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Abstract 

The production of shale gas varies greatly in different regions due to the way gas has accumulated and preserved. This 
work investigates the dynamic evolution of shale gas generation, accumulation, adjustment, and loss from the Long-
maxi formation  (S1l) in the Changning area, southern Sichuan Basin, China. The factors controlling the preservation 
conditions and formation mechanism of the overpressure shale gas reservoir are also studied. The results show 
that shale gas generation reached its peak during the Middle Jurassic to Early Cretaceous. Furthermore, the gas occurs 
mainly in organic matter pores of nanometer size, clay mineral pores of nano- to micro-meter size, and microfractures 
of micrometer size. Then, in the Early Cretaceous, the reservoir was damaged due to uplift of the crust. Additionally, 
the evaluation scheme of the shale gas reservoirs is established according to the organic geochemical parameters, 
mineralogical composition, sealing capacity, thickness, burial depth, faults, pressure coefficient, and gas content, etc. 
Hence, the shale gas reservoirs may be divided into four grades, with Class I being the grade with best gas preserva-
tion and Non-economic grade with the worst gas preservation. The annular region in the Jianwu–Luochang synclines 
and the northeast limb of the Changning anticline have optimum preservation conditions, with a grade of Class I. The 
preservation conditions gradually deteriorate towards the two limbs, with Class II, Class III, and Non-economic area 
grades. The good preservation conditions correspond to a high pressure coefficient, and the pressure of the reservoir 
is mainly caused by hydrocarbon generation pressurization of organic matter (mainly the stage of oil cracking gas 
and dry gas), tectonic uplift pressurization, and to a minor extent, transformation dehydration pressurization of clay 
minerals. Furthermore, overpressure preservation is controlled by microporous overpressure, source rock–caprock ver-
tical sealing ability, the spatial distribution of  S1l, and development characteristics of faults. Results from this investiga-
tion provide specific guidance for shale gas exploitation in the study area, and provide a reference for the evaluation 
of preservation conditions in shale gas reservoirs and formation mechanism of overpressure gas reservoirs.
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Introduction
Recognized as a crucial unconventional resource, shale 
gas reservoirs are undergoing large-scale exploration 
and development on a global scale, and the investiga-
tion of the accumulation mechanism and preservation 
conditions before exploration is critical (Freeman et  al. 
2011; Kirk et  al. 2012; Ma et  al. 2020a). The accumula-
tion mechanism of shale gas is mostly discussed from the 
perspective of shale gas generation and accumulation. 
Hence, the hydrocarbon generation history and accumu-
lation sites have been reconstructed and characterized 
accordingly, leading to the qualitative to semi-quantita-
tive characterization of hydrocarbon generation stages, 
types and enrichment characteristics (Jarvie et  al. 2007; 
Hill et  al. 2007; Tang 2018; Xie et  al. 2022a). After gas 
accumulation, the preservation condition changes and 
deteriorates because of subsequent tectonic movement, 
involving changes in burial depth, continuity and spatial 
distribution of the reservoir, development of faults and 
folds, thickness and integrity of caprocks (Tu et al. 2014; 
Zou et al. 2016; Wilson et al. 2016; Yasin et al. 2021), etc. 
Consequently, the gas content and production may vary 
in different shale gas wells, corresponding to different 
reservoir quality. Based on these factors, previous studies 
evaluated the reservoir quality from the aspects of hydro-
carbon generation potential (mainly through organic 
matter content and maturity) (Rashid et al. 2020; Ahmad 
et al. 2021), engineering conditions of reservoir stimula-
tion (mainly through the ratio of clay content and brittle 
mineral content) (Ibrahim Mohamed et al. 2019), conti-
nuity and spatial distribution of reservoirs (Yu et al. 2014; 
Moridis and Reagan 2021), sealing capacity of caprocks 
(mainly including lithology, continuity, porosity and per-
meability) (Li et al. 2020; Ukaomah et al. 2021), the devel-
opment of geological structure (mainly including faults 
and folds) (Shoieb et  al. 2020), pressure coefficient and 
gas content of reservoirs (Liu et al. 2012; Guo 2016), etc. 
However, an integrated quantitative evaluation scheme 
covering the above indexes is still lacking.

Based on previous studies, the pressure coefficient is 
considered a crucial parameter which could represent 
comprehensive preservation conditions of shale gas res-
ervoirs (Zou et al. 2016; Han et al. 2016). Therefore, it is 
vital to determine the formation origin and mechanism 
of overpressured reservoirs. Liu et  al. (2020) explored 
the pressure coefficient based on fluid inclusion analy-
ses, drilling data, and core microscopic observations 
and indicated that the overpressure is caused by hydro-
carbon generation, transformation of clay minerals, and 
the sealing of high-quality caprocks and faults. Gao et al. 
(2019) stated that hydrocarbon generation is the primary 
origin of reservoir overpressure, especially dry gas gen-
eration. After gas accumulation, the pressure coefficient 

gradually decreases due to crustal uplift, caprock erosion, 
and structural transformation (Dong et al. 2018; Akrout 
et al. 2021). Hence, it is indispensable to reveal the influ-
ence of the thermal evolution and hydrocarbon history of 
source rock and the geological structural conditions on 
overpressure generation, evolution and preservation.

This work concentrates on a study area located in the 
southern Sichuan Basin, with shale gas that is commer-
cially explored. However, the gas production varies sig-
nificantly, which is caused by the difference in reservoir 
quality. Generally, the tectonic uplift of the Sichuan Basin 
is considerable, the structure of the southern Sichuan 
Basin is complex, and the tectonic uplift difference after 
the last hydrocarbon generation peak of the Longmaxi 
shale is considerable, resulting in the production differ-
ence (Rodrigues and Goldberg 2014; Chen 2014; Liao 
2019). However, a quantitative evaluation of the reservoir 
quality has rarely been investigated. Based on the chal-
lenges mentioned above, the sedimentary burial history, 
thermal evolution and hydrocarbon generation history 
of the Longmaxi shale is reconstructed using PETRO-
MOD 2012 (an oil and gas system simulation software, 
developed by IES company, Germany); the gas accumu-
lation space is characterized using Field Emission Scan-
ning Electron Microscopy and Low-temperature  N2 and 
 CO2 adsorption experiments; The evaluation scheme 
of the reservoir quality is established according to the 
organic geochemical properties, mineralogical composi-
tion, spatial distribution, geological structure, pressure 
coefficient, gas content, etc. Furthermore, the reservoir 
is divided into different grades. Finally, the geological 
model of gas generation, accumulation, adjustment, loss, 
and overpressure evolution is established through time 
according to the factors mentioned above. The results 
from this work are of great significance to establish an 
evaluation scheme, and to gain crucial insights beneficial 
for the exploration of shale gas in the southern Sichuan 
Basin.

