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a b s t r a c t

Gas-in-place (GIP) is one of the primary controlling factors in shale gas production, but studies exam-
ining GIP have been lacking for the Lower Silurian Longmaxi shale in South China. In the present study, a
suite of Longmaxi shale samples was collected from an exploratory well in Southeast Chongqing, South
China, and the adsorption parameters were fitted using a supercritical Dubinin-Radushkevich (SDR)
model based on the high-pressure methane adsorption experiment data for the samples. The results
show that the adsorbed phase density and the adsorbed gas capacity of the samples have a positive
correlation with the content of total organic carbon (TOC) but a negative correlation with temperature.
Combined with the geological characteristics of the Longmaxi shale in Southeast Chongqing, GIP models
were constructed under three different fluid pressure conditions. The absolute adsorbed amount of the
samples increases and later decreases with increasing depth with a maximum corresponding to depths
between 800 and 1200 m. The fluid pressure coefficient has no obvious effect on the absolute adsorbed
amount when burial depth is over 2000 m but controls the free gas content. Overpressure primarily
increases the free gas content and thus increases the total gas content. The free gas content of the
Longmaxi shale in the Pengshui Block is reduced to 47%e58% of that in the Fuling Block, which is the
main reason for its low gas production. Further exploration of the Longmaxi Formation should be
expanded to deeper burial shales in the eastern area of Southeast Chongqing.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The organic-rich Lower Silurian Longmaxi shale in Southeast
Chongqing has become a hot target for shale gas exploration and
development in South China for it is commercially producing shale
gas at moderate depths, mainly of 1000e4000 m (Guo and Zhang,
2014; Zhou, 2013). High gas production from the Longmaxi shale
has been achieved at the Jiaoshiba area in the Fuling Block within
the Sichuan Basin, making it the second commercial shale gas field
outside North America (Guo and Liu, 2013; Li et al., 2014). The
cumulative production reached 12.24 � 108 m3 by the end of 2014
(Liu, 2015). However, exploration of the Lonamaxi shale in the
eastern area of Southeast Chongqing (outside the present day
Sichuan Basin) has not made substantial progress, and all tested
wells have a low gas yield. For example, the initial production of
e District, Guangzhou City,
Well PY1 and Well QY1 from the Pengshui Block is approximately
2.0 � 104 m3/d and 0.48e0.84 � 104 m3/d, respectively (Guo et al.,
2014; Guo and Zhang, 2014). The Longmaxi shale system in the
Fuling Block is overpressured with a pressure coefficient of
approximately 1.5, whereas the system has a hydrostatic pressure
gradient with a pressure coefficient of approximately 1.0 in the
eastern area of Southeast Chongqing (Hu et al., 2014). It is believed
that the difference of fluid pressure coefficients is the main reason
for the different gas production in the two blocks (Hu et al., 2014).
Currently, it is difficult to evaluate the gas potential of the Longmaxi
shale in Southeast Chongqing, especially in its eastern area, due to
the lack of studies on GIP (Zhang et al., 2013).

Shale gas is stored mainly as free gas and adsorbed gas, and
dissolved gas can be neglected for overmature shales where liquid
hydrocarbons are only in trace amount (Curtis, 2002; Montgomery
et al., 2005; Jarvie et al., 2007; Jarvie, 2012; Ambrose et al., 2012).
Therefore, free and adsorbed gas contents are crucial for the eval-
uation of GIP. Free gas in shale is conventionally calculated using
effective porosity, which is defined as total porosity minus the
volume occupied by water (Bustin et al., 2009; Zhang et al., 2012a;
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Zhou, 2014), and the adsorbed gas content is represented by ab-
solute adsorbed amount (Zhang et al., 2012b). This method, how-
ever, may exaggerate gas capacity because the volume occupied by
adsorbed gas is doubly counted in the free gas model. Ambrose
et al. (2012) reported that the difference in free gas content
calculated with and without considering the adsorbed phase vol-
ume can reach 15.4e32.9% under various geological conditions.

The isothermal adsorption experiment of high-pressure
methane is a common method to evaluate adsorption capacity of
shale (Chalmers and Bustin, 2007; Zhang et al., 2012b; Wang et al.,
2013b). While a single isotherm of methane adsorption provides
some basic information on methane adsorption (Ross and Bustin,
2007, 2009; Chalmers and Bustin, 2008; Weniger et al., 2010;
Chareonsuppanimit et al., 2012; Gasparik et al., 2012), multiple
isotherms at a range of temperatures are quite necessary to simu-
late methane adsorption with depth under geological conditions
(Zhang et al., 2012b; Gensterblum et al., 2013; Rexer et al., 2013;
Gasparik et al., 2014a; Ji et al., 2014; Bruns et al., 2016).

