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Abstract The Lower Paleozoic shale in south China has a
very high maturity and experienced strong tectonic defor-
mation. This character is quite different from the North
America shale and has inhibited the shale gas evaluation and
exploration in this area. The present paper reports a com-
prehensive investigation of maturity, reservoir properties,
fluid pressure, gas content, preservation conditions, and
other relevant aspects of the Lower Paleozoic shale from the
Sichuan Basin and its surrounding areas. It is found that
within the main maturity range (2.5 % < EqR, < 3.5 %) of
the shale, its porosity develops well, having a positive cor-
relation with the TOC content, and its gas content is con-
trolled mainly by the preservation conditions related to the
tectonic deformation, but shale with a super high maturity
(EqR, > 3.5 %) is considered a high risk for shale gas
exploration. Taking the southern area of the Sichuan Basin
and the southeastern area of Chongqing as examples of
uplifted/folded and faulted/folded areas, respectively, geo-
logical models of shale gas content and loss were proposed.
For the uplifted/folded area with a simple tectonic defor-
mation, the shale system (with a depth > 2000 m) has lar-
gely retained overpressure during uplifting without a great
loss of gas, and an industrial shale gas potential is generally
possible. However, for the faulted/folded area with a strong
tectonic deformation, the sealing condition of the shale
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system was usually destroyed to a certain degree with a great
loss of free gas, which decreased the pressure coefficient and
resulted in a low production capacity. It is predicted that the
deeply buried shale (>3000 m) has a greater gas potential
and will become the focus for further exploration and
development in most of the south China region (outside the
Sichuan Basin).

Keywords Lower Paleozoic shale gas - Maturity - Main
controlling factors - Tectonic deformation

1 Introduction

Within the Lower Paleozoic marine strata in south China,
two sets of organic-rich Lower Silurian and Lower Cam-
brian shales are widely developed (Liang et al. 2008, 2009;
Nie et al. 2009; Zou et al. 2010), covering areas of up to
42 x 10* km? and (30-50) x 10* km? respectively (Zou
et al. 2010). The predicted geological resource potential of
shale gas (<4500 m) is 17 x 10"”m?® and 35 x 10"m’,
respectively. Their sum accounts for about 39 % of the
total onshore shale gas resource (Zhang et al. 2012), indi-
cating a huge potential for shale gas exploration and
development.

In recent years, shale gas exploration in the Lower
Paleozoic marine strata in south China has been carried out
actively. Great progress has been made in the Sichuan
Basin where the tectonic deformation is relatively simple.
Industrial shale gas production has been achieved from
some areas, such as the Weiyuan, Changning, and Fuling
blocks (Huang et al. 2012a, b; Guo and Liu 2013; Li et al.
2014; Wang et al. 2013c; Wang 2013). Especially in the
Jiaoshiba area of the Fuling Block, initial gas production of
(10-50) x 10* m®d has been reported for most tested
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wells, and the average yield of well JY1 in the first year
was 6 x 10* m*/d (Guo and Zhang 2014). The Jiaoshiba
area is planned to the first commercial development
demonstration base for shale gas in China. However, out-
side the Sichuan Basin, the gas content in shale is generally
low, most of the tested wells do not reach an industrial
capacity (Ma et al. 2014; Yi and Zhao 2014; Zhou et al.
2014a), and the exploration and development of shale gas
still meets with challenges such as complicated structural
conditions, poor resources, and variable geography (Wang
2013).

Based on the geological and geochemical characteristics
of the Lower Paleozoic shale in south China, the present
paper mainly focuses on the reservoir properties of the very
high maturity shale, preservation conditions controlled by
tectonic deformation, and their influence on shale gas
content. The main controlling factors of shale gas content
and the evaluation criteria for a favorable shale gas play are
discussed. The purpose is to provide guidance for further
exploration and development.

2 Geological characteristics of the Lower
Paleozoic shale

There are a few similar geological and geochemical char-
acteristics between the North America shale and the Lower
Paleozoic shale in south China, such as the TOC (total
organic carbon) content, organic type, shale thickness,
mineral composition, brittle mineral content, Poisson’s
ratio, and Young’s modulus (Li et al. 2013b; Wang et al.
2012a, b; Tu et al. 2014). This is the main basis for a huge
shale gas potential of the Lower Paleozoic shale in south
China predicted by scholars and organizations (Zhang et al.
2012; EIA 2011, 2013). However, the Lower Paleozoic
shale is characterized by very high maturity and strong
tectonic deformation (Nie et al. 2011; Wang et al. 2009b;
Xiao et al. 2013), which shows an obvious difference from
the North America shale (Table 1). Taking the southern

area of the Sichuan Basin as an example (Fig. 1), the burial
history and thermal maturation evolution of the lower
Paleozoic strata can be largely divided into four stages:

Stage 1 (from Cambrian to Silurian): Marine strata with
a thickness of 2500-3000 m were deposited. The Lower
Cambrian and Lower Silurian shales underwent an early
maturation at temperatures of 80-90 °C and 50-60 °C,
respectively. Their EqR, (equivalent vitrinite reflectance)
values became 0.6 % and 0.4 %, respectively.