Investigation, experiments and methodology
Geological background
The study area is located in the southern Sichuan Basin. 
Specifically, this region lies along the southern edge 
of the southwestern Sichuan low and gentle fold belt, 
which is the junction of the south Sichuan fold belt and 
Loushan fault-fold belt (Fig.  1). The large folds in the 
study area control the surface structural features, includ-
ing the Changning anticline, Luochang syncline, and 
Jianwu syncline from north to south. The Changning 
anticline was initially uplifted in the Early Yanshanian 
and gradually raised in the Late Yanshanian. The anticline 
widened continuously, and the widened Luochang syn-
cline and Jianwu syncline formed in the Early Himalayan 
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(He et  al. 2019a). The Changning anticline starts from 
the west of Xuyong County in the east, ends in Gaoxian 
County in the west, and its axis has a NW–SE direction. 
The anticline is wide in the east and narrow in the west. 
Cambrian and Ordovician formations are exposed in 
the core of the anticline, and Silurian, Permian, Triassic, 
Jurassic, and Cretaceous formations are exposed in the 
two limbs. Upper Triassic or Jurassic layers are exposed 
in the core of the Luochang and Jianwu synclines, and 
older strata occur in the limb outcrops. Additionally, 
the faults are widely developed in the core of Changn-
ing anticline, and the faults cut and intersect each other, 
which is characterized by multi-stage superposition. In 
contrast, regional faults of the Luochang and Jianwu syn-
clines developed poorly (Fig. 1). In terms of lithology, the 
Cambrian strata consist of the Gaotai and Loushanguan 

formations, composed of siltstone, dolomitic limestone, 
and dolomite. The Ordovician strata overlie the Cam-
brian strata with a conformable contact, and are the 
Tongzi, Honghuayuan, Meitan, Shizipu, and Baota for-
mations consist of dolomitic limestone and limestone, 
whereas the Wufeng formation is dominated by bioclas-
tic limestone and organic rich shale. The Silurian strata 
also show a conformable contact with the underlying 
strata, and the Longmaxi formation mainly comprises 
organic rich shale, whereas the Shiniulan and Hanjiadian 
formations contain limestone, mudstone, and sandstone. 
Upper Silurian, Devonian, and Carboniferous formations 
are absent in the study area, and there is a disconformity 
between Permian and Silurian strata. Sediments include 
thin coal seam, mudstone, siltstone, and bioclastic lime-
stone. Triassic strata show a conformable contact with 

Fig. 1 Location of the study area and distribution of investigation sites. WF1–WF4 refers to the four intervals of the Wufeng formation, LM1–
LM9 refers to the nine intervals of the Longmaxi formation,  O2b is the Baota formation of the Middle Ordovician,  S1l is the Longmaxi formation 
of the Lower Silurian,  S1s–S2 is the Shiniulan and Hanjiadian formations of the Lower to Middle Silurian. Samples XC-1-XC-15 and D1–D7 are 
collected from the sampling points of series XC and D, respectively
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Permian strata, and the lithology is mainly composed of 
limestone, mudstone, and sandstone. Jurassic and Creta-
ceous strata are a set of clastic sediments, and only par-
tially developed in the study area.

The investigation in the field involves the observation 
of the exposed strata, outcrop profiles measurement, 
sample collection of the Longmaxi shale, and joint points 
measurement. Cambrian–Quaternary strata are exposed 
in the study area, whereas the Devonian and Carbonifer-
ous strata are missing. The profile measurement includes 
the lithology, paleobiology, and thickness of the Long-
maxi shale, overlying, and underlying strata. Samples of 
the Longmaxi shale are collected from two high-quality 
profiles. For example, the XC profile is an outcrop located 
at the core of the Changning anticline (Fig. 1). Ten shale 
samples are collected from this profile, weathered sam-
ples on the surface are removed and fresh samples are 
selected during the collection process. They are immedi-
ately stored in a sealed bag and sent to the laboratory for 
subsequent experiments. Samples XC-1 to XC-15 repre-
sent the shale from the bottom to the top of the Long-
maxi formation. Note that sampling was not conducted 
over equal intervals due to the diversity and heteroge-
neity of Longmaxi shale. The lower part (LM1–LM5) 
is deposited in a deep-water shelf facies environment, 
with the characteristics of high organic matter content 
(TOC), gas content, and exploitation potential (Dong 
et al. 2018; Liang 2018). Carbonaceous shale and siliceous 
shale are the main compositions. In contrast, it changes 
to a shallow-water shelf facies for the deposition of the 
upper part (LM5–LM9), and the TOC, gas content, and 
exploitation potential are lower correspondingly (Dong 
et al. 2018; Liang 2018). Siltstone and calcareous shale are 
dominant. Consequently, sampling intervals of the lower 
part are small (< 10 m), and more samples are collected; 
whereas more than 10 m intervals are set for the upper 
part (Fig.  1). Over 160 joint points are measured, com-
posed of the Longmaxi formation, the Longtan forma-
tion of Upper Permian, the Feixianguan, Jialingjiang, and 
Xujiahe formations of the Triassic, and the Ziliujing for-
mation of Lower Jurassic. The Longmaxi shale is mainly a 
set of shallow–deepwater shelf facies sedimentary prod-
ucts composed of dark gray–black carbonaceous shale, 
siliceous shale, silty shale, and argillaceous siltstone (Luo 
et al. 2016).

Experimental procedure
The organic geochemical parameters, mineralogical 
composition, porosity and permeability, and pore struc-
ture parameters are obtained by experimental tests. Spe-
cifically, the TOC is determined by conducting CS-300 
high-frequency infrared carbon sulfur analyzer tests, 
thermal maturity (Ro) is measured by conducting Axio 