The geochemical characteristics, pore structure and reservoir
physical properties of the Longmaxi shale in South China have been
widely reported recently (Liang et al., 2012; Huang et al., 2012; Tian
et al., 2013, 2015;Wang et al., 2013a); however, there are only a few
papers related to the isothermal methane adsorption of the Long-
maxi shale (e.g., Wu et al., 2012; Shi et al., 2015). These adsorption
experiments were designed based on shales with different TOC
contents at a single temperature (e.g., 30 �C or 60 �C) and at a
maximum pressure of 12e15 MPa. These temperature and pressure
are far lower in comparison to the current burial depth of the
Longmaxi shale in South China, corresponding a geological tem-
perature and a fluid pressure up to approximately 150 �C and
60 MPa, respectively (Tan et al., 2015). Thus, it is very important to
conduct methane adsorption experiments at higher temperatures
and pressures for an objective evaluation of the GIP of the Long-
maxi shale. In the present study, high-pressuremethane adsorption
experiments on the Longmaxi shale samples collected from one
exploratory well in Southeast Chongqing were performed under
temperature up to 150 �C and pressure up to 35MPa, and geological
models of GIP were constructed by a combination of the adsorption
parameters and the specific geological model in Southeast
Chongqing. The primary objective is to investigate gas content of a
shale with depth and to provide a scientific basis for a further
evaluation of gas potentials of the Longmaxi shale in this area.

2. Geological setting

The Southeast Chongqing mainly includes Fuling, Wulong,
Pengshui and Shizhu areas and belongs to the Chuandong Fold Belt
(Tian et al., 2013). It is divided into two parts by the Qiyueshan Fault
(Fig. 1). The west part belongs to the eastern margin of the Sichuan
Basin and is characterized by gentle folds with outcrops of Juras-
siceTriassic strata, whereas in the eastern part, fractures and
intensively deformed folds are developed to expose Tri-
assiceSilurian strata (Nie et al., 2009; Guo and Liu, 2013; Guo,
2014). The tectonic and sedimentary evolution of Southeast
Chongqing is similar to that of the Sichuan Basin, including largely
five stages: Early Paleozoic marine deposition with a thickness of
2500e3500m; an uplift and erosion stage from the Devonian to the
Carboniferous with an eroded thickness of 500e1000 m; alter-
nating marine and terrestrial deposition from the Permian to the
Middle Triassic with a thickness of 2000e3000 m; terrestrial
deposition from the Late Triassic to the Early Cretaceous with a
thickness of 3000e4000 m; and tectonic deformation and uplifting
during the Late Cretaceous through the Cenozoic with an eroded
thickness of 3000e6000 m (Nie et al., 2012; Wang, 2012; Guo and
Liu, 2013). The Upper Paleozoic and its overlying strata were
denuded in some tectonic uplifts, with outcrops of Cambrian or
Silurian strata (Xie et al., 2013).

Black shales are present in both the Lower Cambrian Niutitang
and the Lower Silurian Longmaxi formations in Southeast
Chongqing (called the Niutitang shale and the Longmaxi shale,
respectively) with current burial depths of 3000e7000 m and
1000e5000 m, respectively (Zhang et al., 2008; Han et al., 2013;
Xing et al., 2014; Tan et al., 2015). The thickness of the Niutitang
shale generally ranges from 60 to 180mwith a TOC content of 3e6%
and an EqRo of 3.0e4.0% (Xie et al., 2013; Xing et al., 2014). The
thickness of the Longmaxi shale ranges from 50 to 100 m with a
TOC content of 2e4% and an EqRo of 2.5e3.0% (Li et al., 2012; Han
et al., 2013). Cao et al. (2014) reported that the average porosity and
permeability of the Niutitang shale fromwells YuKe 1 and YouKe 1
are 1.2% and 8.0 � 10�3 mD, respectively. Sun et al. (2014) reported
that the average porosity and permeability of the Longmaxi shale
are 3.7% and 29.8 � 10�3 mD, respectively. The Longmaxi shale has
become the main target of shale gas extraction in Southeast
Chongqing because it has more favorable geological conditions
than the Niutitang shale for commercial shale gas development
(Han et al., 2013; Tan et al., 2015).

3. Samples and methods

3.1. Samples and experiments

The Longmaxi shale samples for the present study were
collected from an exploratory well (PY1) at an interval of
2122e2150 m (Fig. 1); and their geochemical and pore structural
characteristics were previously reported by Tian et al. (2013).
Briefly, their TOC values are in the range of 1.01e3.98% with EqRo
value ranges from 2.84% to 3.05% (Table 1). These samples are rich
in clay minerals, ranging from 38.5% to 52.5%, and quartz and
feldspar content in the range of 21.6e30.5% and 8.0e29.3%,
respectively. The total porosity ranges between 2.6% and 4.76%, and
the BET surface area ranges between 5.06 and 19.32 m2/g (Table 1).

