 
gas. In this study, the pressure coefficient and yield data were statistically analyzed for numerous 
formations in the Changning-Weiyuan, Fuling, Pengshui, Nanchuan, Longshan, and Baojing blocks 
(Fig. 18), and a correlation analysis was conducted. The results show that in a given region, if the 
formation pressure coefficient is high, the post-fracturing yield is generally high. There is a good 
positive correlation between the formation pressure coefficient and the yield (Wei et al, 2017; Huang et 
al, 2017).During the early stage of deformation, the Dingshan area experienced mainly vertical 
movements. 

 

Fig. 18. Relationships between the pressure coefficient and yield in different regions. 

Due to the influence of the Yanshanian-Himalayan orogeny, the Wufeng-Longmaxi Formation shale 
system experienced large-scale thrusting and uplift. The burial depth of the shale decreased to form a 
tectonic pattern that was high in the southeast and low in the northwest. The burial depths of the shale 
in the Dingshan area are in the range of 1000–4500 m. Based on the favorable exploration depths of 
shale formations in China, the shale in the Dingshan area is in the range of favorable burial depths. 
According to the tectonic zones in the area, the shale is divided into five regions: the deeply buried flat 
area, the central low and gently sloping area, the western steep slope area, the eastern steep slope area, 
and the shallow flat area. The deeply buried flat area and the central low slope area are located far from 
the Qiyueshan Fault and from the outcrop denudation zone of the target layers, and the structure has a 
relatively stable formation over-pressure. The preservation conditions are good, and little shale gas has 
escaped. The burial depths of the DY2 and DY4 wells, which are located in these areas, are deep, the 
formations are over-pressured (pressure coefficients of 1.2 and 1.55, respectively). The results of gas 
tests are favorable (test yields of 10.5×10

4
 m

3
/d and 20×10

4
 m

3
/d, respectively). The burial depth is 

shallower in the shallow flat area and in the steep slope area, which are located near the outcrop 
denudation area of the Qiyueshan Fault. Thus, the shale formation, faults, and fractures are well 
developed, and the shale formation was subjected to uplift, fracturing, and denudation. The burial depth 
is generally shallow, the pressure is generally low and close to normal, and thus the preservation 
conditions of these areas are poor. The degrees of horizontal and longitudinal gas escape are large. At 
the DY1 and DY3 wells, which are located in this area, the burial depths are consistently shallow, and 
the preservation conditions are poor. The pressure coefficients are low (less than 1.1), and the gas test 
results are poor (test yields of 3.4×10

4
 m

3
/d and 3.34×10

4
 m

3
/d, respectively). Therefore, we deduce 

that relatively stable tectonic structures, formation over-pressure, and good preservation conditions are 
the key factors for the accumulation and enrichment of marine-facies shale gas. 

  
5 Discussion 
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5.1 Basic geological conditions for shale gas enrichment 
Shale gas reservoirs are characterized by high organic matter content, and a wide and continuous 

distribution. They have a relatively developed pore structure, which can provide a large storage space 
and adsorption surface area for shale gas (i.e., a high-quality storage condition; Jin et al., 2018). The 
Wufeng Formation-Longmaxi Formation in the Dingshan area exhibits these basic geological 
conditions. Furthermore, the fracturing properties of the rock (brittleness >50%) meet the minimum 
standards for exploitation. However, due to the high level of elevation and denudation during the 
Yanshan movement, the area of the DY1 well produced a large amount of natural gas during the late 
Jurassic. During the middle Cretaceous, it was uplifted and denuded, and a large number of open 
fractures were formed (Fig. 13 and Fig. 14). Moreover, during the middle and late Triassic, the 
graptolite layer was destroyed relatively early, and the thrusting effect of the Qiyueshan Fault caused 
strike-slip faulting at the bottom of the Wufeng Formation. The entire shale gas reservoir was subjected 
to natural defects and serious late-stage double destructive effects. However, the area of the JY1 well 
produced a large amount of gas during the early Cretaceous, and it was uplifted during the late 
Cretaceous. Moreover, the graptolite layer suffered less damage during the middle and late Triassic. 
Thus, good sealing conditions of shale gas reservoirs have been preserved in this layer up to the present 
(Jin et al., 2018), and this is one of the main reasons for its enrichment and high yield of shale gas. 