Scope. A1A Pol & MSP 200 microphotometer tests and 
the mineralogical composition is determined using an 
X’pert powder X-ray diffractometer. The porosity and 
permeability are tested using an Autopore 9500 auto-
matic mercury porosimeter. Autopore 9500 automatic 
mercury porosimeter and Tristar 3020 specific surface 
physical adsorption instruments (low-temperature  N2 
and  CO2 adsorption experiments) are utilized to meas-
ure the pore volume and specific surface area. The pores 
in shale are divided into micropores (< 2 nm), mesopores 
(2–50  nm), and macropores (> 50  nm) according to the 
IUPAC (International Union of Pure and Applied Chem-
istry) classification (Rouquerol et  al. 1994). The pore 
structure parameters are selected from the low-pressure 
 CO2 adsorption results with a pore size less than 1.5 nm, 
low-pressure  N2 adsorption results with the pore size 
ranging from 1.5  nm to 50  nm, and high-pressure mer-
cury injection results with a pore size higher than 50 nm. 
The results are presented in Tables 1 and 2. The TOC of 
samples ranges from 1.69 to 9.73%, with an average of 
3.94%. Ro is in the range of 2.35 to 2.84%, which is in the 
over maturity stage. Both TOC and Ro of the Longmaxi 
shale in the study area meet the standard of high-quality 
reservoir (TOC > 2.0 and Ro > 2.0), which indicates that 
a large amount of hydrocarbons are generated during 
the geological history (Tu et  al. 2014; Zou et  al. 2016). 
However, the performance of porosity and permeability 
is worse, which is generally characterized by low poros-
ity and ultra-low permeability (Chen et  al. 2018; Tang 
et  al. 2019). The former is in the range of 4.9–8.56% 
(6.47% on average), and the latter ranges from 0.00036 
to 0.0086  mD (0.0023  mD on average). Hence, fractur-
ing stimulation is necessary to improve porosity, perme-
ability, and gas recovery. For a better three-dimensional 
fracture network and high-quality reservoir, the brittle 
mineral content should higher than 40% (Li 2012; Jiang 
et  al. 2020). It ranges from 79 to 92% (85.6% on aver-
age) in this study, and mainly comprises quartz, carbon-
ate and feldspar (Table 1). The clay mineral content is in 
the range of 8 to 21% (14.3% on average), and it contains 
mainly of illite and mixed I/S.

Reconstruction method of sedimentary burial, thermal 
evolution, and hydrocarbon generation history
Restoration of erosion thickness and basin simulation 
parameters
The acoustic transit time (Magara 1981) and strata trend 
thickness are employed to calculate the erosion thick-
ness of the overlying strata of the Longmaxi formation. 
From this analysis, the erosion thickness of the Triassic 
and overlying strata is greater than the sediment thick-
ness, and it can be concluded that the pores of the rocks 
were not subjected to secondary compaction during 
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sedimentation. The acoustic transit time (Eq.  1) applies 
to the restoration of erosion thickness in this period. In 
contrast, the erosion thickness of Devonian, Carbonifer-
ous, and Permian is less than the overlying sediments, so 
that the rock pores are subject to secondary compaction 
during sedimentation. As a result, the acoustic transit 
time is no longer applicable, so the strata trend thickness 
is employed to restore their erosion thickness. The res-
toration results of the erosion thickness are depicted in 
Additional file 1: Table S1.

where H is the burial depth (m); Δt is the transit time of 
shale at depth H (μs/m); Δt0 is the surface transit time 

(1)�t = �t0e
−CH

,

(μs/m); C is the trend slope of the strata normal compac-
tion  (m−1).

Additionally, the boundary conditions (paleo-water 
depth, sediment–water interface temperature, and heat 
flow) are required to restore the thermal evolution his-
tory. The boundary conditions are based on previous 
research results (Additional file 1: Table S2) of the Well 
LS-1 and Profile XC (Jiang et al. 2015; Tang 2018). Jiang 
et  al. (2015) and Tang (2018) measured the paleo-water 
depth, sediment–water interface temperature, and heat 
flow of the southern Sichuan Basin based on the data 
of Well LS-1, H-1, W-28, YS-2, Y-14, and XC profile. 
Among them, Well LS-1 is located on the north edge of 
the study area and XC profile is located at the core of 
Changning anticline (Fig. 1); hence, they could represent 
the boundary conditions of the restoration of erosion 
thickness in the study area.

Reconstruction procedures of sedimentary burial, thermal 
evolution, and hydrocarbon generation history
The PetroMod 2012 1D module is used for the recon-
struction process, consisting of input, simulation, and 
output units. The input involves main input and bound-
ary conditions. Firstly, input is required on the informa-
tion of strata, top and bottom depth of stratum, present 
thickness, eroded thickness, deposition age, erosion age, 
lithology (Additional file  1: Table  S1), and source rock 
parameters (TOC is the average content of the lower 
Longmaxi shale, kinetics, and HI refer to the result of 
Tang (2018) for main input). Secondly, input is needed 

Table 1 The organic geochemical parameters, mineral composition, porosity, and permeability of shale samples

TOC is total organic carbon, Ro is the vitrinite reflectance, and TCBM is the total content of brittle minerals

Sample ID TOC (%) Ro (%) Porosity (%) Permeability (mD) Mineral composition (%)

Quartz Feldspar Calcite Dolomite Pyrite Clay TCBM

XC-1 9.73 8.56 0.00129 74 5 3 18 82

XC-2 4.65 0.0086

XC-4 4.46 6.11 0.00011 69 5 12 6 8 92

XC-5 3.6 37 2 23 29 9 91

XC-6 3.13 38 5 21 25 11 89

XC-8 4.03 7.63 0.00036 39 4 24 22 11 89

XC-10 5.55 6.98 0.00168 31 5 11 42 11 89

XC-11 1.69 36 20 11 12 21 79

XC-14 4.28 62 8 5 9 2 14 86

XC-15 3.49 4.9 0.00159 73 13 14 86

D1 4.96 2.35 54 13 6 3 5 19 81

D2 4.89 2.46 50 17 6 6 4 17 83

D3 2.98 2.28 46 22 6 5 3 18 82

D4 2.09 2.81 47 25 5 4 2 17 83

D5 1.83 2.84 46 31 5 3 1 14 86

D7 2.33 2.61 43 33 6 3 1 14 86

Table 2 The relative content of clay minerals

Sample ID Relative content of clay minerals (%)

I/S Illite Chlorite

XC-1 20.0 78.0 2.0

XC-4 24.0 76.0

XC-5 19.0 79.0 2.0

XC-6 25.0 75.0

XC-8 19.0 81.0

XC-10 20.0 80.0

XC-11 24.0 60.0 16.0

XC-14 21.0 74.0 5.0

XC-15 22.0 78.0
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on the paleo-water depth, sediment–water interface 
temperature, and heat flow for the boundary conditions 
(Additional file 1: Table S2). Then, the simulation is run 
and results are obtained. The burial depth, temperature, 
and vitrinite reflectance are presented using default plots.