Stage 2 (from Devonian to Carboniferous): The strata
underwent uplifting and erosion. The upper Silurian was
generally eroded, with an eroded thickness of 500-1000 m.

Stage 3 (from Permian to Early Cretaceous): Deposition
began from Permian, speeded up in Jurassic, and continued
up to Early Cretaceous, with a total thickness of
5000-6000 m. During Early Cretaceous, the burial depth of
the Lower Cambrian and Lower Silurian shales reached
about 8000 and 7000 m, corresponding to a maximum
temperature of 250-260 °C and 220-230 °C, respectively.
The shales experienced strong thermal maturation and
reached a very high maturity, with an EqR,, value of 2.5 %
(the Lower Silurian shale) and 3.5 % (Lower Cambrian
shale).

Stage 4 (from Late Cretaceous to present): Influenced by
the tectonic deformation of the late Yanshanian—Hi-
malayan movements, this area was uplifted and the strata
were eroded strongly from the Late Cretaceous. The eroded
thickness was up to 2500-4000 m generally.

For the Yangtze region outside the Sichuan Basin, the
burial history and thermal maturation evolution of the
Lower Paleozoic strata are basically consistent with the
Sichuan Basin, but the uplifting occurring during the late
Yanshanian—-Himalayan period was earlier and the struc-
tural deformation was stronger, with an obvious regional
differentiation (Mei et al. 2010). With a background of
general strong uplifting, the intense tectonic deformation
resulted in fold deformation and fault cutting, forming
rather complex structural patterns (Hu et al. 2014; Tang
and Cui 2011; Yan et al. 2000). For example, trough-like

Table 1 Main differences between the Lower Paleozoic shale in south China and the North America shale

Feature Sichuan Basin Outside the Sichuan Basin North America
Age Lower Silurian and Lower Lower Silurian and Lower Cambrian Devonian, Carboniferous, and
Cambrian Cretaceous
Present burial depth, m 2000-6000 1000-6000 2000-4000
Burial depth with industrial ~ 2000-3500 No data 1500-3000
shale gas production, m
Maturity (R, or EqR,), %  2.5-3.5 2.5-3.5 1.0-2.5

Tectonic deformation Strongly uplifted with an eroded

thickness of 20004000 m

Strongly uplifted, folded, and faulted with
an eroded thickness of 3000-5000 m

Simply uplifted with an eroded
thickness of 1500-3000 m
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Fig. 1 Burial history of strata (a), paleogeotemperature of Lower
Cambrian and Lower Silurian (b), and maturity evolution (¢) from
well Pan 1 in the southern area of the Sichuan Basin

folds (wide-gentle anticline and narrow-steep syncline)
developed widely in the Zhaotong area to the south of the
Sichuan Basin (Wang 2013). The structural styles are more
complex in the southeast Chongqing area to the east of the
Sichuan Basin. From the northwest to southeast, the
structure changed gradually from comb-like folds (wide-
gentle synclines and narrow-steep anticlines) to trough-like
folds, and transitional folds composed of wide-gentle
synclines and anticlines developed in the middle area (Li
et al. 2012; Wei et al. 2014) (Fig. 2).

Maturity not only controls the gas generation of shale,
but also affects the reservoir properties (Curtis et al. 2012;
Fishman et al. 2012; Loucks et al. 2009; Mastalerz et al.
2013; Modica and Lapierre 2012; Valenza et al. 2013). The
maturity of the Lower Paleozoic shale in south China is
generally rather high, but it varies significantly in different
regions (Nie et al. 2009). The Lower Cambrian and Lower
Silurian shales have EqR, values of, respectively, 2.7 %—
6.2 % and 1.9 %-3.8 % in the whole Yangtze region
(Cheng and Xiao 2013), and 2.5 %-3.5 % and 2.4 %-—
3.2 % in the Sichuan Basin (Wang et al. 2009a; Zou et al.
2014). Shale generally has a quite low porosity when it has
evolved to the dry gas stage (R, > 2.0 %) (Wang et al.
2013a), but its reservoir properties still change with further
increasing maturity (Chen and Xiao 2014). Substantial
uplifting and strata denudation reduce the temperature and
pressure of a shale system, which will lead to an increase in
its fluid pressure coefficient if the system is ideally con-
fined (Zhou et al. 2014b). Faults and folds may damage the
sealing condition of a shale system, and as a result a great
loss of shale fluids occurs with a significant reduction of
the fluid pressure coefficient (Hu et al. 2014; Guo 2014).
These geological processes have a great impact on shale
gas contents and yields, and become the primary concern
for the shale gas exploration and development of the Lower
Paleozoic strata in south China.