Each sample (approximately 60 g) was dried at 60 �C in a vac-
uum for 24 h and then was crushed and sieved for a 40e80 mesh
(380e180 mm) size fraction. The selected samples were dried again
at 110 �C in a vacuum for 24 h to remove free water before high-
pressure methane adsorption analysis.

The high-pressure methane adsorption measurements were
conducted using the magnetic suspension balance ISOSORP-HP
Static II (Rubotherm GmbH, Germany). The precision of the mag-
netic suspension balance is 0.01 mg, and the maximum values of
pressure and temperature are 35 MPa and 200 �C, respectively. The
temperature of the sample container is controlled using a heating
oil bath cycle with an accuracy of 0.01 �C. The mass change of a
sample exposed to the sorptive gas (methane in this study) at a
definite temperature and variable pressures is directly measured by
the equipment, and the excess adsorption amount is then calcu-
lated by the blank and buoyancy corrections at the given temper-
ature (Gasparik et al., 2014b). For all samples, the experimental
temperature was 60 �C. Five extra temperature points (40, 80, 100,
120, and 150 �C) were measured for Sample 8 to construct the
relationship between adsorbed gas capacity and burial depth. The
detailed experimental procedures for the magnetic suspension
balance equipment have been well documented in previous pub-
lications (Giovanni et al., 2001; Ottiger et al., 2008; Pini et al., 2006,
2010; Gasparik et al., 2014b).

3.2. Calculation of adsorption gas

3.2.1. Excess adsorption and absolute adsorption
According to the Gibbs adsorption model (Murata et al., 2001,



Fig. 1. A sketch map showing the thickness of the Lower Silurian organic-rich shale (the Longmaxi shale) in the Southeast Chongqing (a), and a geological crossection through the
Pengshui and Fuling shale gas blocks (b) (modified from Liu et al., 2009; Hu et al., 2014; Zhai, 2014).

Table 1
TOC, equivalent vitrinite reflectance (EqRo), porosity, BET surface area and mineralogical composition of the studied samples (data from Tian et al., 2013).

Sample Depth (m) TOC (wt.%) EqRo (%) Porosity (%) SBET (m2/g) Mineralogical composition relative percent (%)

Quartz Feldpar Claysa Otherb

Sample 1 2122.5 1.42 ndc 3.04 9.31 22.7 29.3 45.1 2.9
Sample 2 2126.8 1.01 nd 2.76 5.06 24.9 17.6 44.9 12.6
Sample 3 2131.3 1.56 2.87 2.6 7.86 21.6 27.3 44.3 6.8
Sample 5 2136.8 2.62 2.84 3.14 12.94 27.0 17.4 38.5 17.1
Sample 6 2140.8 3.47 nd 4.76 16.51 29.3 8.0 52.5 10.2
Sample 7 2144.8 3.41 3.05 4.01 15.91 30.5 10.2 49.2 10.1
Sample 8 2149.7 3.98 2.94 4.74 19.32 30.1 10.6 52.5 6.8

SBET: BET surface area.
a Clays ¼ illite þ montmorillonite þ chlorite.
b Others ¼ Carbonate þ Pyrite.
c nd ¼ No data.
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2002; Bae and Bhatia, 2006; Ottiger et al., 2006; Pini et al., 2010),
excess adsorption is related to absolute adsorption through the
following equation:
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nex ¼ nab$
�
1� rb

rad

�
(1)

where nex is the excess adsorption, nab is the absolute adsorption,
rad is the adsorbed phase density, and rb is the bulk gas phase
density.

Both the Langmuir and supercritical Dubinin-Radushkevich
(SDR) models are commonly used to characterize the adsorption
properties of shale (Sakurovs et al., 2007; Gensterblum et al., 2009,
2014; Rexer et al., 2013). The Langmuir model is based on as-
sumptions of homogeneous pore structure, monolayer adsorption,
and lack of interaction between gas molecules (Langmuir, 1918;
Ambrose et al., 2012; Zhang et al., 2012b; Gensterblum et al.,
2014). This model has been improved to be a classical adsorption
model and is widely used to investigate the adsorption character-
istics of coal and shale (Sakurovs et al., 2007; Pini et al., 2010;
Gensterblum et al., 2009; Gasparik et al., 2012, 2014a). The SDR
model was developed on the basis of the classical Dubinin-
Radushkevich (DR) equation, which was originally established for
low-pressure subcritical adsorption (Gregg and Sing, 1982;
Dubinin, 1989; Clarkson et al., 1997). The DR equation cannot be
used directly to model supercritical adsorption of gas in reservoir
conditions because the saturated vapor pressure cannot be defined.
Therefore, Sakurovs et al. (2007) proposed that the relative pres-
sure in the original DR equation could be replaced by the ratio of
bulk density to adsorbed phase density, thus the modified DR (i.e.,
SDR) model can be used to describe high-pressure methane
adsorption under supercritical conditions. The SDRmodel takes the
following form (e.g., Rexer et al., 2013):