Evaluation of fault complexity and reservoir grade
Evaluation of fault complexity
To accurately reflect the intensity of the faults, the study 
area is divided into several equal grids distributed hori-
zontally and vertically, and these are numbered. The 
determination of grid size is based on the extensive frac-
ture scale and the scope of the study area. The zoning 
significance is limited if the grid is too large. Correspond-
ingly, the practical significance is meaningless if the grid 
is too small. The number of faults is counted in each grid, 
the data serve as input along with the corresponding grid 
coordinate points for MATLAB, and the fault complex-
ity is classified according to the method of Natural Breaks 
[A method of grid data segmentation, widely used in spa-
tial data classification (Chen et  al. 2013)]. Furthermore, 
quantitative evaluation contours are obtained using the 
visualization function module in MATLAB.

Evaluation of reservoir grade
The classification criteria of gas reservoir grade and 
development potential include preservation conditions, 

hydraulic fracturing conditions, construction difficulty, 
etc. Specifically, it is a comprehensive vertical superposi-
tion of TOC, Ro, clay and brittle mineral content, sedi-
mentary burial, thermal evaluation and hydrocarbon 
generation history, thickness, burial depth, caprocks, 
fault complexity, pressure coefficient, and gas content, 
etc. The drawing of burial depth and thickness contours 
of the Longmaxi shale is based on the logging-well data 
of drillings in the study area. The drawing of gas content 
and pressure coefficient contours are also based on the 
logging-well data of drillings as well as previous research 
results. It should be noted that the evaluation scheme and 
drawing of a reservoir classification evaluation map may 
have a certain subjectivity, and this is mitigated by the 
experience in classification based on previously obtained 
research results.

Results and discussion
Maturation of organic matter and gas generation
The Longmaxi shale is characterized as organic-rich and 
high over mature (Table  1), which indicates that large-
scale oil and gas formed during its geological history. 
The process of shale gas generation and accumulation is 
reconstructed by the sedimentary burial, thermal evolu-
tion, and hydrocarbon generation history of source rock 
(Figs. 2, 3).

Fig. 2 Sedimentary burial history of the Longmaxi shale in Well GX-1. S is the Silurian; D, P, T, J and E are the Devonian, Permian, Triassic, 
Jurassic, and Paleogene, and the subscript 1, 2, and 3 represent the lower, middle and upper parts, respectively; C and K are the Carboniferous 
and Cretaceous, and the subscript 1, 2 represent the lower and upper parts, respectively
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(i) Before late Carboniferous time, the sedimentary 
evolution of the Longmaxi shale was controlled by Cal-
edonian movement (the burial depth of Longmaxi shale 
increased continually) and Liujiang movement of the 
Hercynian (the burial depth of Longmaxi shale uplifted 
slowly), the strata temperature increased slowly, and the 
thermal maturity of organic matter was lower than 0.5%. 
The organic matter was immature in this stage, and the 
evolution of organic matter was dominated by biochemi-
cal action. The structure of organic matter consisted 
mostly of straight-chain alkanes, with fewer polycyclic 
aromatic hydrocarbons, simultaneously, aromatization 
began. As a result, a low amount of biogas and immature 
oil were generated in this process. (ii) From the Upper 
Carboniferous to the end of the Triassic, the sedimen-
tary evolution of the Longmaxi shale was controlled by 
the Yunnan and Dongwu movements of the Hercyn-
ian and Indosinian. The burial depth of the Longmaxi 
shale increased continually, and the strata temperature 
and Ro (0.5–1.3%) increased rapidly. The organic matter 
evolved into the mature stage and converted to the "liq-
uid window" dominated by aromatization and cyclocon-
densation. Simultaneously, thermal cracking began, the 

amount of saturated straight-chain alkanes decreased, 
whereas the amount of cycloalkanes and polycyclic aro-
matic hydrocarbons increased. The main products were 
oil and wet gas at this stage. (iii) From the end of the Tri-
assic to the Middle Jurassic, the sedimentary evolution 
of the Longmaxi shale was controlled by Indosinian, and 
thus, the burial depth, temperature, and thermal maturity 
(1.3–2.0%) increased rapidly. The evolution of organic 
matter was dominated by thermal cracking, beyond the 
limit of oil generation. The products were mainly wet gas 
and condensate gas at this stage. (iv) From the Middle 
Jurassic to the Early Cretaceous, the sedimentary evolu-
tion of the Longmaxi shale was controlled by Indosin-
ian, and thus, the burial depth, temperature, and thermal 
maturity (2.0–2.9%) kept increasing. The evolution of 
organic matter was dominated by thermal cracking and 
a large amount of pyrolysis gas was generated, which 
reached the gas generation peak.

Characteristics of shale gas accumulation sites
Morphology of shale pores
Source rock is also the reservoir rock for shale gas res-
ervoirs, and in  situ accumulation or short-distance 

Fig. 3 Thermal evolution and hydrocarbon generation history of the Longmaxi shale in Well GX-1. S is the Silurian; D, P, T, J and E are the Devonian, 
Permian, Triassic, Jurassic, and Paleogene, and the subscript 1, 2, and 3 represent the lower, middle and upper parts, respectively; C and K are 
the Carboniferous and Cretaceous, and the subscript 1, 2 represent the lower and upper parts, respectively
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migration occurs in the pores and microfractures. Con-
sequently, characteristics of the reservoir space control 
gas content. The pore types in shale are divided into 
organic matter pores, intergranular pores, intragranular 
pores, and microfractures (Loucks et al. 2012). Moreover, 
the morphological types can be further divided accord-
ing to the developmental sites. Hydrocarbon generation 
pores in organic matter, interlayer pores and intergranu-
lar pores in clay minerals, dissolution pores and inter-
granular pores of brittle minerals, and microfractures 
are observed in the shale samples (Fig. 4). The pore size 
of brittle mineral pores and microfractures is mostly at 
micro-scale, clay mineral pores are mostly at micro–nano 
scale, and organic pores are mainly at nano-scale.

Quantitative characterization of pore structure parameters
Pore volume (PV) and specific surface area (SSA) are the 
crucial evaluation parameters of shale reservoir, which 
provides the accumulation space and adsorption sites 
(Wang et al. 2019; Xie et al. 2021). The pore size distri-
bution curves are characterized by mercury injection, 
low-pressure  N2, and low-pressure  CO2 adsorption 
experiments. The PV curves are multi-modal, and the 
dominant pore size ranges are distinct in different shale 
samples (Fig. 5a). It is mainly micropores and mesopores 
that contribute to the PV of samples D1, D2, and D3 (the 
bottom of the Longmaxi formation), whereas there are 
relatively few macropores. Micropores, mesopores, and 
macropores all contribute significantly to the PV of sam-
ples D4, D5, and D7 (the middle–lower of the Longmaxi 
formation). In comparison, micropores dominate the 
SSA in all shale samples, mesopores follow, and the con-
tribution of macropores is negligible (Fig. 5b).

