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A B S T R A C T   

The Lower Cambrian shales of deepwater shelf facies comprise an important part of the marine black shales in 
southern China. In this study, twenty-four Lower Cambrian shale samples from southwest China were subjected 
to analysis of geochemistry, pore structure and methane adsorption capacity. The samples have total organic 
carbon (TOC) contents ranging from 0.25% to 11.3% and equivalent vitrinite reflectance (EqVRo) values in the 
range of 2.51–4.23%. Specific surface areas determined from N2 adsorption at 77.4 K and specific micropore 
volumes from CO2 adsorption at 273.15 K are in the range of 3.0–38.6 m2/g rock and 2.5–11.4 cm3/kg rock, 
respectively, and both of them have positive relationships with TOC values. The Langmuir volumes of these 
samples at 60 �C range from 0.47 cm3/g rock to 5.96 cm3/g rock and are positively correlated with TOC values, 
which on the one hand confirms the TOC control on methane adsorption capacity and on the other hand also 
suggests a weak control of thermal maturity on methane adsorption capacity at overmature stages. Although 
both specific surface area and specific micropore volume are positively correlated with methane adsorption 
capacity, the latter seems to have a stronger effect and the specific micropore volume determined from 
subcritical CO2 adsorption may be considered as a proxy for the volume of adsorbed methane in dry shales. For 
the extrapolation of measured methane excess adsorption isotherms to geological conditions, the use of a con-
stant or varying Langmuir volume makes no significant difference with respect to the methane storage capacity 
of shales when the density of the adsorbed methane is allowed to change with temperature. However, the ab-
solute methane adsorption quantity at subsurface is obviously dependent on the use of a constant or varying 
Langmuir volume, which subsequently affects the estimation of the relative percentages of adsorbed and free 
methane.   

1. Introduction 

Unlike the conventional gas reservoirs where gas is mainly stored in 
a free state, the gas in shale reservoirs may be present in free, adsorbed 
and absorbed states (Curtis, 2002; Montgomery et al., 2005) because gas 
shales usually hold complex organic and/or inorganic nano-scale pore 
networks that provide larger surface areas for gas adsorption than 
μm-scale pore systems in conventional reservoirs (Chalmers and Bustin, 
2007; Loucks et al., 2009; Bernard et al., 2012; Milliken et al., 2013; 
Mastalerz et al., 2013; Furmann et al., 2014; Tian et al., 2015). 
Depending on geochemical and geological conditions, adsorbed gas may 
accounts for 20–85% of total gas content of a shale (Curtis, 2002; Jarvie, 
2012). In particular, many gas shales have experienced tectonic uplifting 

and subsequent temperature and pressure declines, which usually leads 
to an increased percentage of adsorbed gas in shallower depths (Rexer 
et al., 2013; Bruns et al., 2016; Pan et al., 2016, and references therein). 

As a bulk geochemical parameter of shales, total organic carbon 
(TOC) content is usually considered as a main control on methane 
adsorption capacity (Chalmers and Bustin, 2007; Ross and Bustin, 2009; 
Weniger et al., 2010; Rexer et al., 2014; Tian et al., 2016; Top�or et al., 
2017); however, there are some exceptions where methane adsorption 
capacity is negatively correlated to TOC but positively to the content of 
total clays for organic-lean samples (Gasparik et al., 2012), indicating 
that clay minerals may also play a role in methane adsorption when they 
are free of moisture (Ji et al., 2012; Jin and Firoozabadi, 2014). From the 
perspective of nanopore networks in shales, gas adsorption capacity is 
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usually positively related to specific micropore volume (e.g., Ross and 
Bustin, 2009) because gas adsorption potentials in micropores (<2 nm in 
diameter) are stronger than in larger pores (Mosher et al., 2013; Rexer 
et al., 2014). In general, organic matter is considered to be favorable for 
the formation of micropores in shales (Ross and Bustin, 2009; Bernard 
et al., 2012; Tian et al., 2015; Top�or et al., 2017), which explains the 
positive correlation between TOC and methane adsorption capacity of 
mature shales. Nevertheless, there are some cases where no or very weak 
correlations between TOC and specific micropore volume are observed 
for some shales, indicating contribution of clay minerals to micropores 
(Ross and Bustin, 2009; Sander et al., 2018). More interestingly, 
Weishauptov�a et al. (2017) reported that methane adsorption capacities 
for some Czech Silurian shales are negatively correlated to their specific 
micropore volumes, but they do show a positive relationship with the 
relative percentages of micropore volume, which is very confusing but 
not explained by the authors. 