nex ¼ n0$exp

(
� D$

�
ln
�
rad
rb

�
$RT

�2
)
$

�
1� rb

rad

�
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where n0 is the maximum absolute adsorption, R is the ideal gas
constant, T is the absolute temperature (K), and D is an interaction
constant related to pore structure and equal to 1/(bE0)2 where b and
E0 are characteristic parameters of the adsorbent (White et al.,
2005).

Rexer et al. (2013) made a comparison between the SDR and
Langmuir models using the methane adsorption data collected at
supercritical conditions and suggested that the former is more
reasonable than the later for characterizing methane adsorption on
shales because the density of adsorbed methane fitted by the SDR
model is less than the liquid density of methane at its boiling point
(i.e., 0.424 g/cm3). Therefore, the SDR model is used to characterize
methane adsorption under supercritical condition in the present
study.

An assumption is needed that the adsorbed phase density of
methane would remain constant with increasing pressure when
the free parameters (n0, D and rad) are fitted in Eq. (2) by the SDR
model. This assumption has been confirmed by experimental data
(Murata et al., 2001; Krooss et al., 2002; Sudibandriyo et al., 2003;
Ottiger et al., 2006; Bae and Bhatia, 2006; Pini et al., 2006, 2010;
Chareonsuppanimit et al., 2012; Rexer et al., 2013).
3.2.2. Excess adsorption model
The calculation formula of the excess amount of adsorbed

methane at specific geological conditions can be deduced using the
SDR model. With the burial depth given as H (m), the geothermal
gradient as Tg (K/m), the surface temperature as To (K) and the
pressure coefficient as y, the formula can be expressed by:
nHex ¼ nHo $exp
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where nHex, n
H
o and rHad are the excess adsorption, the maximum

absolute adsorption and the adsorbed phase density at a burial
depth H, respectively, and r

ðH;T ;yÞ
b is the bulk gas density at corre-

sponding temperature and pressure (the pressure and temperature
equals 0.01$y$H MPa and ToþH$Tg K, respectively).
3.3. Calculation of total gas, absolute adsorbed gas and free gas

According to the Gibbs adsorption theory, the total gas, absolute
adsorbed gas and free gas at specific geological conditions can be
calculated using the following equations, respectively:

nHtotal ¼ nHex þ
4$ð1� SwÞ
rapparent

$
r
ðH;T ;yÞ
b

rSTPb

(4)

nHab ¼ nHex$r
H
ad

rHad � r
ðH;T ;yÞ
b

(5)

nHfree ¼ nHtotal � nHab (6)

where Sw is water saturation, 4 is porosity, rapparent is the apparent
density of a shale, rSTPb is the density of methane at standard tem-
perature and pressure conditions (0 �C and 0.1 MPa), and nH

total, n
H
ab

and nH
free are the total gas, absolute adsorbed gas and free gas at a

burial depth of H, respectively.
In the above equations (3)e(6), H, Tg, To and Sw are the given

geological parameters, 4 and rapparent are basic physical parameters
of shale which can be obtained by corresponding experiments (Tian
et al., 2013), nHo , r

H
ad and D are adsorption parameters which can be

fitted by the SDR model (Sakurovs et al., 2007; Rexer et al., 2013),
and r

ðH;T ;yÞ
b can be calculated by the PVT equation (Zhou et al.,

2014b).
It is should be noticed that the moisture in shales could reduce

their capacity of methane adsorption (Chalmers and Bustin, 2008;
Busch and Gensterblum, 2011; Gasparik et al., 2014a; Gensterblum
et al., 2014), therefore the geological extrapolation based on the dry
adsorption data should be regarded as a maximum scenario (Bruns
et al., 2016).
4. Results and discussions

4.1. Isothermal adsorption curve and data fitting

The excess adsorbed amount of the samples was directly
measured by themagnetic suspension gravimetric method, and the
absolute adsorbed amount was calculated through adsorption pa-
rameters (Table 2) fitted by the SDR model (Sakurovs et al., 2007;
Rexer et al., 2013). As revealed in Figs. 2 and 3, the SDR model
has a perfect fit of the measured data, with fitting coefficients as
high as 0.99. The excess and absolute adsorbed amounts show
completely different trends with increasing pressure (Figs. 2 and 3).
The excess amount increases rapidly at first with pressure and
reaches a maximum at 9e10MPa, and then begins to decrease with



Table 2
Adsorption parameters of the studied samples fitted by SDR model (60 �C).