Adjustment, loss, preservation conditions, and quality 
evaluation of shale gas reservoir
Evaluation scheme
Since the Early Cretaceous, the uplift of the southern 
Sichuan Basin was substantially controlled by the Mid-
dle–Late Yanshanian and the subsequent Himalayan 
movement, and the burial depth and strata tempera-
ture of the Longmaxi shale kept decreasing, leading to 
the end of hydrocarbon generation. Correspondingly, 
the Longmaxi shale gas reservoir evolved to the stage of 
adjustment and loss, which includes the changes in gas 
occurrence state caused by shallower burial depth, weak-
ening of the sealing ability of overlying strata to the gas 
reservoir caused by erosion, and gas loss caused by the 
transformation of the geological structure. Consequently, 
the preservation conditions in the study area are diverse, 
and the quality grade and exploitation potential of gas 
reservoirs are correspondingly different. Therefore, the 
evaluation scheme of exploitation potential is established 

by comprehensively considering the hydrocarbon gen-
eration potential of source rock, fracturing engineering 
conditions, reservoir continuity and spatial distribution, 
the self-sealing ability of shale reservoir, the sealing abil-
ity of roof, floor, and regional caprocks, the development 
of faults and folds, pressure coefficient, and gas content 
(Table 3). Some threshold value of evaluation parameters 
refers to Li (2012), Tu et al. (2014), Zou et al. (2016), Jiang 
et al. (2020), Ma et al. (2020b), and Ge et al. (2021). Then, 
the shale gas reservoirs in the study area are divided into 
four grades. The Non-economic class represents reser-
voirs with characteristics of shallow burial depth, close 
to erosion areas of the Longmaxi shale, poor continu-
ity, deteriorated by deep and large faults, low pressure 
coefficient, and low gas content. Class I represents res-
ervoirs with excellent gas preservation conditions and 
development engineering conditions. Class II repre-
sents reservoirs with good gas preservation conditions 
and development engineering conditions. Finally, Class 
III represents reservoirs with excellent gas preservation 
conditions, but with too high engineering difficulty of 
development.

Gas generation potential and engineering conditions
The gas generation potential is evaluated by the organic 
geochemical parameters (TOC and Ro). The test results 
in this work (with an average TOC of 4.44% and an 
average Ro of 2.45% in Table  1) and the test results of 
Zeng (2011), Yang (2016), and Chen (2018) (the aver-
age TOC of the entire study area is higher than 2.0% 
and increases from southeast to northwest, and the 
average Ro of the entire study area is higher than 2.0% 
and increases from southeast to northwest in the study 
area) meet the conditions of Class I shale gas reservoirs 
(Table  3). Engineering conditions comprise reservoir 
continuity, burial depth, clay content, and brittle min-
eral content of the reservoir. The average clay content 
(14.4%) and brittle mineral content (85.6%) in this work 
(Table  1) meet the characteristics of Class I shale gas 
reservoirs, and Jin et al. (2014) and Xu et al. (2021) also 
reported a similar conclusion for shale samples in the 
lower part of the Longmaxi formation. The thickness 
and burial depth of Longmaxi shale are clearly dis-
tinct in the study area (Fig. 6a, b). The thickness of an 
exploitable gas reservoir should be greater than 30  m 
(Li 2012; Li et al. 2016). The total thickness of the Long-
maxi shale is mainly in the range of 200–400  m with 
excellent continuity. The thickness increases in the NE 
direction (Fig.  6a). Moreover, the burial depth of the 
reservoir affects shale gas exploration and develop-
ment. The depth range of 1000–6000 m represents the 
exploratory shale gas reservoir. The regional caprocks 
would be eroded if the burial depth was too shallow, 
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resulting in poor preservation conditions. At the same 
time, the development difficulty and cost are extremely 
high when the burial depth is greater than 3500  m. A 
burial depth of 1500–3000  m is associated with mod-
erate development difficulty and good preservation 

conditions. At the core of the Changning anticline, 
there is an erosion area of the Longmaxi shale, and 
the burial depth gradually increases to both limbs. 
The maximum burial depth in the northeast corner of 
the study area is greater than 3500 m. The core of the 

Fig. 4 Pores in SEM images of the Longmaxi shale samples. A: XC-1, the bottom of the  S1l, black carbonaceous shale, organic matter is distributed 
among clay minerals, hydrocarbon generation pores developed; B: XC-6, the lower part of the  S1l, black siliceous shale, organic matter pores, 
and microfractures developed; C: XC-1, the bottom of the  S1l, black carbonaceous shale, dissolution pores, and microfractures developed; D: XC-5, 
the lower part of the  S1l, black siliceous shale, organic matter pores, microfractures, and intergranular pores developed; E: XC-4, the lower part 
of the  S1l, black siliceous shale, interlayer pores, stacked pores, and interlayer microfractures developed; F: XC-4, the lower part of the  S1l, black 
siliceous shale, pyrite mold pores, interlayer pores of clay minerals, and microfractures developed, and a certain amount of organic pores are filled 
with clay minerals. A–F are SEM images of shale samples, and a–f are the extraction of pores from images A–F correspondingly
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Jianwu and Luochang synclines is buried more than 
3000 m, and the burial depth is gradually shallower to 
the south (Fig. 6b).

On the other hand, the burial depth of the Longmaxi 
gas reservoir also affects the erosion of the overlying 
strata and controls the distribution characteristics of 
regional caprocks. As mentioned earlier, the exposed 
strata include Cambrian to Cretaceous strata in the study 
area and affected by the amplitude of uplift (Fig. 1), which 
indicates a clear difference in erosion thickness. In gen-
eral, there are two sets of high-quality caprocks in the 
study area (Fig. 7):

(i) The Shiniulan–Hanjiadian formations  (S1s +  S2h) of 
the Lower Silurian are direct caprocks of the Longmaxi 

reservoir. Argillaceous limestone, limestone, sandstone, 
and mudstone comprise this set of strata with a thickness 
greater than 650  m. He et  al. (2019b) reported that the 
strong sealing capacity of the Shiniulan and Hanjiadian 
formations (average porosity, permeability, and break-
through pressure of 0.59%, 0.0026  mD, and 76.1  MPa, 
respectively) is a significant reason for the preservation 
of the Longmaxi shale gas reservoir, supplemented by 
an argillaceous limestone sealing layer of the underly-
ing Baota formation  (O2b) (average porosity, perme-
ability, and breakthrough pressure of 1.5%, 0.013  mD, 
and 67.8  MPa, respectively). This set of strata is widely 
distributed in the study area, except for the sedimentary 
absence in the core of the Changning anticline.