It is also worthy to note that there are some disagreements about the 
thermal maturity effect on gas adsorption behavior of shales. Some 

authors believe that higher thermal maturity enhances the formation of 
micropores and hence promotes gas adsorption capacity, especially for 
shales with Ro values smaller than 2.0% (Ross and Bustin, 2009; Gas-
parik et al., 2014), while others documented only a minor enhancement 
of gas adsorption capacity at elevated thermal maturity (Gasparik et al., 
2012; Zhang et al., 2012). This may indicate that the thermal maturity 
alone cannot determine the pore formation and subsequent gas 
adsorption capacity of shales, and other controls have to be considered 
(Curtis et al., 2012; Fishman et al., 2012). In addition, very high thermal 
maturity levels (e.g., Ro > 3.5–4.0%) may somehow cause a lower gas 
adsorption capacity (Gasparik et al., 2014; Li et al., 2017; Top�or et al., 
2017) because the micropores are destroyed at such high thermal 
maturity stages (Chen and Xiao, 2014). Nevertheless, there is a general 
agreement about a decrease of the Langmuir pressure at higher thermal 
maturity levels, indicating that the adsorbed gas may become more 
difficult to desorb at subsurface (Zhang et al., 2012; Gasparik et al., 
2014). 

Commercial shale gas production from the Lower Silurian Longmaxi 

Fig. 1. Schematic map showing sampling locations (modified from Li et al., 2017; Liu et al., 2017).  
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shale has recently been achieved in southern China (Guo, 2013; Guo and 
Zhang, 2014), and many relevant studies have been conducted on this 
set of shale (Chen et al., 2011; Tian et al., 2013; Wang et al., 2013a; Tan 
et al., 2014a, b; Dai et al., 2016, and references therein). However, only 
little commercial achievements have been made on the Lower Cambrian 
shales, although they are more widely distributed and usually have 
greater thickness of organic-rich layers than the Lower Silurian shales 
(Nie et al., 2011; Hao et al., 2013; Tan et al., 2014b; Li et al., 2017). The 
poor success rate in developing the Lower Cambrian shale gas plays is 
probably related to their very high thermal maturity levels that corre-
spond to a deep burial and strong mechanical compaction in geological 
history and thus a significant reduction of porosity and permeability 
(Wang et al., 2013a; Tian et al., 2015). In recent years, some studies 

have been conducted on the methane adsorption capacity of Lower 
Cambrian shale samples at various temperature and pressure ranges 
(Han et al., 2013; Tan et al., 2014b; Ma et al., 2015; Sun et al., 2015; Han 
et al., 2016; Yang et al., 2015; Li et al., 2016). Li et al. (2017) also carried 
out a series of methane isothermal adsorption experiments under pres-
sures up to 35 MPa on Lower Cambrian shale samples with Ro values of 
approximately 4.0% and found that the methane adsorption capacity of 
organic matter in these shale samples is somehow slightly reduced 
compared with other shales of relatively low thermal maturity. These 
results are similar to those of Gasparik et al. (2014) in their samples with 
very high thermal maturity. 

In this study, twenty four overmature Lower Cambrian shale core 
samples were collected from three wells in southern China. In general, 
overmaturity corresponds to Ro values greater than 1.35%, including 
hydrocarbon gas generation stages of both wet gas (Ro ¼ 1.35–2.0%) 
and dry gas (Ro>2.0%) (e.g., Mastalerz et al., 2013). In particular, the 
overmaturity discussed here denotes the dry gas stage (Ro>2.0%, Littke 
et al., 1999). All the samples were analyzed with respect to their pore 
structures and methane adsorption capacity through subcritical N2 and 
CO2 gas adsorption and supercritical methane adsorption experiments, 
respectively. Based on these analyses, their methane adsorption char-
acteristics and main controls at overmature stage (Ro>2.0% in this 
study) were discussed. The results may provide some new insights into 
the evaluation of Lower Cambrian shale gas in southern China and other 
similar shales around the world. 

2. Samples and methods 

2.1. Samples 

Twenty four marine black shale core samples of the Early Cambrian 
age were collected from three wells in the Chongqing and Guizhou re-
gions in southwest China, and they were all formed in depositional en-
vironments of deepwater shelf facies (Fig. 1, Table 1). The study area is 
presently a part of the Upper Yangtze block where the Lower Cambrian 
black shales are widely distributed with thickness ranging from 20 m to 
200 m (Wang et al., 2012, 2013b; Liu et al., 2017). With marine trans-
gression in the Early Cambrian, this set of black shales was formed under 

Table 1 
Total organic carbon (TOC), bitumen reflectance (BRo), mineralogical compositions, specific surface areas (SBET) calculated from N2 adsorption isotherms at 77.4 K 
with BET equation and specific micropore volumes (VDR) determined from CO2 adsorption isotherms at 273.15 K with Dubinin–Radushkevich (DR) equation.  