Sample Maximum excess absorbed capacity and
corresponding pressure

Parameters fitted by the SDR model

nmax
ex (cm3/g)a Pressure (MPa) No (cm3/g)a D (mol2 KJ�2) rad (g/cm3)

Sample 1 0.93 ~9 1.466 0.0125 0.224
Sample 2 0.59 ~8 0.939 0.0135 0.218
Sample 3 0.96 ~9 1.488 0.0119 0.242
Sample 5 1.49 ~10 2.236 0.0100 0.276
Sample 6 1.74 ~10 2.625 0.0098 0.285
Sample 7 1.68 ~10 2.567 0.0108 0.28
Sample 8 1.81 ~10 2.699 0.0092 0.291

nmax
ex : the maximum excess adsorption capacity; No: the maximum absolute adsorption capacity; rad: the density of adsorbed methane; D: the parameter of pore structure.
a 1 mmol/g ¼ 16 mg/g ¼ 22.4 cm3/g @STP.
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Fig. 2. Measured and fitted methane excess adsorption isotherms (a) and calculated
absolute adsorption isotherms using the SDR model (b) for the studied samples at
60 �C.
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Fig. 3. Measured and fitted methane excess adsorption isotherms of Sample 8
(TOC ¼ 3.98%) at different temperatures (40e150 �C) (a) and their absolute adsorption
isotherms calculated by the SDR model (b).
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further increasing pressure. The shape of the absolute adsorption
curve is similar to the Type I adsorption curve defined by IUPAC
(Rouquerol et al., 1994), with a rapid increase when pressure is less
than 9e10 MPa (i.e., the pressure of the maximum excess adsorbed
amount) and a slow increase with a further increasing pressure. If
the experimental pressure continues to increase, the excess
adsorbed amount would be reduced to zero as the bulk methane
density is equal to the adsorbed phase density, which means that
there is no measurable excess adsorption. As both the freemethane
density and the volume of adsorbed methane increase with pres-
sure, their product, i.e., the difference between the absolute and
excess adsorbed amounts, also gradually increases with pressure
(Figs. 2 and 3).

The adsorption isotherms vary with the TOC content of sample
(Fig. 2); the higher the TOC content, the greater the amount
adsorbed. Samples with higher TOC contents require higher pres-
sures for the excess adsorption to approach zero (Fig. 4), indicating
a positive correlation of density of adsorbed methane with TOC.
There is a significant difference in the adsorption curves of Sample
8 obtained at different temperatures (Fig. 3). The excess adsorption
decreases with increasing temperature, and the pressure corre-
sponding to the maximum excess adsorption also increases with
increasing temperature (Fig. 3). A greater pressure is needed for the
excess adsorption to approach zero for the adsorption at a higher
temperature. All these characteristics of methane adsorption on our
samples are consistent with those of coals and shales reported in
the literature (e.g., Bae and Bhatia, 2006; Sakurovs et al., 2007; Pini
et al., 2010; Rexer et al., 2013; Gensterblum et al., 2014; Bruns et al.,
2016).
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4.2. Influence of TOC content on adsorption parameters

Both the maximum excess and absolute adsorbed amounts of
the samples show a linear positive correlation with TOC content
(Fig. 5a, Table 2), implying that the organic matter in shale is the
main carrier of the adsorbed methane. The maximum excess and
absolute amounts for a sample without organic matter (TOC ¼ 0%),
deduced from the regression equations (Fig. 5a), are 0.31 and
0.54 cm3/g, respectively, indicating that minerals can also
contribute a portion of methane adsorption capacity (Ji et al., 2012).
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Fig. 5. Plots showing the relationships between the maximum adsorption capacity
with the TOC content (a), and the BET surface area (b) for the studied samples at 60 �C.
Strongly positive correlations between the adsorption capacity and
the BET surface areas (Fig. 5b, Table 2) imply that the methane
adsorption sites are offered not only by micropores but also by the
surface areas of mesopores and even macropores (Montgomery
et al., 2005; Hill et al., 2007; Ross and Bustin, 2008; Mosher et al.,
2013).