Fig. 5 Pore size distribution versus the pore volume (a) and pore specific surface area (b)

Table 3 The evaluation scheme of exploitation potential for shale gas reservoirs

Evaluation index Reservoir grade

Non-economic Class I Class II Class III

TOC (%)  < 0.5  > 2.0 1.0–2.0 0.5–1.0

Ro (%)  < 1.0 or > 4.0 2.0–3.5 1.0–2.0 3.5–4.0

Brittle mineral content (%)  < 15  > 40 40–30 30–15

Clay mineral content (%)  > 40  < 20 20–30 30–40

Thickness (m)  < 30  > 200 100–200 30–100

Burial depth (m)  < 1000 1000–3000 3000–4500  > 4500

Geological structural conditions Extremely complex, close to erosion 
area or deep fault

Simple Relatively complex Complex

Pressure coefficient  < 1.0  > 2.0 1.5–2.0 1.0–1.5

Gas content  (cm3/g)  < 1.0  > 2.0 1.5–2.0 1.0–1.5
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(ii) The Jialingjiang formation  (T1j) of the Lower Trias-
sic is the optimum regional caprock (porosity < 10% and 
permeability < 1 mD), which is a set of marine limestone, 
dolomite, and gypsum with a thickness of 400–600 m in 
southern Sichuan Basin. Certain areas are eroded and 
result in the sedimentary absence of  T1j in the study area, 
the thickness in Well GX-1 is eroded to about 100  m. 
Its distribution has clear regional characteristics.  T1j is 
well preserved in the Luochang and Jianwu synclines’ 
core and the north of the study area. In contrast, it is not 
developed in the core of the Changning anticline and the 
south of the study area. Additionally, the Middle Permian 
strata have also a certain sealing ability. However, those 
strata are not deemed a high-quality caprock due to the 
lithological changes affected by the Emeishan basalt in 
the study area.

Structural characteristics and its damage on reservoir 
and caprocks
The Longmaxi reservoir experiences an uplift and it 
comes into the adjustment stage after the last peak of 
hydrocarbon generation (Early Cretaceous). The gas res-
ervoir is affected by geological structures, meaning faults 
and folds formed and impacted the reservoir, underlying 
strata, and caprocks, resulting in the deterioration of the 
preservation conditions of the gas reservoir. The occur-
rence of the faults is similar to the results of joint points, 
mainly spreading along NW–SE and NE–SW directions 
(Figs. 8, 9). Referring to the tectonic evolution history of 
the Sichuan Basin (He et al. 2019a), the NE–SW trending 
joints are consistent with the tectonic stress field of the 
Early–Middle Yanshanian. The NW–SE trending joints 
are consistent with the tectonic stress field of the Late 
Yanshanian.

Additionally, fault intensity is quantitatively graded in 
the study area based on the number of faults and their 
intersections per unit area. As illustrated in the quantita-
tive evaluation results (Fig. 8), faults developed mostly in 
the Changning anticline, especially the eastern part of the 
anticline core, which is divided into complex and tran-
sitional areas. The faults provide migration channels for 
shale gas loss and worsen the preservation condition of 
the reservoir. In contrast, the Jianwu and Luochang syn-
clines and the northeast of the study area are simple and 
stable areas. Those regions are mainly syncline or mon-
ocline with wide and gentle characteristics, and faults 
developed poorly. Hence, gas diffusion and loss are rela-
tively weak, which is favorable for shale gas preservation.

Comprehensive preservation conditions 
after transformation, adjustment, and loss
The pressure coefficient and gas content are the critical 
parameters of the preservation conditions after trans-
formation, adjustment, and loss of reservoir (Dong 
et  al. 2018; Akrout et  al. 2021). Wide variations are 
observed in the pressure coefficient of the Longmaxi 
reservoir in the study area (Fig. 10a). The highest pres-
sure coefficient is greater than 2.0 with the best com-
prehensive preservation conditions in the northeast 
corner of the study area, followed by the Luochang 
syncline and Jianwu syncline with pressure coefficients 
higher than 1.6 (especially the Jianwu syncline with 
pressure coefficient higher than 2.0). Those are over-
pressure reservoirs with excellent preservation condi-
tions. Comparatively, the Changning anticline is close 
to the erosion area of the Longmaxi shale, and the 
southwest corner is close to the erosion areas of the 
Junlian County and Yanjin County. As a result, the pres-
sure coefficient gradually decreases, and most of them 

Fig. 6 Thickness and burial depth of the Longmaxi shale in the study area. a is thickness contour map, and b is burial depth contour map
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are normal pressure reservoirs, or even under-pres-
sured reservoirs with poor preservation conditions. The 
gas content of the reservoir refers to the sum of the lost 
gas, tested gas, and residual gas (Glorioso et  al. 2014; 
Jiang et  al. 2020). Except for the Changning anticline, 

the gas content is generally higher than 1.8  cm3/g. The 
northern part of the study area has the highest gas con-
tent, ranging from 2.0   cm3/g to 2.5   cm3/g. In contrast, 
its value in the central-southern part of the study area 
is relatively stable, with a gas content of 1.8   cm3/g to 
2.0  cm3/g (Fig. 10b).

Fig. 7 Lithological characteristics and sealing ability of the strata in Well GX-1. Q is Quaternary;  T1j,  T1t, and  T1f are the Jialingjiang, Tongjiezi, 
and Feixianguan formations of the Lower Triassic;  P3l and  P3β are the Leping formation and Emeishan Basalt of the Upper Permian;  P2m,  P2q, 
and  P2l are the Maokou, Qixia, and Liangshan formations of the Middle Permian;  S1s and  S2h are the Shiniulan and Hanjiadian formations of Lower 
and Middle Silurian;  S1l and  O3w are the Longmaxi and Wufeng formations of the Lower Silurian and Upper Ordovician, and  O2b is the Baotao 
formation of the Middle Ordovician. The data of porosity, permeability, and breakthrough pressure refer to Ou et al. (2021), Wang et al. (2021), Ning 
(2020), and He et al. (2019b)
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Evaluation results of reservoir quality
The reservoir grade evaluation scheme is established 
above, and the system’s parameters are determined. Fur-
thermore, the reservoirs are quantitatively evaluated in 
the study area (Fig.  11). The Gong County, Shuanghe, 
Meidong, and Xingwen County areas are at the core of 
the Changning anticline. Those are erosion and shallow 
burial areas of the Longmaxi shale with a burial depth 
less than 1000 m and a short distance from the erosion 
area (Fig. 6). Additionally, faults developed, caprocks are 
seriously damaged, and the pressure coefficient and gas 
content are low in those areas (Figs. 7, 8, 10). Thus, the 
preservation condition is poor and classified as a Non-
economic area (the white area in Fig.  11). The annular 
area around the core of the Changning anticline and the 
south of the study area are classified as Class II (the yel-
lowish-green area in Fig.  11) with the characteristics of 
moderate burial depth (1000–2500 m), transitional fault 
complexity, high-quality regional caprocks of the Shiniu-
lan–Hanjiadian formations developed, and normal pres-
sure–overpressure conditions (1.0–1.6) (Figs.  7, 8, 10). 
Areas in the Luochang syncline, Jianwu syncline, and the 
northeast limb of the Changning anticline are divided as 
Class I (the green area in Fig. 11) with the characteristics 
of moderate burial depth (2500–3000 m), simple-transi-
tional fault complexity, high-quality regional caprocks of 
the Shiniulan–Hanjiadian and the Jialingjiang formations 