Well Sample Fm Depth (m) TOC (%) aMean BRo (%) SBET (m2/g) VDR (cm3/kg) XRD mineralogical composition (%) 

quartz feldspar carbonate total clays pyrite 

YC9 YC9-2 Niutitang 1369.83 0.75 n.d. 4.9 2.5 23.5 11.6 0.0 62.8 1.3 
YC9-5 1410.85 0.25 n.d. 3.0 2.7 22.1 11.0 13.0 51.8 1.9 
YC9-8 1414.53 4.28 n.d. 14.4 6.4 24.3 15.4 5.6 48.9 1.5 
YC9-10 1428.51 3.34 n.d. 9.9 5.2 35.0 15.8 10.5 32.3 3.1 
YC9-13 1439.93 2.02 4.20 9.2 3.3 39.1 18.4 5.9 31.4 3.2 
YC9-15 1447.75 4.53 n.d. 13.3 7.7 36.4 20.3 7.1 25.0 6.7 
YC9-17 1452.93 7.17 4.14 15.9 9.0 68.3 4.6 5.3 11.8 2.7 
YC9-18 1454.55 8.52 n.d. 15.8 8.8 64.9 5.2 0.0 18.7 2.7 

YC2 YC2-2 Shuijingtuo 956.56 3.16 n.d. 8.0 4.8 35.9 15.4 11.1 31.8 2.5 
YC2-5 1023.77 1.90 n.d. 3.6 3.2 27.1 20.4 5.3 39.0 6.3 
YC2-8 1078.83 4.53 2.63 11.0 4.4 25.8 22.1 29.9 16.2 1.4 
YC2-9 1086.86 2.53 2.41 5.4 4.2 29.4 15.9 27.0 23.1 2.1 
YC2-13 1115.6 1.87 2.63 3.4 2.6 32.1 18.9 9.0 32.9 5.1 
YC2-14 1130.83 2.47 2.67 7.2 3.9 29.2 13.1 12.5 40.8 2.0 
YC2-16 1147.62 1.37 2.82 5.2 2.9 27.6 22.1 11.5 35.5 1.9 

HY1 HY-1 Jiumenchong 2371.01 10.50 3.06 35.0 11.2 36.1 8.2 0.9 41.9 2.4 
HY-2 2373.80 11.20 3.01 38.6 11.4 29.9 8.4 3.8 44.8 2.0 
HY-3 2380.05 5.50 3.10 22.8 7.4 29.0 9.8 5.8 46.1 4.0 
HY-4 2384.90 6.20 2.82 23.8 7.7 32.9 15.5 4.7 36.7 4.0 
HY-5 2389.30 3.40 2.82 19.3 6.1 31.2 17.2 11.8 32.5 4.1 
HY-6 2396.45 4.70 3.02 22.1 8.6 38.3 16.9 0.5 36.0 3.6 
HY-7 2401.55 7.20 3.17 27.2 8.4 33.1 13.5 3.2 40.4 2.6 
HY-8 2407.32 6.80 n.d. 26.2 9.0 32.2 15.9 4.6 38.3 2.2 
HY1-9 2415.04 5.70 3.04 19.7 7.7 33.4 15.8 0.0 39.9 5.2  

a BRo values for samples from Well HY1 is cited from Tian et al. (2015) whose samples are contiguous to the present samples. n.d. ¼ not determined. 

Fig. 2. Ternary plot showing the relative mineral compositions for our samples.  
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continental shelf environments with water deepening from northwest to 
southeast (Wang et al., 2013b; Bai et al., 2015; Liu et al., 2017). The 
local names for this set of black shales are different in different regions. 
For example, it is usually named as the Niutitang Formation in regions 
from central Guizhou to southeastern Chongqing (wells FC1 and YC9), 
Jiumenchong Formation in southern Guizhou (Well HY1), and Shui-
jingtuo Formation in northeastern Chognqing (Well YC2; Liu et al., 
2017). During late Yanshanian through Himalayan orogenies, the 
Paleozoic to Mesozoic strata were eroded to various extents in the study 
area and the Lower Cambrian shales have been even uplifted to the 
surface in certain places (Wang et al., 2013b; Leng et al., 2016; Liu et al., 
2017). 

2.2. TOC and XRD mineralogical compositions 

TOC measurements were conducted on carbonate-free samples using 
a carbon/sulfur analyzer LECO CS-200. Whole rock samples were 
ground to grains smaller than 70 μm in size and then analyzed using a 
Bruker D8 ADVANCE X-ray diffractometer. The semi-quantitative 
compositions of minerals were determined following the method of 
Chalmers and Bustin (2008). Due to the absence of vitrinite in Lower 
Cambrian shales, pyrobitumen reflectance (BRo) was measured under 
oil immersion on one-side polished whole rock blocks to characterize the 
thermal maturity levels of our samples (Tian et al., 2013). 

