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The lower Silurian Longmaxi Formation hosts a highly productive shale gas play in the Zhaotong region of southern China.
According to core observation, X-ray diffraction analyses, and scanning electron microscopy (SEM) observations, the shale
comprises primarily quartz, carbonate minerals, and clay minerals, with minor amounts of plagioclase, K-feldspar, and pyrite.
The clay mineral content ranges from 15.0% to 46.1%, with an average of 29.3% in the Zhaotong region. Organic geochemical
analyses show that the Longmaxi Formation has good potential for shale gas resources by calculating total organic carbon,
vitrinite reflectance, and gas content. Scanning electron microscope images demonstrate that reservoir pore types in the
Longmaxi shale include organic pores, interparticle pores, intercrystalline pores, intraparticle pores, and fractures. Reservoir
distribution is controlled by lithofacies, mineral composition, and geochemical factors. In addition, we investigated the relationships
between reservoir parameters and production from 15 individual wells in the Zhaotong region by correlation coefficients. As a result,
the brittleness index, total organic carbon (TOC), porosity, and gas content were used to define high-quality reservoirs in the
Longmaxi shale. Based on these criteria, we mapped the thickness and distribution of high-quality reservoirs in the Longmaxi
Formation and selected highlighted several key sites for future exploration and development.

1. Introduction

Shale gas is one of the main forms of unconventional natural
gas. It occurs within certain organic-rich shale and is gener-
ally present in an adsorbed or free state [1–4]. China was
the third country to commercially develop shale gas, after
the United States and Canada [5–7]. The Changning,
Weiyuan, Zhaotong, and Fuling marine shale gas demonstra-
tion zones achieved a combined annual output of 79 × 108m3

in 2017 [8]. China has great potential for additional shale gas
exploration, and the production of shale gas in the country is
forecast to reach 800 – 1000 × 108m3 by 2030 [9].

Despite their production potential, shale gas reservoirs
are often highly heterogeneous [10, 11] and have poor petro-
physical properties [12–14]. Parameters such as shale ther-
mal maturity, organic matter content, net thickness, burial
depth, recoverable area, gas content, and Young’s modulus
are used to describe shale gas reservoirs [15]. Hashmy et al.
define high-quality unconventional gas reservoirs as having

petrophysical properties that are conducive to good flow
[16]. Zou et al. proposed criteria for evaluating unconven-
tional gas reservoirs, including depositional environment,
thermal evolution, pore and fracture development, and tec-
tonic preservation condition [17]. Successful shale gas devel-
opment is dependent on the discovery of high-quality
reservoirs [18].

The shale gas well has low natural productivity in Long-
maxi Formation, so it needs fracturing transformation to
obtain higher production. Evaluation of high-quality reser-
voirs is the key to shale gas development in this area. The
previous evaluation system analyzes the characteristics of
high-quality reservoirs from the perspectives of shale rock
[19], mineral [20], physical property [21], gas bearing [22],
geochemistry [23], and resource potential [24], but the
relationship between reservoir parameters and gas well pro-
duction is rarely discussed. In this paper, we characterized
the Longmaxi Formation’s shale gas reservoirs in the
Zhaotong region of the Sichuan Basin, southern China, by
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core observation, X-ray diffraction analyses, and scanning
electron microscopy (SEM) observations. As a result, we
quantified the reservoir properties of Longmaxi Formation
and selected the best parameters for shale gas reservoir
evaluation. Our results provide a theoretical framework to
support future shale gas exploration and development in
southern China and similar regions elsewhere.

2. Regional Geological Setting

The Sichuan Basin, in southwestern China, contains petroli-
ferous deposits that can be found over an area of approxi-
mately 26 × 104 km2. The Sichuan Basin is bounded by the
Longmenshan Fault to the west, the Chengkou–Fangxian
and Xiangguang faults to the north, and the Shizong-Mile
and Danchi-Du’an faults to the south (Figure 1). The Zhao-
tong region lies to the south of the Chuannan fold belt in
the southern Sichuan Basin [25].