3 Maturity and gas content of shale
3.1 Influence of maturity on shale porosity

The relationship of maturity and gas contents in shale is
mainly reflected by its impact on reservoir properties,
which includes two diverging aspects: gas generation to
form organic pores with an increase of total porosity, and
compaction to reduce average pore size with a decrease of
total porosity and permeability (Cander 2012; Curtis et al.
2012; Chalmers et al. 2012a; Mastalerz et al. 2013; Mil-
liken et al. 2012, 2013). During burial history, continuous
gas generation is of great significance to the enrichment of
shale gas. On one hand, reservoir space will increase with a
continuous formation of organic pores. On the other hand,
continuously generated gas supplies a possible gas loss and
balances a decrease of fluid pressure associated with the
increase of free gas capacity caused by increasing burial
depth, thus supporting the shale porosity (Milliken et al.
2013). When the burial depth is over the limit of gas
generation, further burial will lead to a significant com-
paction, and a decrease of shale total porosity will occur
due to the inevitable gas loss from the shale. Thus, the
evolution of shale porosity has a close relationship with the
gas generation.
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Fig. 2 Typical structural profiles across the Sichuan Basin and its surrounding areas (Modified after Guo 2014)

Using the hydrocarbon generation kinetics method,
Cheng and Xiao (2013) simulated the hydrocarbon gener-
ation and evolution of the Lower Paleozoic shale in the
Sichuan Basin, and suggested a general geological model
for gas generation. According to their results, the main gas
generation stage is within an EqR,, value range of 1.5 %—
2.5 %, and the gas generation limit occurs at an EqR,, value
of about 3.0 %. Gas generated after EqR, > 2.5 %
accounts for about 10 % of the total gas yield. This portion
of gas would be important to the preservation of shale
porosity in the very high maturity stage. Porosity data from
the North America shale and the Lower Paleozoic shale of
the southern area of the Sichuan Basin show an obvious
decrease when R, or EqR, is over 3.0 % (Wang et al.
2013a), implying that this relationship indeed exists in
natural shale systems. Figure 3 further shows that shale
porosity varies widely from 3 % to 6 % when R, or EqR,
value is between 1.0 % and 3.0 %, without a clear rela-
tionship with maturity, which reflects the combined effect
of multiple factors (except for maturity), such as TOC
content and mineral compositions on shale porosity (Curtis
et al. 2010; Chalmers and Bustin 2008; Chalmers et al.
2012; Ross and Bustin 2009). When R, or EqR,, is between
3 % and 5 %, shale porosity varies within a narrow range,
mainly between 2 % and 4 %, having an obvious
decreasing trend with increasing maturity.
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Fig. 3 Correlation between maturity and shale porosity (modified
after Cheng and Xiao 2013, with some new data)

For shale with a very high maturity, inorganic matrix
porosity is very low due to strong compaction. For
instances, this value is approximately 1 % for the Mar-
cellus Shale (R, = 2 %) (Milliken et al. 2013) and 1.2 %—
1.3 % for the Lower Paleozoic shale (EqR, = 2.0 %—
3.1 %) from the southern area of the Sichuan Basin (Wang
et al. 2013a). Therefore, the development and evolution of
organic pores becomes an important factor affecting shale
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porosity. According to the data from literature, shale
porosity has a clear positive correlation with TOC content
when TOC is within a definite range (Milliken et al. 2013;
Pan et al. 2015; Tian et al. 2013; 2015; Wang et al. 2013a).
However, this positive correlation will be changed or even
reversed to be negative when TOC is very high, over this
range (Milliken et al. 2013; Pan et al. 2015; Wang et al.
2013a). The TOC turning point occurs at about 5.6 % for
the Marcellus Shale (Milliken et al. 2013), 5.0 % for the
Lower Paleozoic shale from the southern area of the
Sichuan Basin (Wang et al. 2013a), and 12 % for the Upper
Permian shale from the Lower Yangtze region (Pan et al.
2015). This is attributed to an easier compaction of organic
nano-pores for shale with a higher TOC content than shale
with a lower TOC content (Milliken et al. 2013; Wang
et al. 2013a; Pan et al. 2015). Compaction not only reduces
total porosity, but also changes pore structure significantly.
For example, the Lower Cambrian shale from well HY1
has a significantly lower porosity than the Lower Silurian
shale from well PY1 (both shales have a similar maturity)
(Tian et al. 2013, 2015), but the former has much higher
level of nano-pores (<10 nm) as compared with the latter
(Fig. 4), which indicates that the compaction effect is more
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Fig. 4 Comparison of nano-pore structure between the Lower
Cambrian shale from Well HY1 and the Lower Silurian shale from
Well PY1 (simplified after Tian et al. 2015)

evident for macropores and larger mesopores, resulting in a
reduction of the average pore size and an increase of the
micropore volume and specific surface area of the shale.