The density of methane in adsorbed phase at 60 �C ranges from
0.22 to 0.30 g/cm3 and is less than the liquid density of methane at
its boiling point (0.424 g/cm3); and a strongly linear positive cor-
relation exists between the adsorbed phase densities and the TOC
contents (Fig. 6a; Table 2). Ambrose et al. (2012) also reported that
the adsorbed phase density of an Alum Shale sample (TOC ¼ 6.35%,
EqRo ¼ 2.26%) was 0.37 g/cm3, which plots along the regressed
linear line in Fig. 6a. The parameter D is adversely related to the
pore size of the shale (White et al., 2005; Rexer et al., 2013); and is
negatively related to the TOC content (Fig. 6b) because the organic
matter usually contains more micropores than the minerals (Ross
and Bustin, 2009).
4.3. Influence of temperature on adsorption parameters

The adsorption parameters of Sample 8 under different tem-
peratures are listed in Table 3. It is clear to see the density of
adsorbed methane, as well as its maximum excess and absolute
adsorption capacity, all decrease with increasing temperature
(Table 3; Fig. 7); and they all show strong linear correlations with
the reciprocal of absolute temperature (0.95 < R2 < 0.98) (Fig. 7),
y = 0.0253x + 0.1963
R² = 0.9387
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Table 3
Adsorption parameters of sample 8 fitted by SDR model (40e150 �C).

Temperature (�C) 1/Temperature (1/K) No (cm3/g)a D rad (g/cm3) nmax
ex (cm3/g)a

40 0.003195 3.185 0.0092 0.324 2.212
60 0.003003 2.718 0.291 1.792
80 0.002833 2.487 0.290 1.652
100 0.002681 2.361 0.275 1.512
120 0.002545 1.900 0.259 1.187
150 0.002364 1.664 0.242 1.036

a 1 mmol/g ¼ 16 mg/g ¼ 22.4 cm3/g @STP.

y = 94.936x + 0.0167
R² = 0.9589
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Fig. 7. Plots showing the relationship between the reciprocal of temperature and the
density of adsorbed methane (a), the maximum excess and absolute adsorption ca-
pacity (b) for Sample 8 (TOC ¼ 3.98%).
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which is similar to the Alum shale sample reported by Rexer et al.
(2013). Nevertheless, these values of the Alum shale are signifi-
cantly higher than those of the Longmaxi shale sample at the same
temperature (e.g., the adsorbed phase density is 0.21e0.46 g/cm3,
the maximum excess amount is 1.52e3.40 cm3/g, and the
maximum absolute amount is 2.46e4.91 cm3/g for the Alum shale
in the temperature range of 35e150 �C). This is because the Alum
shale has a much higher TOC content (6.35%) than the studied
samples and that the TOC content is a main factor controlling the
capacity of methane adsorption on shales (Chalmers and Bustin,
2008; Ross and Bustin, 2009).
4.4. Geological parameters

The current geothermal gradient in Southeast Chongqing ranges
between 21 and 23 �C/km (Yuan et al., 2006). Zhou et al. (2014a)
reported that the measured temperature of the Longmaxi shale
reservoir based on a horizontal well in the Fuling Block is 64 �C at a
depth of 2300 m, which gives a geothermal gradient of 22 �C/km
with a surface temperature of 15 �C. The fluid pressure coefficient of
the Longmaxi shale systemvaries greatly in the studied area. It is an
overpressure system with a pressure coefficient of 1.5e2.0 within
the Sichuan Basin (e.g., the Fuling Block), whereas it is almost a
hydrostatic systemwith a pressure coefficient of approximately 1.0
outside the Sichuan Basin (e.g., the Pengshui Block) (Fig. 1; Hu et al.,
2014). The water saturation in shale from productive wells in North
America mainly ranges between 12% and 35% (Frantz et al., 2005;
Cusack et al., 2010; Mullen, 2010; Hammes et al., 2011; Jarvie,
2012). According to the data of Liu and Wang (2013), the water
saturation of the Longmaxi shale in the Southern Sichuan Basin is
between 20% and 45% with an average value of approximately 30%.
The water saturation of the Longmaxi shale is most related to the
fluid pressure coefficient in South China, but there are also obvious
differences in different blocks. For example, the water saturation of
the Wei 201 and Ning 201 wells in the Weiyuan-Changning Blocks
is in the range of 30e45%, and the JY4 well in the Fuling Block is in
the range of 9.75%e28.45% with an average of approximately 20%
(Liu and Wang, 2013; Wei and Wei, 2014). Based on the sedimen-
tary and tectonic evolution in Southeast Chongqing, the Longmaxi
Shale reached a maximum depth of 7000e8000 m in the early
Cretaceous age and then suffered from an intensive uplift and
erosion, with an eroded thickness of 3000e6000 m in most of the
studied area (Liu et al., 2009). The present burial depth ranges
mainly between 500 and 5000 m (Tan et al., 2015).