Southern China experienced intense tectonic compres-
sion in the Late Ordovician–Early Silurian [26]. As the
Paleo-Tethys Ocean subducted during the Early–Middle
Ordovician, the northern Yangtze Cratonic Basin shrank
[27]. Moderate bathymetric uplift drove a transition from
marine to restricted marine conditions at this time [28]. In
the Sichuan Basin’s hypoxic deep-water shelf environment,
the moderately uplifted bathymetry, low-energy conditions,
and low-sedimentation rate allowed for the accumulation of
thick, widespread marine shale. This marine shale sequence
includes the black graptolitic shale of the Longmaxi Forma-
tion [29]. Gamma values in the Sichuan Basin shale sequence
peak in the Wufeng Formation (at the Ordovician–Silurian
transition), before gradually decreasing upward. The Long-
maxi shale is an important source rock in the Sichuan Basin
[30, 31], where it is widespread and 55–516m in thickness.
The Longmaxi shale is divided into two parts from bottom
to top: the lower part is rich in organic matter and graptolites,
and is the main gas-producing layer; the upper part is a thick
succession of silty shale, which formed in a shallow-water
sandy shelf environment.

3. Database and Methodology

This study utilized 221.98m of 3 cores, 132 slices of core,
X-ray diffraction data from 52 samples, source rock data
from 91 samples (vitrinite reflectance, TOC, and macerals),
scanning electron microscopy (SEM) observations from 72
samples, and porosity-permeability measurements from
32 samples.

Powdered shale samples were analyzed for TOC content
using a LECO CS-230 carbon-sulfur analyzer at 25°C and
30% humidity. Vitrinite reflectance (Ro) was measured using
a Zeiss mpv-sp microphotometer. An X’Pert Pro X-ray dif-
fractometer was used to determine the mineralogical compo-
sitions and clay fractions. These three tests were conducted at
the State Key Laboratory of Oil and Gas Reservoir Geology
and Exploration at the Southwest Petroleum University in
Chengdu, China.

Twelve samples were selected to investigate the shale pore
types and morphologies. The analyses were conducted using

a FEI Quanta 200F field emission scanning electron micro-
scope (FE-SEM) at the State Key Laboratory of Petroleum
Resources and Prospecting at the China University of Petro-
leum in Beijing. The samples were treated with an argon ion
profile and an ion sputtering coating. Imaging was carried
out at 24°C and 35% humidity. The scanning electron micro-
scope was used to determine the microscopic pore structure
characteristics (morphology, types, and distribution) of the
shale samples [32].

A nitrogen adsorption experiment was carried out
at −196°C using a Quadrasorb SI specific surface analyzer.
Before the experiment, samples were degassed for 20 hours
under vacuum at a temperature of 110°C.

4. Results

4.1. Mineralogy. X-ray diffraction analyses show that the
shale mineralogies include quartz, feldspar, calcite, dolomite,
pyrite, and clay. Quartz is the most abundant mineral, with
an average content of 30.50%. The average contents of calcite
and dolomite are 17.24% and 14.12%, respectively. The clay
mineral content ranges from 15.0% to 46.1%, with an average
of 29.3%. The clay mineral compositions include mainly illite
(49%–73%, with an average of 54.0%) and chlorite (8%–28%,
with an average of 15.4%), followed by illite/montmorillonite
(12%–41%, with an average of 28.8%) (Table 1). The brittle-
ness index is the sum of the quartz and feldspar contents. The
brittleness index of sample ZT1-4 is the highest (0.499), and
the brittleness index of sample ZT1-2 is the lowest (0.139).

4.2. Lithology. The Longmaxi Formation is approximately
50–200m thick in the Zhaotong region. Six main lithofacies
were identified from the 221.98m Longmaxi Formation core:
siliceous shale, carbonaceous shale, calcareous shale, silty
shale, gray mudstone, and muddy siltstone (Figure 2).

The siliceous shale from the Longmaxi core is laminated
and dark in color. A high content of cryptocrystalline silica
makes this facies very hard overall, and the covering area of
graptolite content is generally <30%. The carbonaceous shale
is foliated with a large amount of carbonized organic matter
and a high TOC content. The most abundant minerals are
quartz, clays, feldspar, pyrite, and calcite. The calcareous
shale has well-developed horizontal bedding and a high cal-
cite content. The graptolite coverage area is generally <10%.
The silty shale contains dark, organic-rich clay and lighter par-
ticles of quartz, feldspar, and other detritus. Detrital particles
account for 25%–45% of the total mineralogy. The gray mud-
stone has a light gray color and is composed of clay minerals
with fine silt. The muddy siltstone contains clastic particles
of quartz and feldspar, with horizontal to wavy bedding.