2.3. Subcritical N2 and CO2 gas adsorption 

Depending on the TOC content, approximate 1–2 g of each sample 
whose grain sizes range from 300 to 750 μm in diameter were used for 
subcritical N2 adsorption at 77.4 K and CO2 adsorption at 273.15 K on a 
Micromeritics ASAP 2020M apparatus. For N2 adsorption, both adsorp-
tion and desorption isotherms were obtained, covering a relative pres-
sure (p/p0) range of 0.0009–0.995; for CO2 adsorption, only adsorption 

isotherms were acquired with relative pressures (p/p0) ranging from 
0.00001 to 0.032. During experiments, the gas adsorption equilibrium 
time was set to be 30 s for both N2 and CO2 adsorption. Following the 
method of Rouquerol et al. (2007), a suitable p/p0 range from N2 
adsorption isotherm was chosen to calculate the specific surface area 
(SBET) with the BET equation (Brunauer et al., 1938); specific micropore 
volumes (VDR, the volume of pores of less than 2 nm in diameter) were 
calculated from the CO2 adsorption isotherms with the Dubi-
nin–Radushkevich (DR) equation (Gregg and Sing, 1982). 

2.4. Supercritical methane excess adsorption and parametrization 

A commercial gas adsorption setup (ISOSORP-HP Static II model) 
manufactured by Rubotherm GmbH, Germany was used to collect the 
methane excess adsorption isotherms (nexcess). The measuring principles 
and procedures of this setup have been well illustrated in literature 
(Dreisbach and L€osch, 2002; De Weireld et al., 1999; Pan et al., 2016; Li 
et al., 2017). In this study, methane excess adsorption measurements at 
60 �C under pressures up to 35 MPa were conducted on all samples. 
Three samples from Well HY1 were selected for further investigation of 
methane adsorption capacity at other temperatures (40, 80, 100, and 
120 �C). To reduce the grain size effect as much as possible for the 
comparison between pore structure and methane adsorption capacity, 
the sample grain sizes used for methane excess adsorption experiments 
are the same as those used for subcritical N2 and CO2 adsorption 
experiments. 

The measured methane excess adsorption isotherms were approxi-
mated with the Langmuir-based excess adsorption function (Krooss 
et al., 2002; Gasparik et al., 2014; Gensterblum et al., 2013; Tian et al., 
2016), which is written as Eq. (1): 

nexcess ¼ n∞ ⋅
KL⋅P

1þ KL⋅P
⋅
�

1 �
ρg

ρads

�

(1) 

Fig. 3. Plots showing the relationships between TOC and (a) specific surface area (SBET) and (b) specific micropore volume (VDR), and the relationships between total 
clays and (c) specific surface area (SBET) and (d) specific micropore volume (VDR). 
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where KL is the Langmuir constant at given temperature, MPa� 1; n∞ is 
the Langmuir volume at infinite pressure and expressed as cm3/g rock 
under standard temperature and pressure (0 �C and 101.325 kPa, NIST); 
ρads is the adsorbed phase methane density, mg/cm3; ρg denotes the 
density of methane in the free state, mg/cm3; P is the equilibrium 
pressure for methane adsorption, MPa. The adsorption parameters were 
first estimated by assuming an adsorbed methane density of 424 mg/ 
cm3, the density of liquid methane at its boiling point (Rexer et al., 2013; 
Gasparik et al., 2014), and then were optimized using a least-squares 
minimization procedure (Gasparik et al., 2014). 

3. Results 

3.1. TOC, mineralogical compositions and pore structures 

As shown in Table 1, the TOC values for samples from Well YC9 
range from 0.25% to 8.52%; from 1.37% to 4.53% for samples from Well 
YC2, and from 3.40% to 11.20% for samples from Well HY1. Mean 
reflectance values measured on pyrobitumen grains (BRo) vary from 
2.41% to 4.20% (Table 1). Generally, samples from Well YC9 display 
high BRo values whereas samples from Well YC2 have low BRo values, 
and the inconsistency between the BRo values and present burial depths 
indicate that the three wells have undergone different burial and uplift 
histories. To convert the measured BRo values to equivalent vitrinite 
reflectance (EqVRo) values, the equation of EqVRo¼(BRoþ0.2443)/ 
1.0495 by Schoenherr et al. (2007) was adopted, and the investigated 
samples have EqVRo values in the range of 2.53–4.23%, indicating they 
are all overmature and have reached the late or end stage of hydrocar-
bon gas generation (Littke et al., 1999). 

Mineralogical compositions for the 24 samples are summarized in 
Table 1 and presented in Fig. 2. Significant variations in mineralogical 
compositions are present among samples from different wells or even a 
single well, indicating that the shales are very heterogeneous with 
respect to their compositions (Chalmers and Bustin, 2017). For most 
samples, quartz and feldspar minerals account for 33–73% of the whole 
rocks, with half of them greater than 50%; carbonate contents vary from 
below detection to 29.9%, and the highest carbonate contents are 

Fig. 4. Plots showing methane excess adsorption isotherms measured at 60 �C 
for samples from wells YC2 (a), YC9 (b) and HY1 (c). 