  
5.2 Required conditions for stable shale gas production 

The study area has undergone three different sedimentary stages from the Wufeng Formation to the 
Longmaxi Formation (Jin et al., 2018). Of these, the lower part of the first member of the Longmaxi 
Formation (LM1-LM4) were affected by a global sea level rise, and the input of source material caused 
by the Guangxi movement produced a layer of black shale with a thickness greater than 20 m. There 
are two main sedimentary centers, namely the Wuxi-Shizhu-Fuling and the Changning-Yongchuan, 
with a thickness greater than 30 m and an average TOC content > 2%. These centers are also the major 
shale gas production areas, in which a stable shale gas production can be achieved. The Dingshan area, 
however, is located at the edge of these two major sedimentary centers (Fig. 19). 

 

Fig. 19. Sedimentary facies and thickness of the LM1-LM4 graptolitic zone of the bottom of the Longmaxi 

Formation in Sichuan Basin and its adjacent areas (Jin et al., 2018). 
An anoxic reducing environment corresponds to a lower deposition rate and a higher TOC content. 

According to the computed deposition rates of the high-quality shale intervals WF2-WF4, LM1-LM3, 
and LM4 of the Longmaxi Formation in the Dingshan area, which were 0.45 m/Ma, 0.59 m/Ma, and 
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3.27 m/Ma, respectively, the thickness of the high-quality shale interval that was deposited during the 
same geological period is much lower than that of the Qilin shallow well and JY1 well (Table 4). 
Although shale gas flow has been obtained in five wells, including the DY1 and DY2 wells in the study 
area, stable commercial production cannot be achieved. This may be related to the thickness of the 
high-quality shale interval. The thickness of WF2-LM4 is only 5.52 m, which is smaller than that of the 
Qilin shallow well (36 m), and the JY1 well (24.5 m). This eventually leads to an unstable shale gas 
flow after the hydraulic fracturing of the DY1 well. 
Table 4. Deposition rates of four black shale zones of the WF2-LM5 in the Qilin shallow well, DY1 well and 

JY1 well (after Jin et al., 2018). 

Graptolitic 

zone 

Deposition 

period (Ma) 

Qilin Shallow well DY1 well (m/Ma) JY1 well (m/Ma) 

Thickness 

(m) 

Deposition 

rate (m/Ma) 

Thickness 

(m) 

Deposition 

rate (m/Ma) 

Thickness 

(m) 

Deposition 

rate (m/Ma) 

LM5 0.90 20.5 22.78 34.13 37.92 23.15 25.72 

LM4 0.90 20.0 22.22 2.94 3.27 13.69 15.21 

LM1-LM3 1.96 10.5 5.36 1.16 0.59 6.73 3.43 

WF2-WF4 3.19 5.5 1.72 1.42 0.45 4.10 1.29 

 
6 Conclusions 

 
(1) The overall depositional environment of the Wufeng Formation-Longmaxi Formation in the 

Dingshan area is an anoxic reducing environment, rich in organic matter and with high maturity. The 
organic and inorganic pores of the shale are moderately developed, providing a relatively large storage 
space for shale gas preservation. Under appropriate burial depths and stable tectonic structures, a larger 
pressure coefficient favors the increase in porosity and the decrease in permeability, which can improve 
the gas-bearing properties and the closure of the shale gas reservoir to some extent. 

(2) The DY1 well of the shale gas reservoir near the Qiyueshan Fault in the Dingshan area has been 
severely damaged and was subjected to early tectonic uplift and denudation. A large number of open 
fractures and faults are developed at the DY1 well, and the closure of the gypsum layer is relatively 
poor, which allows the shale gas to escape. The DY2 well is located far from the Qiyueshan Fault and 
has a moderate burial depth (1500-4500 m). The overlying and underlying strata of the DY2 well have 
good sealing properties, which leads to the formation of over-pressure in the shale gas reservoir 
(pressure coefficient greater than 1.2). 

(3) Under the condition of anoxic sealing, the hydrodynamic and low-energy reduction environment 
is the basis of organic matter enrichment. Favorable conditions for generation and storage, as well as an 
effective preservation, are the key to shale gas enrichment according to the systematic analysis of three 
major geological factors controlling the shale gas in Dingshan area. The Dingshan area is located at the 
junction of the two sedimentary centers of Jiaoshiba and Changning. The thickness of the high-quality 
shale interval (WF2-LM4) is relatively small, which may be an important reason for the unstable 
production of shale gas thus far.  

In this study, the geological understanding of marine shale gas enrichment in southern China has 
been improved. This study can thus constitute a useful reference for the effective exploration and 
further development of shale gas exploitation. 
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