developed, and high pressure coefficient (1.0–2.0) and 
gas content (1.8–2.0   cm3/g) (Figs. 7, 8 and 10). In addi-
tion, the northeast corner of the study area is assigned 
as Class III (the light green area in Fig.  11) with the 
characteristics of high-quality regional caprocks of the 
Shiniulan–Hanjiadian and the Jialingjiang formations 
developed, pressure coefficient over 2.0, and gas content 
greater than 2.0  cm3/g, which has optimum preservation 
conditions, whereas the burial depth is over 3500 m, or 
even greater than 4500 m. Therefore, it is difficult to eco-
nomically and efficiently develop this area using current 
engineering techniques. In general, this area has high 
development potential, and would be one of the commer-
cial areas in the future with constant progress in shale gas 
drilling and fracturing techniques.

Formation and evolution of overpressured reservoirs
Pressure coefficient is a comprehensive characterization 
of the sealing capacity of reservoir and caprocks and the 
preservation conditions of the gas reservoir after uplift 
and erosion caused by tectonic uplift (Gao et  al. 2019; 
Hua et  al. 2021). The above sections also indicate that 
gas reservoirs with high exploration and development 
potential are mostly in overpressure areas (Figs. 10a and 
11). Additionally, exploration and development activities 
also confirm that the high production gas reservoirs in 
Sichuan Basin are characterized by overpressure, whereas 

Fig. 8 Quantitative evaluation of faults in the study area. CA is the Changning Anticline



Page 14 of 20Xie et al. Geoscience Letters           (2023) 10:36 

Fig. 9 The occurrence characteristics of joint points in different strata in the study area.  J1z is the Ziliujing formation of the Lower Jurassic,  T3x,  T1j 
and  T1f are the Xujiahe, Jialingjiang, and Feixianguan formations of the Upper and Lower Triassic,  P2l is the Leping formation of the Upper Permian, 
and  S1l is the Longmaxi formation of the Lower Silurian
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the production of normal-pressured reservoirs is rela-
tively poor (Li et al. 2016; Feng et al. 2018). Consequently, 
the formation and evolution process of overpressured 
reservoir is reconstructed based on the sedimentary 
burial and hydrocarbon generation history of Well GX-1, 
and tectonic evolution and corresponding regional stress 
field of the southern Sichuan Basin (Fig.  12). Further-
more, the formation and preservation of overpressured 
reservoirs are summarized as hydrocarbon generation 

pressurization of organic matter, transformation dehy-
dration pressurization of clay minerals, tectonic uplift 
pressurization, and maintenance of overpressure.

Hydrocarbon generation pressurization of the maturation 
of organic matter
Hydrocarbon generation pressurization of the matura-
tion organic matter refers to the conversion of high-den-
sity organic matter into low-density hydrocarbon fluid as 

Fig. 10 Pressure coefficient (a) and gas content (b) contours of the study area (part of the data refers to Hu et al. (2014), Zhang (2018), and Liang 
(2018)). CA is the Changning Anticline

Fig. 11 Exploitation potential evaluation of the Longmaxi shale gas reservoir in the study area CA is the Changning Anticline
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a result of thermal evolution. This process would partially 
transfer the overlying formation pressure to the newly 
added pore-fracture fluid, resulting in microporous over-
pressure (Osborne and Swarbrick 1997; Ramdhan and 
Goulty 2010). The hydrocarbon generation pressurization 
is divided into several stages, from the formation of the 
reservoir to present time, and each stage’s pressurization 
magnitude is significantly different (Fig. 12). (i) The pri-
mary hydrocarbon generation of organic matter formed a 
small amount of immature oil and biogas during the Early 
Silurian to Upper Carboniferous. Its contribution to the 
overpressured reservoir was weak due to the limitation 
of hydrocarbon quantity. (ii) Organic matter evolved to 
a "liquid window" and a large quantity of oil and wet gas 
generated during Upper Carboniferous to the end of the 
Triassic, which has a certain contribution to the reser-
voir pressurization due to the hydrocarbon fluid expan-
sion. (iii) The wet gas and condensate gas were the main 
products at the end of Triassic to Middle Jurassic, and the 
influence of this process on reservoir pressurization was 
greater than (i) and (ii) due to the hydrocarbon quantity 

and the phase transition of hydrocarbon. (iv) The gas 
generation peak was reached (including thermal degrada-
tion gas from kerogen and pyrolysis gas from crude oil) 
during the Middle Jurassic to Early Cretaceous, which led 
to a rapid reservoir pressure increase, and its contribu-
tion was higher than (i), (ii), and (iii).

The pressurization process of hydrocarbon genera-
tion has a clear influence on the pore morphology, espe-
cially the organic matter pores. Gas overpressure in 
pores could offset the mechanical compaction effect of 
overlying sediment to a certain extent and preserve the 
pore space of the reservoir well. The pore morphology 
is predominantly elliptical to circular, and there is a pro-
nounced directionality in the long length distribution of 
the pores (Fig.  5a, b, f ), which indicates that the pores 
have suffered directional stress. The elliptical shape is the 
result of the coupling effect of microporous overpressure 
and the compressive stress of overlying strata. In com-
parison, Wang et  al. (2020) and Peng et  al. (2020) sug-
gested that the organic matter pores in non-overpressure 
reservoirs have a mostly flat and irregular angular shape, 

Fig. 12 Dynamic evolution process of shale gas generation, accumulation, adjustment, loss, and the formation and evolution of overpressure 
in Well GX-1. HEP is hydrocarbon expansion pressurization, CMTP is clay mineral transformation pressurization, KCGP is kerogen cracking gas 
pressurization, COCGP is crude oil cracking gas pressurization, and TUP is tectonic uplift pressurization.  T1f and  T1t are the Feixianguan and Tongjiezi 
formations of the Lower Triassic,  T2+3 in the Middle and Upper Triassic, and  S1s and  S2h are Shiniulan and Hanjiadian formations of the Lower 
and Middle Silurian
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and the phenomenon of microporous overpressure is not 
apparent. Therefore, the pores are not well preserved, 
leading to low productivity. Microporous overpressure 
is a crucial preservation form of hydrocarbon generation 
pressurization of organic matter. Also, it is the basis of 
the formation of an overpressured reservoir.