3.2 Porosity evolution model of shale

Based on the data from the Eagle Ford shale, Cander
(2012) proposed an evolution model of inorganic matrix
porosity and organic porosity in shale. According to his
model, the inorganic matrix porosity significantly decrea-
ses with increasing burial depth up to 3000 m. When the
burial depth is over 3000 m, the reduction of inorganic
matrix porosity becomes less, but the organic pores start to
develop and increase rapidly. The total porosity of shale
does not change significantly within the range of
4000-5000 m. Combined with the gas generation evolution
and porosity data of the Lower Paleozoic shale from the
Southern China region, this model is modified and exten-
ded to a greater burial depth (9000 m) (Fig. 5). According
to the present model, a turning point of organic porosity
occurs at the EqR,, value of about 3.0 %, corresponding to
a burial depth of about 7500 m during geological history.
The organic porosity begins to diminish with further
increasing maturity or burial depth, and this decrease
becomes drastic when the EqR, value is over 3.5 %,
resulting in a very low total porosity for shale with an EqR,,
value >4.0 %.

3.3 Gas content of shale with a very high maturity

The shale gas exploration and development carried out in
the Lower Paleozoic shale of the Sichuan Basin over the
past few years provide important data for estimating the
gas content and yield of shale of a very high maturity
(Table 2). The average gas content of the Lower Cambrian
and Lower Silurian shales from the Weiyuan Block is 1.9
and 1.82 m*/t, respectively (Huang et al. 2012a, b). For the
Changning and Jiaoshiba blocks, the average gas content of
the Lower Silurian shales is 1.93 and 2.96 m3/t, respec-
tively (Huang et al. 2012a; Guo and Zhang 2014). The gas
content from the three blocks is similar to that of the
Marcellus Shale and has a linear positive correlation with
their TOC contents (Guo 2014; Wang et al. 2012a; Wang
et al. 2013c). Wells with a high shale gas yield were
reported from the three blocks. For example, the initial
production of wells W204 in the Weiyuan Block, N201-H1
in the Changning Block, and JY 1HF in the Jiaoshiba Block
is 16.5 x 10* m/d, 15 x 10* m’/d, and 20.3 x 10* m*/d,
respectively (Hu et al. 2014; Wang 2014), and the gas yield
has a positive correlation with the fluid pressure coefficient
of these shale systems (Hu et al. 2014). A comparison of
their EqR,, values between the three blocks indicates that
the sequence of maturity from high to low is Jiaoshiba,
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Fig. 5 Conceptual model of porosity evolution with maturity (a) and burial depth (b) for the Lower Paleozoic shale in south China

Table 2 Data of maturity and shale gas development of the Lower Paleozoic shale from the Sichuan Basin

Shale Lower Silurian Lower Cambrian Lower Silurian Lower Silurian
shale in the shale in the shale in the shale in the
Weiyuan Block Weiyuan Block Changning Block  Jiaoshiba Block
EqR,, % 1.8 (W106)* 2.68-2.80% 2.85 (W117)¢  3.21° 3.4¢

2.45 (W201)¢
Total porosity, % (1.7-5.87)/4.2*
Gas content, m>/t
Pressure coefficient of representative well

Initial production of representative well, 10* m3d  16.5 (W204)°

(0.30-5.09)/1.82*
1.96 (well W204)°

(0.82-4.86)/2.44° (2.4-7.2)/5.5 (1.2-8.0)/4.5 "
(CcxXnf
(2.90-3.5)/1.93"
2.03 (N201)®

15 (N201-H1)2

(0.44-5.19)/2.96'
1.55 JY1HF)®
20.3 (JY1HFY

(0.27-6.02)/1.9°
0.92(W201)°
2.83 (W201H3)*

 Huang et al. (2012a); ® Yu (2014); © Huang et al. (2012b); ¢ Data from the present study; © Wang et al. (2009b); * Wang et al. (2012a, b); ¢ Hu

et al. (2014); " Li et al. (2014); " Guo et al. (2014); } Wang (2014)

Changning, and Weiyuan. The EqR, value of the Lower
Silurian shales from the Jiaoshiba and Changning blocks is
greater than 3.0 %, but their gas content and yield are still
very high and are not affected by the maturity according to
the available data (Table 2). The Marcellus Shale has two
core gas areas: the southern west area and northern east
area of the basin, with an R, value of 1.5 %-2.5 % and
2.0 %-3.5 %, respectively. The initial production from
some representative wells exceeds 20 x 10* m’/d
(Zagorski et al. 2011). These examples indicate that, within
a definite range of maturity (R, or EqR, < 3.5 %), shale
with a very high maturity still has a great shale gas
potential.

Jarvie et al. (2007) proposed a positive correlation
between maturity and gas production based on Barnett
Shale data, but their model limited to an R, value of up to