Table 2 
Maxima of measured methane excess adsorption (Mexcess) and freely fitted 
adsorption parameters using the Langmuir-based excess adsorption model.  

aSample Mexcess (cm3/g rock) bn∞ (cm3/g) KL (1/MPa) ρads (mg/cm3) 

YC9-2 0.49 0.88 0.22 333 
YC9-5 0.31 0.53 0.28 267 
YC9-8 2.10 2.83 0.58 468 
YC9-10 1.69 2.33 0.65 372 
YC9-13 1.19 1.68 0.42 450 
YC9-15 2.51 3.39 0.63 430 
YC9-17 2.96 4.00 0.61 415 
YC9-18 2.75 3.73 0.62 408 
YC2-2 1.22 1.66 0.58 443 
YC2-5 0.80 1.11 0.54 411 
YC2-8 1.14 1.50 0.59 523 
YC2-9 1.06 1.37 0.62 508 
YC2-13 0.70 0.91 0.55 515 
YC2-14 0.96 1.30 0.59 429 
YC2-16 0.71 1.06 0.49 313 
HY-1 3.79 5.60 0.40 392 
HY-2 4.08 5.66 0.48 465 
HY-3 2.54 3.61 0.40 442 
HY-4 2.69 3.70 0.47 451 
HY-5 2.22 2.89 0.46 475 
HY-6 2.87 4.00 0.47 457 
HY-7 3.02 4.36 0.39 432 
HY-8 2.95 4.12 0.43 346 
HY1-9 2.56 3.74 0.39 438 
FC1-37 1.41 2.01 0.40 377 
FC1-38 1.39 1.90 0.45 266 
FC1-45 2.49 3.60 0.47 397 
FC1-47 1.78 2.52 0.62 344 
FC1-49 2.69 3.62 0.68 480 
FC1-53 4.15 5.85 0.54 386 
FC1-55 3.46 4.55 0.58 541 
FC1-59 3.52 4.69 0.60 457 
FC1-62 2.53 3.75 0.48 316 
FC1-66 2.93 4.16 0.45 420 
FC1-72 3.97 5.44 0.51 444  

a Adsorption data for samples from Well FC1 (in italic font) are adopted from 
Li et al. (2017). 

b 1 mmol/g rock ¼ 16 mg/g rock, which corresponds to 22.4 cm3/g rock at the 
standard temperature (0 �C) and pressure (101.325 kPa) following the definition 
of National Institute of Standards and Technology (NIST). 
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observed in samples from Well YC2 (Table 1); total clay contents also 
vary significantly among samples, ranging from 10% to 63%; various 
contents of pyrite are observed in the range of 1.3–6.7%, and the wide 
occurrence of fine framboidic pyrite suggests that these shales were 
formed in a reducing depositional environment (Wignall and Newton, 
1998). 

The specific surface areas (SBET) and micropore volumes (VDR) for 
our 24 samples are also summarized in Table 1. The SBET values are in 
the range of 3.0–38.6 m2/g rock, and are largely positively correlated 
with the TOC values (Fig. 3a); VDR values range from 2.5 cm3/kg rock to 
11.4 cm3/kg rock and also display a positive correlation with TOC 
values (Fig. 3b). By contrast, the relationships between total clays and 
SBET and VDR values are complex and seem to be different for different 
wells (Fig. 3c and d), which indicates that their contribution to SBET and 
VDR is probably masked by organic matter (Ross and Bustin, 2009; 
Furmann et al., 2014; Top�or et al., 2017). 

3.2. Methane adsorption at 60 �C 

The methane excess adsorption isotherms measured at 60 �C for our 
24 samples are presented in Fig. 4. All isotherms display a rapid increase 
in excess adsorption quantity until a peak is reached at pressures of 
approximately 8–11 MPa and hence show a declining trend at greater 
pressures. Similar shapes of methane excess adsorption isotherms were 
also widely reported for many other shales, and the declining trend in-
dicates that the density of methane in free state is approaching the 

density of adsorbed-phase methane (Rexer et al., 2013; Gasparik et al., 
2014; Tian et al., 2016; Li et al., 2017; Zhou et al., 2018). 