The siliceous and carbonaceous shales formed in a reduc-
ing, deep-water environment. These lithofacies are found in
the lower part of the Longmaxi Formation, where the deep-
water shelf environment was conducive to the deposition of
source rocks. The TOC content of these lithofacies is >2%,
which is favorable for shale gas. Calcareous shale, silty shale,
gray mudstone, and argillaceous siltstone mainly occur in the
upper part of the Longmaxi Formation. The upper part of the
formation was deposited in a shallow shelf environment, and
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it records the gradual transition from anoxic, reducing condi-
tions to oxygen-rich, oxidizing conditions. Preservation
potential for organic matter was poor, so the organic carbon
content of these deposits is <2%.

4.3. Organic Geochemical Characteristics

4.3.1. TOC. The TOC content of the Longmaxi shale reaches
a maximum of 4.79wt.%, with an average of 2.76wt.%. The
TOC content varies according to lithofacies, with siliceous
shale and carbonaceous shale having the highest TOC con-
tents. There is also a gradual upward-decreasing trend in
TOC content in the lower part of the Longmaxi shale.

4.3.2. Thermal Maturity. Vitrinite reflectance (Ro) values for
the Longmaxi shale are between 1.95% and 3.13%, with an

average of 2.48%. The Ro values indicate that the source rock
is highly mature and that it has reached the hot gas window.

4.3.3. Gas Content. Core analyses indicate that the adsorbed
gas content of Longmaxi shale is 1.6–2.1m3 t−1. Previous
studies have shown that the adsorbed gas content of shale is
positively correlated with TOC content [33]. This is due to
the strong adsorption potential of gas on organic compounds
[34]. In shales, large amounts of gas can be adsorbed on the
surface of kerogen, so high TOC contents can indicate large
gas volumes and high adsorption capacity for shale gas. Shale
gas content is also affected by mineral composition, porosity,
and other factors [35].

4.4. Reservoir Storage Space. Pores form the main reservoir
space in shales. Scanning electron microscope images reveal
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Figure 1: (a) Structural sketch map of the Sichuan Basin, southern China. The position of (b) is marked in red; (b) the study area with towns
(squares) and well locations (diamonds); (c) summary diagram showing the stratigraphy and basin evolution of the Sichuan Basin (modified
from Liang et al., 2014).
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Table 1: Mineralogy of shale samples from the Zhaotong region.

Sample ID TOC (%) Ro (%)
Mineral content (%)

Relative content of
clay (%)

Quartz K-feldspar Plagioclase Calcite Dolomite Pyrite Clay I/S I K C

ZT1-1 2.15 2.46 12.1 0.8 1.6 29.3 21.2 1.7 33.3 12 73 2 13

ZT1-2 2.56 2.64 11.5 0.7 1.7 19.8 15.4 4.8 46.1 22 64 2 12

ZT1-3 3.31 2.47 37.2 0.6 4.9 19 17.4 2.4 18.5 41 49 1 9

ZT1-4 4.15 2.51 48.3 0.8 0.8 8.7 15.6 3.5 22.3 41 50 1 8

ZT1-5 4.79 2.59 28.9 0.9 4 13 15.8 6 31.4 28 58 2 12

ZT1-6 2.31 1.95 37.9 1.1 9.5 7.4 4.8 4 35.3 26 51 2 21

ZT1-7 3.13 2.02 29.3 1.6 4.2 9.9 5.9 3.2 45.9 23 52 2 23

ZT1-8 1.17 2.42 34.2 1.3 8.1 12.3 4.5 1.3 38.3 26 51 2 21

ZT1-9 1.88 2.49 30.4 3.1 9.3 16.6 5 3.1 32.5 18 54 2 26

ZT1-10 0.91 2.35 37.9 4.6 6.5 12 3.9 0.6 34.5 20 50 2 28

ZT1-11 3.35 3.13 17.9 0.9 2.3 36.5 23.1 2.7 16.6 32 53 2 13

ZT1-12 0.86 2.41 24.3 0.9 6.1 31.4 21.5 0.8 15 32 52 2 14

ZT1-13 3.17 2.59 41.8 0.8 4.6 16.4 14.9 2 19.5 37 52 1 10

ZT1-14 3.47 2.43 35.1 0.7 5.5 13.7 20.1 2.2 22.7 38 50 2 10

ZT1-15 4.16 2.67 30.7 1.1 1.2 12.6 22.7 4.4 27.3 36 51 2 11

(a) (b)

(c) (d)

(e) (f)