@ Springer

about 2.5 % and lacked data from higher maturity shales.
Nie et al. (2011), based on data of 41 shale samples from
the Lower Paleozoic strata in the Sichuan Basin and its
surrounding areas, found that maturity does not have a
significant effect on the gas content of shale even if the
EqR, value is as high as 3.0 %. In the present study, a
conceptual model of shale gas content versus maturity is
preliminarily suggested, which is based on the available
data from the Lower Paleozoic shale of the Sichuan Basin
as well as the North American shale (Fig. 6). According to
this model, within a maturity range of 2 %-3.5 % of R, or
EqgR,, shale gas content and yield and industrial shale gas
potential would not be significantly reduced with increas-
ing maturity, but exploration risk will increase greatly
when the R, or EqR, value is over 3.5 % due to the sig-
nificant decrease of total porosity. Based on the maturity
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Fig. 6 A conceptual model of gas content versus maturity of shale
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distribution of the Lower Silurian and Lower Cambrian
shales in south China, most of the Lower Silurian shale has
an EqR, value of 2.0 %-3.0 %, with few area >3.5 % (Nie
et al. 2009; Wang et al. 2009a; 2013b), and the Lower
Cambrian shale is mainly between 2.5 % and 3.5 % in the
Sichuan Basin (Zou et al. 2014), while the Cambrian shale
with an R, value >3.5 %—4.0 % is basically located in the
Lower Yangtze region (Nie et al. 2009), covering an area
of less than 30 % of the whole Cambrian shale.
Therefore, in spite of the very high maturity of the
Lower Paleozoic shale in south China, gas content and
yield are not significantly affected within a definite matu-
rity range (EqR, < 3.5 %), and maturity is not the main
controlling factor for gas content and yield in this area.

4 Tectonic deformation and gas content of shale

The Lower Paleozoic strata in south China experienced a
few significant tectonic deformations related to the Cale-
donian, Indo-China, Yanshan, and Himalayan movements
(Wang et al. 2012a; Li et al. 2013a), but the late Yanshan—
Himalayan tectonic movement has had the greatest effect
on shale gas exploration and development of the Lower
Paleozoic shale (Li et al. 2013a). The tectonic deformation
led to strong uplifting and denudation in the whole Yangtze
region. Most of the area outside the Sichuan Basin under-
went faulting and folding (Deng et al. 2009; Ma et al. 2006;
Guo et al. 2014; Wang et al. 2013b; Wei et al. 2014).
Similar to coal bed methane in China, the preservation of
the Lower Paleozoic shale gas is mainly controlled by the
intensity and pattern of the tectonic deformation (Guo and
Zhang 2014; Guo 2014; Guo et al. 2014; Hu et al. 2014;
Song et al. 2005, 2009). The tectonic deformation can be

largely divided into two patterns. One is a simple uplifting,
with or without folding (called an uplifting/folding pattern
in the present paper), represented by the Sichuan Basin.
Another is a combination of uplifting, folding, and faulting
(called a faulting/folding pattern in the present paper),
which may cover most of the Yangtze region outside the
Sichuan Basin, represented by the shale gas blocks in
southeast Chongqing. The present study will focus on the
discussion of shale gas content and loss under the back-
ground of the two types of tectonic deformation.

4.1 Uplifting/folding and loss of shale gas

In the Sichuan Basin, the strong uplifting led to the erosion
of the Lower Cretaceous—Jurassic strata after the late
Cretaceous, with a total erosion thickness of 2000-5000 m
(Hu et al. 2014; Wang and Xiao 2010; Zou et al. 2014),
and, as a result, a portion of the Lower Paleozoic shale has
a current burial depth suitable for shale gas exploitation (Li
et al. 2013a). In the southeastern area of the Sichuan Basin,
the shale system with a strong overpressure is far away
from faults, eroded surfaces, and basin edges, with a
pressure coefficient generally greater than 1.5 and up to
2.25 (e.g., well Y101) (Hu et al. 2014), which implies that
simple uplifting/folding can basically retain the fluid
pressure coefficient of a shale system. In the process of
uplifting and erosion, the fluid pressure will increase with
decreasing temperature and pressure (Zhou et al. 2014b),
which may break its original dynamic balance with a sig-
nificant loss of shale gas.

In the present study, the Lower Silurian shale from the
Fuling Block was taken as an example to establish a geo-
logical model of shale gas storage capacity and loss
(Fig. 7). For this model, the absorbed gas content and
adsorbed phase volume were calculated using high-pres-
sure adsorption experimental data at different temperatures
(40-120 °C) of a Lower Silurian shale (total poros-
ity = 3.25 %) from the southern area of the Sichuan Basin,
the free gas content was simulated by PVTsim software
(Zhou et al. 2014b), and the related geological parameters
include a constant pressure coefficient of 1.5 during
uplifting (Hu et al. 2014), a gas saturation of 80 % (Wei
and Wei 2014), a geothermal gradient of 2.5 °C/100 m,
and a surface temperature of 15 °C. The maximum burial
depth of the Lower Silurian shale in the Fuling Block was
estimated to be about 7000 m (Li et al. 2013a), with a total
gas content of 3.79 m’/t for this shale sample (calculated
by using its gas-filling porosity of 2.6 % under the above
conditions). During the uplifting, the loss of shale gas
could be roughly divided into three stages. From 7000 to
4000 m, the lost gas is less than 5 %. From 4000 to
2000 m, the loss rate increases, with a cumulative amount
of up to 20 %. With further uplifting, the gas loss is
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Fig. 7 A geological model of gas content (a) and loss (b) of the Lower Silurian shale in the Sichuan Basin (a geothermal gradient of 2.5 °C/
100 m, a surface temperature of 15 °C, a fluid pressure coefficient of 1.5, and a gas-filling porosity of 2.6 %)