Table 2 lists the fitting parameters as well as the measured maximum 
methane excess adsorption capacity (Mexcess). The Mexcess values vary 
between 0.31 cm3/g rock and 4.08 cm3/g rock and the fitted n∞ values 
range from 0.53 cm3/g rock to 5.66 cm3/g rock (Table 2), and the strong 
correlation between them (Fig. 5a) indicates that the measured Mexcess 
values can be treated as a proxy for fitted n∞ values. The fitted ρads 
values are in the range of 267–523 mg/cm3, and some of them are 
greater than the density of liquid methane at its boiling point, e.g., 424 
mg/cm3 (Rexer et al., 2013). Very large densities of adsorbed methane 
were also reported by other authors when the measured methane excess 
isotherms do not exhibit maxima or show only an insignificant decline at 
high pressures (Gasparik et al., 2014; Hu et al., 2015; Tian et al., 2016). 
In the present study, all isotherms display peak values and significant 
declines at high pressures, and therefore the presence of very high ρads 
values is probably related to the model itself, and this is beyond the 
scope of present study. The fitted KL values range from 0.22 MPa� 1 to 
0.68 MPa� 1, which corresponds to a Langmuir pressure (PL, the recip-
rocal of KL) range of 1.5–4.6 MPa, values falling into the range of other 
overmature shales (Wang et al., 2013c; Han et al., 2016; Tian et al., 
2016). As illustrated in Fig. 5b, most PL values range from 1.5 MPa to 
2.6 MPa and vary little with TOC values except for two organic-lean 
samples that have remarkably larger PL values of 3.6 and 4.5 MPa. 

3.3. Methane adsorption at different temperatures 

Three samples with different TOC values were selected from Well 
HY1 for methane excess adsorption measurements at 40, 60, 80, 100 and 
120 �C under pressures up to 35 MPa and the measured isotherms are 
presented in Fig. 6. It is evident that with increasing experimental 
temperature the peak values of methane excess adsorption isotherms 
decrease because the methane adsorption process has an exothermic 
nature (Sircar, 1992), and similar results were also widely observed for 
many other shales (e.g., Rexer et al., 2013; Gasparik et al., 2014; Tan 
et al., 2014b; Li et al., 2017, and references therein) and coals (e.g., 
Hildenbrand et al., 2006). 

The measured isotherms were parameterized using three different 
methods. In Method 1, the adsorption parameters n∞, KL and ρads are 
allowed to change with temperature (Rexer et al., 2013; Tian et al., 
2016); in Method 2, the n∞ values keep constant but the other two pa-
rameters are temperature-dependent (e.g., Gensterblum et al., 2013); in 
Method 3, both n∞ and ρads values are fixed and only the KL values are 
temperature-dependent (Gasparik et al., 2014; Bruns et al., 2016). All 
the fitted adsorption parameters are summarized in Table 3, and the 
fitting results from different methods are presented and compared in 
Fig. 6. It is visually evident that Methods 1 and 2 yield more satisfactory 
results than Method 3, particularly in high pressures. 

Within the experimental temperature range of 40–120 �C, the n∞ 
values fitted with Method 1 decrease with increasing temperature at a 
rate of 0.024 cm3/g rock/�C for sample HY1-2, 0.0151 cm3/g rock/�C 
for sample HY1-4, and 0.0105 cm3/g rock/�C for sample HY1-5. These 
results are similar to the reduction rates of 0.01–0.02 cm3/g rock/�C for 
the Lower Cambrian shales from Well FC1 (Li et al., 2017) and other 
shales (Rexer et al., 2013; Pan et al., 2016). The fitted KL values are 
comparable for all the three samples at similar temperatures and they 
also decrease in similar way with increasing temperature; similarly, the 
decrease of fitted ρads values with increasing temperature is identical for 
the three samples, with a very narrow range of 0.29–0.44 mg/cm3/�C. 

The respective temperature-independent n∞ values fitted by the 
Methods 2 and 3 show only minor differences, e.g., 5.77 cm3/g rock 
versus 5.66 cm3/g rock for sample HY1-2, 3.7 cm3/g rock versus 3.65 
cm3/g rock for sample HY1-4, and 2.96 cm3/g rock versus 2.88 cm3/g 
rock for sample HY1-5 (Table 3), and these values are close to the 
average of temperature-dependent n∞ values determined by Method 1; 
however, the KL values by Methods 2 and 3 are higher and decease more 

Fig. 5. Plots showing the relationship between measured maximum methane 
excess adsorption capacity (Mexcess) and fitted Langmuir volume (n∞) (a) and 
the relationship between Langmuir pressure (PL) and TOC (b). 
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rapidly than those by Method 1; similarly, a faster decrease of ρads values 
fitted by Method 2 than by Method 1 is also observed with increasing 
temperature. 