Pressurization by clay mineral transformation 
and dehydration
The overpressure of the reservoir caused by the transfor-
mation and dehydration of clay minerals refers to des-
orption of bound water in clay particles and migration to 
the pores among clay particles during transformation of 
smectite to illite or chlorite, during the diagenetic evo-
lution of the reservoir with greater burial depth (Audet 
1995; Tanikawa et al. 2008). The released interlayer water 
cannot be discharged in time, resulting in abnormal 
high pressure of the reservoir. Clay minerals are layered 
silicate minerals that contain interlayer water to varying 
degrees, in which smectite contains the most water (four 
or more water molecular layers), accounting for about 
23% of the weight of the mineral (Xie et al. 2022b). In the 
samples of this work, clay minerals consist mainly of illite 
(average content greater than 75%) and illite/smectite 
(average content greater than 20%). The average content 
of chlorite is less than 3%, and there is no chlorite/smec-
tite (Table  2). Consequently, this work mainly discusses 
the reservoir overpressure caused by the smectite–mixed 
I/S–illite transformation sequence (Fig.  12). (i) Long-
maxi shale was in the early diagenetic stage from the 
Silurian to Upper Carboniferous, and smectite began to 
transform into mixed I/S, the mixed layer ratio of smec-
tite was higher than 50%. The interlayer water was dis-
charged except for the reciprocal first and second layers, 
which significantly contributed to reservoir overpres-
sure. (ii) Longmaxi shale was in the middle diagenetic 
stage from the Upper Carboniferous to the end of the 
Triassic. Smectite transformed to illite in large quanti-
ties. The mixed layer ratio of smectite was higher than 
15%, and the interlayer water was discharged, except for 
the penultimate layer (Keller 1962). The contribution of 
this stage to reservoir overpressure was also significant. 
(iii) The Longmaxi shale was in the late diagenetic stage 
from the Middle Jurassic to Early Cretaceous, and the last 
interlayer water was removed from smectite in this stage. 
The impact of this process on reservoir overpressure is 
weaker than that in (i) and (ii). In general, clay mineral 
transformation has an important contribution to the 
overpressure of shale reservoirs, but its contribution is 
much weaker than the overpressure caused by hydrocar-
bon generation from organic matter considering the dis-
charge period and volume of water molecules (Osborne 
and Swarbrick 1997; Li et al. 2016).

Tectonic uplift pressurization and maintenance 
of overpressure
Tectonic uplift pressurization refers to the fluid pres-
sure in the reservoir pores that is maintained at a certain 
level under the tectonic uplift of the formed gas reservoir, 
resulting in a reservoir pressure higher than the hydro-
static pressure (Loucks and Ruppel 2007; Hill et al. 2007). 
Longmaxi shale gas reservoir in the study area under-
goes an uplift stage from the Early Cretaceous. The tem-
perature and pressure of the reservoir decrease, so the 
prominent hydrocarbon generation stops, and the trans-
formation and dehydration of clay minerals no longer 
occur. Tectonic uplift is the controlling factor of reser-
voir overpressure preservation, consisting of tectonic 
uplift pressurization and damaging trap conditions lead-
ing to reservoir pressure relief. The uplift magnitude of 
the Longmaxi shale is greater than 2500 m near the Well 
GX-1 since the Early Cretaceous (Fig. 12).

In contrast, the Longmaxi shale in the core of the 
Changning anticline has been uplifted severely or is 
even absent. As a result, the pressure coefficients of gas 
reservoirs are quite different in the study area; namely, 
shallow burial depth, caprock erosion, and fault devel-
opment caused by tectonic uplift control the current 
reservoir pressure. The integrity of the overpressured 
area remains relatively unaffected, the uplift magnitude 
is relatively small, and fault development is weak. Two 
sets of high-quality caprocks of the Shiniulan–Hanjia-
dian, and Jialingjiang formations are well preserved. As 
a result, a complete lithologic-structural trap remains. 
Comparatively, normal pressured areas are character-
ized by a strong tectonic disturbance, major uplift, devel-
oped gas conducting faults, lack of high-quality caprocks, 
and proximity to the erosion area of the Longmaxi shale 
(Fig. 12).

Conclusion

(1) Longmaxi shale reaches its peak gas generation in 
the study area during the Middle Jurassic to Early 
Cretaceous, and then tectonic uplift. The gas res-
ervoir is divided into four grades of Class I, Class 
II, Class III, and Non-economic class based on 
preservation and development engineering condi-
tions. Regions of the Jianwu–Luochang syncline 
and the northeast limb of the Changning anticline 
are regarded as the optimum reservoir (Class I). 
The gas reservoir in the core of the Changning anti-
cline has the worst development potential, which is 
a Non-economic class. The northeast corner of the 
study area has excellent preservation conditions, 
but it is too deep and difficult to develop, classi-
fied as a Class III gas reservoir. The remaining areas 
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have moderate preservation and development con-
ditions and are classified as Class II.

(2) Gas reservoirs with excellent preservation condi-
tions are often characterized by overpressure. The 
formation and preservation of overpressured res-
ervoirs are divided into the process of hydrocar-
bon generation pressurization of the maturation of 
organic matter, pressurization of clay mineral trans-
formation and dehydration, tectonic uplift pressuri-
zation, and maintenance of overpressure. Hydrocar-
bon generation pressurization mainly occurs during 
the Upper Carboniferous to Early Cretaceous, espe-
cially during Middle Jurassic to Early Cretaceous. 
Transformation dehydration pressurization of clay 
minerals mainly occurs during the Silurian to the 
end of Triassic. Tectonic uplift pressurization has 
occurred since the Early Cretaceous. The difference 
in preservation conditions of shale gas reservoirs 
after tectonic uplift in the study area leads to the 
difference in the current pressure coefficient.
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