massive, with a cumulative loss of over 33 % as the depth
decreases to 1000 m. According to the changes in both free
gas and absorbed gas contents during the uplifting, it is
obvious that a portion of the reduced free gas is trans-
formed into absorbed gas, and the remaining portion is lost.
When the burial depth is greater than 5000 m, the total gas
is basically composed of free gas. When uplift reduces the
burial depth to 4000, 2000, and 1000 m, the percentage of
free gas becomes 75 %, 50 %, and 32 %, respectively.
Therefore, the lost gas is mainly free gas during the
uplifting, and a sufficient current burial depth
(>2000-2500 m) is a key condition to obtain a high shale
gas yield.

It should be pointed out that the illustration of Fig. 7 is
only an example. It is limited by the geochemical and
reservoir properties of the studied sample as well as the
specific geological conditions. The geological model of
shale gas content and loss would vary with different types
of shale and their geological conditions, but the basic
characteristics presented in Fig. 7 should be representative
of the Lower Paleozoic shale in south China.

4.2 Faulting/folding and loss of shale gas

For the current exploration blocks outside the Sichuan
Basin, the shale system of the Lower Paleozoic strata has a
normal or negative pressure, with a pressure coefficient of
0.8-1.2 (Hu et al. 2014). Thus, the calculation of the lost
gas in these areas should include two aspects: (1) gas loss
related to the decrease of temperature and pressure caused
by the uplifting as indicated above, and (2) gas loss related
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to the reduction of fluid pressure coefficient caused by the
faulting and folding.

Taking the Lower Silurian shale in the southeast area of
Chongqing as an example, it was assumed that the paleo-
pressure coefficient of the shale system was 1.5 before the
uplifting and the current pressure coefficient is 1.0 (Guo
2014). This decrease of the pressure coefficient is assumed
to be attributed to the faulting and folding. In order to make
a comparison with the gas model of the uplifting/folding
(Fig. 7), a total porosity of 3.25 % and a gas saturation of
80 % (no available data in this area at present) were
applied.

With the constraint of the above parameters, the high-
pressure adsorption experimental data and free gas calcu-
lation method as described in the above section (Sect. 4.1)
were applied to calculate the gas content at different burial
depths for the faulting/folding block. Combined with the
lost gas caused by the decrease of pressure coefficient in
the shale system, the geological model of shale gas content
and loss was established (Fig. 8).

Based on the maximum burial depth of 7000 m of the
Lower Silurian shale in the southeast area of Chongqing
during geological history, the total gas content was calcu-
lated to be 3.79 m>/t before the uplifting. The current burial
depth ranges mainly from 5000 to 500 m. At a depth of
5000-4000 m, the total gas content only slightly decreases
and the reduced free gas is basically turned into absorbed
gas. At a depth of 4000-2000 m, the total gas content
decreases, most of the reduced free gas becomes absorbed
gas, and the absorbed gas content exceeds the free gas
content at a depth of about 2500 m. At a shallower depth
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Fig. 8 A geological model of gas content (a) and loss (b) of the Lower Silurian shale in the southeast area of Chonggqing (a geothermal gradient
of 2.5 °C/100 m, a surface temperature of 15 °C, a decrease of fluid pressure coefficient from 1.5 to 1.0, a TOC content of 2.53 %, and a gas-

filling porosity of 2.6 %)

(<2000 m), a large amount of gas is lost and the shale gas
is dominated by the absorbed gas. Thus, the decrease of the
fluid pressure coefficient in the shale system is accompa-
nied by a great deal of free gas loss. At a depth of 4000,
3000, 2000, and 1000 m, the lost free gas amounts to 46 %,
58 %, 71 %, and 86 %, respectively.

By comparison between the two models (Figs. 7, 8), it
can be seen that, for the same burial depth, the fluid
pressure coefficient has no significant effect on the
absorbed gas, but has a great influence on the free gas. For
a shale system with a lower pressure coefficient, the free
gas content is much less and the ratio of the free gas to
absorbed gas is also obviously lower (Fig. 9). Therefore,
free gas is controlled by the fluid pressure coefficient of
the shale system. In a faulted—folded zone with a lower
fluid pressure coefficient, the lost gas is basically free gas,
which leads to a lower yield of shale gas. Deep burial
shale with a relatively higher fluid pressure/a larger
porosity, as a result of a higher content of free gas, would
be a basic condition to achieve a high shale gas yield in
the folded—faulted zone.