Based on the preceding geological setting, the following
geological parameters were assigned to calculate the adsorbed gas
and GIP of the Longmaxi shale: a geothermal gradient of 22 �C/km,
a surface temperature of 15 �C, a water saturation of 20% for the
shales with fluid pressure coefficients of 1.5 and 2.0, a water satu-
ration of 30% for the shales with a fluid pressure coefficient of 1.0,
and a maximum present day burial depth of 6000 m.
4.5. Geological models of GIP

4.5.1. Excess adsorption models
Using Eq. (3), the assigned geothermal gradient and the exper-

imental parameters of Sample 8 at different temperatures were
used to calculate the excess absorption capacity of methane with
depth for three different pressure gradients (i.e., fluid pressure
coefficients) (Fig. 8). The excess adsorption capacity increases
rapidly and then tends to decrease with increasing depth, with a
maximum at a depth between 300 and 600 m.

The fluid pressure coefficient has an obvious influence on the
excess adsorption capacity. For a shale system with a greater
pressure coefficient, there is a greater maximum excess adsorption
capacity which decreases faster as the depth crosses the turning
point, and the depth corresponding to the zero excess adsorption is
also shallower because the density of free methane is larger in an
overpressure system than in a hydrostatic system at the same
temperatures, thus the disappearance of difference in density be-
tween the free and adsorbed methane can occur at a shallower
depth. The disappearance depth of excess adsorption is
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approximately 7000 m with a pressure coefficient of 1.0, shifting
upward to 5000 m and 3850 m with a pressure coefficient of 1.5
and 2.0, respectively (Fig. 8).

4.5.2. GIP models
The capacity of absolute adsorbed gas, total gas and free gas for a

shale system with various pressure coefficients at different burial
depths was calculated using the Equations (4)e(6) based on the
excess adsorption model as well as the data of shale porosity and
water saturation. The GIP models of the Longmaxi shale systems
constructed under three different pressure coefficients (1.0, 1.5 and
2.0) are presented in Fig. 9 and show similar trends with increasing
depth: (1) the free gas increases rapidly; (2) the total gas increases
rapidly at shallower depth, but increases slowly at deeper depths
(>2000 m or so), and (3) the absolute adsorbed gas capacity in-
creases rapidly at first, reaches a maximum at 800e1200 m, and
then gradually decreases with further increasing depth, similar to
the adsorption model of a high rank coal whose maximum
adsorption occurs at approximately 800 m (Hildenbrand et al.,
2006).

A greater fluid pressure coefficient can significantly increase the
free gas and total gas contents, but its influence on the absolute
adsorbed capacity is limited and mainly occurs at shallow burial
depths (<2000 m) (Fig. 9). For example, the absorbed gas capacity
at a depth of 1200 m is 2.83 cm3/g, 3.00 cm3/g and 3.08 cm3/g with
a pressure coefficient of 1.0, 1.5 and 2.0, respectively. The difference
in absorbed gas capacity among the three pressure systems
decrease with increasing depth and could be ignored at depths
greater than 3000 m (Fig. 9). Thus, the fluid pressure coefficient
affects the total gas content mainly by increasing the free gas
content.

The loss of shale gas as well as its change in stored state during
uplift and erosion can also be evaluated using the preceding model
(Fig. 9). The total gas content only slightly decreases as the burial
depth decreases from 6000 to 2000 m, with most of the free gas
being converted to the adsorbed gas. The total gas content obvi-
ously decreases from 2000 m to 1000 m, with only a portion of the
free gas being converted to the adsorbed gas and most of the free
gas being lost if the pore volume or fluid pressure coefficient keeps
constant. The total gas content rapidly decreases at depths less than
1000 m because of the reduction in the capacity of both free and
adsorbed gas. During the entire uplift process, the percentage of the
adsorbed gas continually increases due to the reduction in free gas
capacity (Fig. 10).
4.5.3. Influence of TOC content on GIP
Based on the adsorption data of the studied samples (Tables 1

and 2) and geological parameters (geothermal gradient and sur-
face temperature), the amounts of the gases versus the TOC content
at a current burial depth of 2000 m (approximately 60 �C) were
calculated for the Longmaxi shale systems with different pressure
coefficients (Fig. 11). With increasing TOC content, the adsorbed
and total gas content increases linearly and exponentially, respec-
tively. However, the free gas content has a different pattern; it
reaches the smallest level at a TOC content of approximately 2.0%
and increases significantly with increasing or decreasing TOC
content (>2% or <2%). This complex pattern is caused by the fact
that the free gas content in the present study has been corrected by
the volume of adsorbed methane whose value varies among sam-
ples in terms of the absolute methane adsorption capacity and the
density of adsorbed methane. As far as the pressure coefficient is
concerned, a greater pressure coefficient leads to greater free gas
content, thus increasing the total gas (Guo and Liu, 2013; Hu et al.,
2014) (Fig. 11). The ratio of free gas to adsorbed gas is mainly
controlled by pressure coefficient and TOC content for a shale
system over its TOC range if the water saturation is constant.
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4.6. Geological application