4. Discussion 

4.1. Main controls on methane adsorption 

The relationship between n∞ values at 60 �C and TOC values is 
presented in Fig. 7a, and an obvious TOC control on n∞ values is 
observed, which is consistent with early studies on other shales (Ross 
and Bustin, 2009; Zhang et al., 2012; Gasparik et al., 2014). In addition, 
the regression line in Fig. 7a has a slope of 0.465, indicating an 
adsorption capacity of organic matters of approximately 46.5 cm3/g 
TOC. This value is similar to the values of 40–45 cm3/g TOC reported for 
overmature Lower Cambrian shales by other authors (Tan et al., 2014b; 
Sun et al., 2015; Xia et al., 2015, 2017; Li et al., 2017). The intercept of 
0.666 indicates a n∞ value of 0.666 cm3/g rock if the sample is free of 
organic matter (i.e., TOC ¼ 0%), which is close to the n∞ value of 0.53 
cm3/g rock for the sample YC9-5 that has a TOC value of 0.25% 
(Table 2). 

A close examination of Fig. 7a and Table 2 also reveals a reduction of 
n∞ at higher TOC values, and several of them include sample YC9-18 

(TOC ¼ 8.52%; n∞ ¼ 3.73 cm3/g rock) versus sample YC9-17 (TOC ¼
7.17%; n∞ ¼ 4.00 cm3/g rock), sample YC2-8 (TOC ¼ 4.53%; n∞ ¼ 1.50 
cm3/g rock) versus sample YC2-2 (TOC ¼ 3.16%; n∞ ¼ 1.66 cm3/g 
rock), and sample HY1-3 (TOC ¼ 5.50%; n∞ ¼ 3.61 cm3/g rock) versus 
sample HY1-6 (TOC ¼ 4.70%; n∞ ¼ 4.00 cm3/g rock), and so on. Such a 
reversal relationship between n∞ and TOC values is probably related to 
the different contents of clay minerals among the compared samples. As 
illustrated in Fig. 7b, the relationships between n∞ values and total clay 
contents vary significantly among different sample sets, which indicates 
on the one hand that the clay mineral may complicate the TOC effect on 
n∞ values for some samples and on the other hand that the content of 
clay minerals is not a robust proxy for the methane adsorption capacity 
of our samples (Gasparik et al., 2014). Nevertheless, such outlier data for 
the TOC control on methane adsorption capacity may be smoothed when 
the dataset is large enough (Sander et al., 2018). 

Thermal maturity is also an important control on methane adsorp-
tion capacity because higher thermal maturity results in abundant mi-
cropores that are the main sites for methane adsorption, especially in the 
cases of EqVRo <2% (Ross and Bustin, 2009; Mastalerz et al., 2013; 
Gasparik et al., 2014). Nevertheless, Mastalerz et al. (2013) suggested 
that the increase of micro- and meso-pore porosity with thermal matu-
rity at EqVRo greater than 2.5% would mitigate or halt. This conclusion 
is supported by our overmature samples, as evidenced by the strongly 

Fig. 6. Plots showing measured and fitted methane excess adsorption isotherms at different temperatures for three selected samples with different TOC values. 
Method 1 allows all adsorption parameters (n∞, KL and ρads) to change with temperature, Method 2 keeps the Langmuir volume constant and permits temperature- 
dependent KL and ρads, while Method 3 only allows KL to change with temperature. 
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positive correlations between TOC and specific micropore volume (VDR) 
(Fig. 3b), and between fitted n∞ and VDR (Fig. 8a) for samples of various 
thermal maturity levels. If thermal maturity still has a significant effect 
on pore size and methane adsorption capacity of overmature shales, 
these correlations would become less remarkable than the present 
observation. It is also worthy to note that the negative intercepts of the 
regression line in Fig. 8a suggest that there are some pores that are only 
accessible to CO2 molecules whose kinetic diameter (0.33 nm) is smaller 
than that of the methane molecule (0.38 nm). In the case of specific 
surface area, the SBET values are also positively correlated to TOC values 
for all samples that have varying thermal maturity levels, although the 
SBET values for samples from Well HY 1, as a whole, are somewhat larger 
than other samples at similar TOC values (Fig. 3a). Meanwhile our 
samples also show a positive correlation between their SBET and n∞ 
values with a coefficient of determination of 0.797, but this value be-
comes larger than 0.9 when regressions were respectively performed on 
samples of lower (HY1 and YC2 wells) and higher maturity levels (YC9 
and FC1 wells) (Fig. 8b). It is worthy to note that the higher maturity 
samples have larger methane adsorption capacity than lower maturity 
samples at given specific surface areas, which may indicate that 
enhanced thermal maturity leads to an increased affinity of pore surface 
to methane. Nevertheless this speculation has to be further confirmed by 
more detailed analysis of surface chemistry. 