5 Main controlling factors and enrichment area
of shale gas

5.1 Main controlling factors of shale gas

Although a series of factors can affect shale gas production
(Jarvie et al. 2007) and those factors may vary significantly
for different basins or regions, a high content of gas-in-
place (GIP) and effective fracturing properties of shale are

Free gas/Absorbed gas

0 2 4 6 8 10
0 T : ; i
Pressure coefficient 1.0
1000 Pressure coefficient 1.5
2000
1S
£
Q 3000
]
o
4000
5000
6000

Fig. 9 Changes in the ratio of free gas to absorbed gas with burial
depth for two shale systems with different pressure coefficients

mostly of importance. For a specific basin or block, there is
a main controlling factor for shale gas production. For
examples, maturity is the main controlling factor for the
Barnett Shale and the high-yield wells are mostly located in
areas with a higher maturity (R, > 1.1 %-1.2 %) (Jarvie
et al. 2007); the Marcellus Shale has two core areas and
they have a very high TOC content (with an average of
4 %-10 %) although their maturity is quite different
(Zagorski et al. 2011); the gas production of the Hay-
nesville Shale is obviously restricted by its mineral
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compositions, and two core areas have a strong overpres-
sure, located in quartz- and carbonate-rich zones, respec-
tively (Buller and Dix, 2009; Hammes et al. 2010). The
maturity of the lower Paleozoic shale in south China is very
high, but the most is still within the maturity range
(2.0 % < EqR, < 3.5 %) with an industrial potential, and
the preservation condition related to the tectonic defor-
mation is the main factor to control gas content in this kind
of area. Shale with a super high maturity (EqR, > 3.5 %) is
believed to be a high risk for industrial shale gas potential.

5.2 Prediction of enrichment area of shale gas

Referring to relevant literatures (Boyer et al. 2006; Bur-
naman et al. 2009; Curtis et al. 2009; Hill and Nelson 2000;
Jarvie et al. 2007; Wang et al. 2012a, 2013c; Li et al.
2013b), the present study proposes a few parameters for
predicting a shale gas enrichment area in the lower Pale-
ozoic strata in south China (Table 3). As indicated in the
front sections of the present paper, some basic geological
and geochemical parameters of the lower Paleozoic shale
in south China can be compared with those of the gas shale
in North America, mainly including TOC content, brittle
mineral content, clay mineral content, and effective shale
thickness. These parameters can use the empirical data
from the North America shale as presented by some Chi-
nese authors (Wang et al. 2012a; Li et al. 2013b). Focusing
on two characteristics (very high maturity and strong tec-
tonic deformation) of the lower Paleozoic shale in south
China, the present study modified the limiting value of the
maturity and added the burial depth and pressure coeffi-
cient as evaluation parameters.

The lower limit of maturity for the North American
shale with an industrial gas potential is usually considered
to be an R, value >1.2 % (Curtis et al. 2009; Jarvie et al.
2007), and the upper limit of maturity is not taken into
account mainly because the maturity of the North

Table 3 Predictive parameters of enrichment area of shale gas for
the lower Paleozoic shale in south China

Parameters Enrichment area
Uplifted/folded Folded—faulted
area (Sichuan area (outside the
Basin) Sichuan Basin)

TOC, % >2.0 >3.0

EqR,, % <35 <3.5

Total porosity, % >4.0 >4.0

Brittle mineral, % >40 >40

Thickness, m >30 >30

Burial depth, m >1500 >3000

Fluid pressure coefficient >1.2 >1.0
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American gas shale is usually lower, not exceeding the gas
generation limit (Curtis 2002). As previously mentioned,
the maturity of the lower Paleozoic shale in south China is
very high, with some areas where the shale maturity is over
the gas generation limit (Cheng and Xiao 2013). High gas
production from shale with an R, or EqR, value of up to
3.0 %-3.5 % has been reported during recent few years
(Zagorski et al. 2011; Guo et al. 2014), which has broken
through the upper limit value of 3.0 % of R, suggested by
Burnaman et al. (2009) for a commercial shale gas reser-
voir. However, as shale maturity is significantly over its
gas generation limit, a further burial may cause an obvious
decrease of the porosity, which will reduce gas content and
increase risk. When shale has matured to exceed the
hydrocarbon gas preservation threshold (i.e., R, > 4 %—
5 %), there is no longer shale gas potential (Burnaman
et al. 2009; Li et al. 2013a). Therefore, the EqR, value of
3.5 % is proposed as the upper limit of the shale gas
enrichment area.