The difference of shale gas production between the Fuling and
Pengshui blocks in Southeast Chongqing can be partly explained by
the GIP models proposed in the present study. Geochemical char-
acteristics and gas content data of the Longmaxi shale from the two
blocks are listed in Table 4. Although the shales from the two blocks
have similar geochemical characteristics and burial depth (Wang,
2014; Yang et al., 2014; Guo, 2014), there are obvious differences
in their preservation conditions owing to different structural po-
sitions (Wei and Wei, 2014; Guo et al., 2014; Guo, 2014; Gan et al.,
2015). The shale system in the Fuling Block is overpressurized with
a pressure coefficient of approximately 1.5, while the shale system
in the Pengshui Block is a hydrostatic pressure system with a
pressure coefficient of approximately 1.0. The adsorbed gas con-
tents of the two shale systems are quite similar, but their free gas
contents are significantly different. For example, the adsorbed gas
contents of the shales with TOC contents of 2%e4% are 1.8e2.7 cm3/
g in the Fuling Block and1.8e2.6 cm3/g in the Pengshui Block, and
their free gas contents are 0.99e2.34 cm3/g and 0.47e1.35 cm3/g,
respectively. The free gas content of the Pengshui Block is only
approximately 47e58% of that of the Fuling Block. The lower free
gas content is the direct reason for the low gas production in the
Pengshui Block.

The intensity of tectonic reformation controls the preservation
conditions of shale gas and consequently affects the fluid pressure
coefficient. The GIP and its free gas percentage of a shale is also
controlled by burial depth. According to the geological models in
Fig. 9, the free gas content of the Longmaxi shale at 4500 m in the
Pengshui Block is equal to that at 2000 m in the Fuling Block.
Therefore, overpressured reservoirs with a better preservation
condition in more deeply buried shale are favorable exploration
targets of the Longmaxi shale in Southeast Chongqing, especially in
its eastern area.

5. Conclusions

Based on the experimental results of high-pressure methane
adsorption of the Longmaxi shale samples from Southeast
Chongqing, the following conclusions have been drawn from an
investigation of the relationships of adsorption parameters with
TOC contents or temperatures and the construction of geological
models of GIP under specific geological conditions:

(1) The density of adsorbed methane is mainly constrained by
TOC content and adsorption temperature. It is positively
related to TOC, but adversely to temperature.



Table 4
Geological and geochemical characteristics, and estimated GIPs of the Longmaxi shale in the Fuling and Pengshui blocks in Southeast Chongqing.

Block Fuling (well JY1) Pengshui (well PY1)

Block position Western area of Southeast Chongqing (within
Sichuan Basin)

Eastern area of Southeast Chongqing (outside
Sichuan Basin)

Geological and geochemical parameters of the
Longmaxi shale

Depth (m) 2377e2416 (Wang, 2014) 2300e2396 m (Yang et al., 2014)
Thickness (m) 38 (Wang, 2014) 40 (Yang et al., 2014)
Average TOC (%) 3.5 (Guo, 2014) 3.5 (Yang et al., 2014)
Average Porosity (%) 4.61 (Guo, 2014) 4.4e4.9 (Yang et al., 2014)
Average Water
saturation (%)

20 (Wei and Wei, 2014) 30 (Gan, 2015)

Pressure coefficient 1.45e1.55 (Guo, 2014; Guo et al., 2014) 0.9e1.0 (Guo, 2015)
GIP data of the Lonamgxi shale Total gas (m3/t) 2.27e4.82 1.66e3.82

Free gas (m3/t) 0.91e2.16 0.45e1.23
Adsorption gas (m3/t) 0.94e2.67 0.92e2.59
Free gas/adsorption
gas

0.45e1.43 0.21e0.82
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(2) With increasing depth, both the free gas and total gas con-
tent increases, but the excess and absolute adsorbed capacity
show at first a rapid increase and then an obvious decrease
with a maximum value occurring at depths of 300e600 m
and 800e1200 m, respectively.

(3) The fluid pressure coefficient has a significant effect on
excess adsorbed capacity but only has a minor influence on
absolute adsorbed capacity. The depth at which the excess
absorbed capacity disappears becomes shallower for a shale
system with a greater pressure coefficient. Overpressure in-
creases the GIP content mainly through increasing the free
gas content of shale.

(4) The free gas content of the Longmaxi shale in Pengshui Block
is only approximately 47e58% of that of the Fuling Block,
which is the main reason for its low production. The explo-
ration of the Longmaxi shale gas in the eastern area of
Southeast Chongqing should focus on deeper depths.
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