Figure 2: Shale facies of the Longmaxi Formation in the Zhaotong region: (a) carbonaceous shale; (b) siliceous shale, dark in color and hard,
with a high SiO2 content; (c) calcareous shale, contains high angle fractures that are filled with calcite; (d) silty shale, light layers contain
mainly quartz and feldspar, while the dark layers contain high clay and organic matter contents; (e) gray mudstone, light gray in color; (f)
muddy siltstone, displays wavy to horizontal bedding.
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several pore types in the Longmaxi shale samples, including
organic pores, intercrystalline pores, intraparticle (intraP)
pores, and interparticle (interP) pores (Figure 3). The organic
pores are widely developed in the shale and formed during
the later stages of thermal evolution. When source rocks
reach the threshold for hydrocarbon generation, pores form
in the organic matter as hydrocarbons are produced and
expelled. The organic pores generally have laminar, pitted,
ellipsoidal, polygonal, and irregular shapes. Organic pore
sizes are highly variable in the Longmaxi shale, ranging from
10 to 1500 nm. These pore sizes are medium–large and can
develop within both nanoscale and microscale organic mat-
ter (Figures 3(a) and 3(j)). Interparticle pores and intraparti-
cle dissolved pores are both considered intergranular pores
and mainly formed via late diagenetic processes, though
there are a few primary interparticle pores (Figures 3(b),
3(d), 3(e), and 3(i)). Pyrite intercrystalline pores are widely
developed in the shale [36]. When pyrite aggregates are par-
tially dissolved, the resulting pores are filled with organic
matter and newer pyrite crystals [37–42]. The organic matter
in the Longmaxi shale is often coated with pyrite particles.
Calcite and dolomite intraparticle dissolved pores are rela-
tively small and rare (Figures 3(c) and 3(f)) in the Longmaxi
shale. The dissolved pores appear to be complete, and there is
no evidence of extrusion deformation, which indicates that
they formed during burial.

4.5. Reservoir Properties. The Longmaxi shale has porosities
between 0.83% and 6.70%, with an average of 4.70%. The per-
meability is very low, ranging from 0.0028 to 0.0417μD, with
an average of 0.0176μD. The specific surface area is between
1.72 and 29.31m2 g−1, with an average value of 9.88m2 g−1.
The throat radius values range from 3.0 to 19.8 nm, with an
average of 7.5 nm. The total pore volumes of the Longmaxi
shale range from 49 to 388 × 10−4 ml g−1, with an average of
123 × 10−4 ml g−1. The volumes of the pores (<2nm) range
from 15.2 to 37:4 × 10−4ml g−1, with an average of
5:8 × 10−4ml g−1. Mesopore volumes are distributed between
41.4 and 287:0 × 10−4mlg−1, with an average of 110:0 × 10−4

mlg−1. Micropores, mesopores, and macropores (>50nm)
constitute 4.70%, 89.43%, and 5.87% of the total pore volume,
respectively, indicating that mesopores are dominant in the
Longmaxi shale.

5. Discussion

5.1. Selection of Parameters for Reservoir Evaluation.We used
well data from the Zhaotong region to investigate the rela-
tionships between reservoir parameters and gas production
from the Longmaxi Formation. We used open-flow produc-
tivity data from 15 wells, which had each been fractured by
similar amounts prior to measurement. Reservoir parameters
have different effects on gas production from shale, and these
effects can be determined using correlation coefficients.

We used correlation coefficients to determine the impor-
tance and effect of each input and output index. We let the
input index terms be X1, X2,⋯, Xm. The greater the correla-
tion coefficient between the input index Xi and the output
index, the stronger the relationship between Xi and the out-
put index. The correlation coefficient Ri is defined as

Ri =
Cov Xð , YÞ
ffiffiffiffiffiffiffiffiffiffiffi

D Xð Þp ffiffiffiffiffiffiffiffiffiffiffi

D Yð Þp
: ð1Þ

Mud, silica, calcium, organic matter, and kerogen con-
tents, thermal maturity, total porosity, gas saturation, and pore
pressure gradient were selected as input indices, and gas pro-
duction was used as the output index. The parameters that
were used to evaluate reservoir properties were selected using
the correlation coefficient Ri. The controlling geological
parameters will vary between different shale gas reservoirs.