Gas shale with commercial production in North America
has a burial depth mainly in the range of 1500-3500 m,
and the burial depth for economically recoverable shale gas
is generally limited to 4000-5000 m (EIA 2013), which is
mainly based on the consideration of the technology and
cost related to shale gas exploitation. In fact, shale with a
deeper burial has a greater gas content and free gas pro-
portion than shale with a shallower burial (Figs. 7, 8). The
evaluation parameters for the North America shale do not
include the shallower limit of the burial depth, and suc-
cessful commercial exploitation has been achieved in some
shallow shales (<1000 m) (Curtis 2002), which is mainly
attributed to their greater porosity with a high free gas
content (Curtis 2002; Li et al. 2013b). Porosity of the
Lower Paleozoic shale in south China is significantly lower
than that of the North American shale (Wang et al. 2013a).
To ensure a certain amount of gas storage capacity, espe-
cially free gas reserves, the Lower Paleozoic shale in south
China needs a higher fluid pressure coefficient and/or a
greater depth. Taking a gas content of 2.80 m’/t as the
lower limit of shale with a commercial shale gas potential
suggested by Halliburton (Wang et al. 2012a), shale with a
gas-filling porosity of 2.6 % should have a burial depth of
about 1500 m to achieve this gas content under a pressure
coefficient of 1.5 according to Fig. 7. When the pressure
coefficient is 1.0, the corresponding depth is about 3000 m
according to Fig. 8. Actually, except for the lower Silurian
shale in the Sichuan Basin, the average gas-filling porosity
of the other lower Paleozoic shales in the Upper Yangtze
area rarely exceeds 2.6 % from the available data (Huang
et al. 2012b; Huang and Shen 2015; Yi and Zhao 2014; Yu
et al. 2014), which means that shale should have a greater
burial depth to meet this gas content. Therefore, burial
depth has an important significance for the Lower
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Paleozoic shale gas exploration and development in south
China. Within a definite maturity range (2.0 % <
EqR, < 3.5 %), the gas-in-place and free gas content
increases with increasing burial depth. To exploit shale gas
with a greater depth will become a trend. For example, the
core shale gas area in north Canada has reached 5000 m
(Ross and Bustin 2007; 2008). The present paper does not
set the deeper limit of burial, but suggests a shallower
burial limit of 1500 and 3000 m for the uplifted/folded and
faulted/folded areas, respectively.

The evaluation of the North American shale does not
include the pressure coefficient of a shale system as a
parameter, which is also because of a greater porosity of
the shale. Commercial shale gas production has been
achieved in shale systems with a normal pressure, but an
overpressure can still greatly increase the initial produc-
tion, thus improving the commercial value (Curtis 2002;
Curtis et al. 2008; Jarvie et al. 2007).

There exists a good positive correlation between the
initial production of shale gas and the fluid pressure coef-
ficient for the Lower Paleozoic shale in south China (Hu
et al. 2014), and the high-yield wells in the Sichuan Basin
are almost always associated with an overpressure. Wells
outside the Sichuan Basin with an industrial shale gas
production are reported at a normal pressure, such as well
PY-1 with a yield of 2.5 x 10* m*/d (a pressure coefficient
of 0.90-1.0), but for a negative pressure shale system, there
is no report of an industrial capacity, for example, well
7101 without any yield (a pressure coefficient of 0.80)
(Guo 2014; Guo et al. 2014). To search for a block with
better preservation conditions and a higher gas content
from the faulted/folded area will be a real challenge for the
exploration and development of the lower Paleozoic shale
gas in south China. The pressure coefficient is an important
parameter of shale gas preservation conditions, with a
dominant control on shale gas content and production for
the lower Paleozoic shale in south China. Pressure coeffi-
cients of 1.2 and 1.0 are suggested as the lower limit for
shale gas enrichment in the uplifted/folded and faulted/-
folded areas, respectively.

It should be particularly pointed out that shale gas
exploration and development in China has only just started.
There are only about 300—-400 wells drilled specifically for
shale gas. Among them, the number of development wells
is less than 150. The targeted formation is mainly the lower
Silurian shale, and few data are available for the lower
Cambrian shale. Therefore, the proposed criteria are pri-
marily intended for the evaluation of the lower Silurian
shale, but whether it is suitable for the lower Cambrian

shale requires the input of more data from further explo-
ration and development.

6 Conclusions

Through a comprehensive investigation of the geochemical
characteristics, reservoir properties, and gas content of the
Lower Paleozoic marine shale from the Sichuan Basin and
its surrounding areas in south China, we have arrived at the
following conclusions:

(1) The shale has a very high maturity, with an EqR,
value of 1.9 %—6.2 %. Within the main maturity
range (2.5 % < EqR, < 3.5 %), the porosity devel-
ops well, mainly between 3 % and 5 %, and has a
positive relationship with TOC content. Shale with a
super high maturity (EqR, > 3.5 %) has a quite low
porosity and has a low potential for industrial shale
gas.

(2) Shale gas content and yield are mainly constrained
by the preservation conditions when the maturity is
less than 3.5 % EqR,. In the Sichuan Basin where
the tectonic deformation is relatively gentle, the
shale system is generally overpressure. The strong
uplifting and erosion has not led to a big loss of shale
gas (a burial depth > 2000 m), still with an indus-
trial potential. In the faulted/folded zone outside the
Sichuan Basin (a burial depth < 2000-3000 m),
folding and faulting may lead to a big loss of shale
gas, thus decreasing the production capacity.

(3) Burial depth, pressure coefficient, and maturity
upper limit (EqR, < 3.5 %) were suggested to be
used as the evaluation parameters of shale gas
enrichment areas. It was predicted that gentle
synclines or anticlines where the shale has a burial
depth >3000 m are the favorable areas for shale gas
in the faulted—folded area outside the Sichuan Basin
in south China, and these will become the focus for
future exploration and development.
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