We used logged cores from the Zhaotong region to extract
parameters such as mud content, brittleness index, silica con-
tent, calcium content, TOC, kerogen content, total porosity,
gas saturation, pore pressure gradient, and Ro. The total gas
content is expressed as the actual gas production after fractur-
ing. By studying the correlation coefficients between these
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Figure 3: FE-SEM images of shale samples from the Zhaotong region. (a) Organic matter (OM) pores, pyrites, and interP pores at the edges of
mineral grains (b) OM pores and cleavage-sheet intraP pores in clay particles; (c) OM pores and fluid-inclusion intrapores; (d) OM pores in
OM grains, cleavage-sheet intrapores in clay particles, intrapores with calcite grains, and interpores at the edges of mineral grains; (e) OM
pores, cleavage-sheet intrapores within clay particles, and interpores at the edges of mineral grains; (f) fluid-inclusion intrapores within
brittle minerals and interpores at the edge of a calcite grain; (g) fluid-inclusion intrapores within brittle minerals and intercrystalline
interpores in pyrite framboids; (h) OM pores, intercrystalline pores in pyrite framboids, and interpores at the edges of mineral grains; (i)
cleavage-sheet intrapores within clay particles; (j) large OM particle with irregular and elliptical OM pores; (k) OM particle and
intercrystalline interpores in pyrite framboids; (l) intercrystalline interpores in pyrite framboids and interpores at the edges of mineral grains.
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reservoir parameters and gas production, we found that the
brittleness index, TOC, porosity, and gas content have the
strongest influence on gas production, with correlation
coefficients > 0:35, while Ro, pore pressure gradient, argilla-
ceous content, siliceous content, and calcium content have little
effect on gas production, with correlation coefficients < 0:35.

By analyzing shale gas reservoir parameters in the
Zhaotong area, we determined that the brittleness index,
TOC, porosity, and gas content are the most influential
parameters for gas production (and therefore reservoir qual-
ity). The highest observed correlation coefficients were
between brittleness index and gas production (0.6426),
followed by TOC and gas production (0.5776); correlation
coefficients between porosity and gas production (0.4951)
and gas content and gas production (0.3698) were lower.
The correlation coefficients reveal that the most influential
parameters on gas production are brittleness index>TOC>-
porosity>gas content (Figure 4).

5.2. High-Quality Reservoir Definition and Distribution. The
evaluation criteria for shale reservoirs in the Zhaotong region
include TOC, gas content, porosity, and brittle mineral index.
We have shown that these are the four key parameters that
influence shale gas production. To be considered high-quality,
reservoirs in the Longmaxi Formation should meet the follow-
ing criteria: TOC > 4%, gas content > 4m3 t−1, porosity > 5%,
and brittleness index > 0:45 (Table 2).

The shale in the upper part of Longmaxi Formation was
deposited on a shallow-water sandy shelf. Shale deposition
in this environment was discontinuous, and it is therefore

unlikely that the shale forms effective reservoirs for industrial
exploitation. We mapped the thickness of high-quality reser-
voirs in the lower Longmaxi Formation using the identifica-
tion criteria described above. Our results show that the next
phase of shale gas exploration and development should focus
on the northern and central parts of the study area (Figure 5).

6. Conclusions

In this study, reservoir characteristics of the lower Silurian
Longmaxi shale were analyzed in the Zhaotong region,
southern China. Some important findings are summarized
as follows:

(1) The Longmaxi shale contains six main lithofacies: sili-
ceous shale, carbonaceous shale, calcareous shale, silty
shale, gray mudstone, and muddy siltstone. The con-
centration of brittle minerals is high, which is condu-
cive to the formation of natural and artificial fractures

Table 2: Identification criteria for high-quality reservoirs in the
Zhaotong region.

Key parameters Criteria

TOC >4%
Gas content >4m3 t−1

Porosity >5%
Brittleness index >0.45
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Figure 4: Longmaxi shale gas reservoir parameters and gas production in the Zhaotong region: (a) brittleness index; (b) TOC; (c) porosity; (d)
gas content.
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(2) Geochemical analyses (TOC, Ro, and gas content)
show that the Longmaxi shale has good potential
for shale gas resources. The primary reservoir space
consists of organic pores, intercrystalline pores, intra-
particle pores, and interparticle pores. Most of the
pores are 2–50nm in size (mesopores). Open-flow
production data were used to investigate the relation-
ships between various reservoir index parameters
and gas production from the Longmaxi Formation

(3) Data from fifteen wells in the Zhaotong region were
used, and each had experienced a similar amount of
fracturing. The results show that TOC, gas content,
porosity, and brittleness index are the most influen-
tial parameters for shale gas production from the
Longmaxi Formation. We propose that high-quality
Longmaxi shale gas reservoirs in the Zhaotong region
should be defined using the following criteria: TOC
> 4%, gas content > 4m3 t−1, porosity > 4%, and
brittleness index > 0:45

(4) Our mapping of the high-quality Longmaxi shale gas
reservoirs in the Zhaotong region indicates that the
next phase of exploration and development should
focus on the northern and central parts of the
study area
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