4.2. Fitting method effect on predicted methane adsorption quantity 

As mentioned earlier, different fitting methods may yield different 
adsorption parameters for multi-temperature isotherms, which may lead 
to some difference when they are extrapolated to geological conditions. 
Based on the adsorption parameters summarized in Table 3, both the 
excess and absolute adsorption capacities of samples HY1-2, HY1-4 and 
HY1-5 were calculated at various temperature and pressure pairs and 
presented in Fig. 9. The geothermal gradient and surface temperature 
used in these calculations are 20 �C/km and 15 �C, respectively, and a 
hydrostatic pressure system is adopted to keep consistent with measured 
formation pressure coefficients for most of the Lower Cambrian shale 
system in the study area (Zhang et al., 2015). In the present study, the 

water in shales is not considered for simplicity and adherence to our 
experiments, and therefore the methane adsorption quantities of shales 
discussed below represent the maximum values at subsurface. 

From the perspective of gas storage capacity of shales, it has been 
well recognized that only the excess adsorption capacity is required 
(Gasparik et al., 2014; Gensterblum et al., 2013; Bruns et al., 2016; Tian 
et al., 2016). As illustrated in Fig. 9a, c, and e, the predicted profiles of 
burial depth versus methane excess adsorption are different from each 
other, particularly in deeper depths when different fitting methods were 
utilized. For all the three samples, Method 1 always predicts a larger 
excess adsorption quantity than Methods 2 and 3 at a depth range of 
600–1600 m, while all methods yields similar results at the depth range 
of 1600–3000 m. At depths greater than 3000 m, Method 3 yields 
methane excess adsorption quantities much larger than Methods 1 and 
2, and the latter two methods even predict similar results before the 
depth of 3800 m, beyond which depth Methods 1 and 2 also begin to 
yield larger and larger inconsistence (Fig. 9a, c, e). All the results indi-
cate that it makes no significant difference for geological extrapolation 
within the experimental range of temperature and pressure to adopt 
fixed or variable Langmuir volume (n∞) during model fitting, provided 
that the Langmuir constant (KL) and adsorbed methane density (ρads) are 
allowed to change with temperature. By contrast, the adoption of fixed 
n∞ and ρads during model fitting (Method 3) would lead to a much larger 
methane excess adsorption quantity than Methods 1 and 2, especially 
beyond the experimental range of temperature and pressure. 

The fitting method, however, has a quite different effect on the 
methane absolute adsorption than the methane excess adsorption (Fig. 9 
b, d and e). In particular, methods 2 and 3 produce quite similar results 
within the investigated range of temperature and pressure, though the 
two methods have remarkably different ability to fit the measured iso-
therms (Fig. 7). Moreover, the methane absolute adsorption profile by 
Method 1 is significantly distinct from those by Method 2, though the 
two methods yield similar results in the case of methane excess 
adsorption (Fig. 9 a, c and e). The distinct effects of fitting method on the 
excess and absolute methane adsorption profiles are related to the 
remarkably different densities of adsorbed phase methane determined 
by varying fitting methods (Table 3) that lead to much distinct ratios of 

Table 3 
Methane adsorption parameters fitted with the Langmuir-based excess adsorption model using different fitting methods. Method 1 allows all parameters to change with 
temperature; Method 2 has constant n∞ but varying KL and ρads, while Method 3 has constant n∞ and ρads but varying KL.  

Sample Temp 
(�C) 

Method 1 Method 2 Method 3 

n∞ (cm3/g 
rock) 

KL (MPa� 1) ρads (mg/cm3) n∞ (cm3/ 
g rock) 

KL (MPa� 1) ρads (mg/cm3) n∞ (cm3/ 
g rock) 

KL (MPa� 1) ρads 

(mg/ 
cm3) 

HY1-2 40 6.62 0.4586 426 5.77 0.7144 531 5.66 0.8641 446 
60 6.04 0.3838 428 5.77 0.4381 462 5.66 0.5028 446 
80 5.49 0.3134 412 5.77 0.2774 386 5.66 0.2677 446 
100 5.15 0.2557 403 5.77 0.1954 352 5.66 0.1822 446 
120 4.66 0.2220 410 5.77 0.1421 318 5.66 0.1200 446  

n∞ ¼ � 0.0240 
� T þ 7.51 

KL ¼ 0.6636 � exp 
(� 0.0093 � T) 

ρads ¼

� 0.291 � T 
þ 439  

KL ¼ 1.5057 � exp 
(� 0.0202 � T) 

ρads ¼

� 2.684 � T 
þ 625  

KL ¼ 2.2041 � exp 
(� 0.0248 � T)  

HY1-4 40 4.26 0.4457 418 3.70 0.7186 519 3.65 0.8479 442 
60 3.98 0.3626 413 3.70 0.4602 456 3.65 0.5060 442 
80 3.57 0.3148 406 3.70 0.2792 390 3.65 0.2714 442 
100 3.32 0.2467 401 3.70 0.1925 346 3.65 0.1757 442 
120 3.08 0.2062 380 3.70 0.1392 312 3.65 0.1232 442  

n∞ ¼ � 0.0151 
� T þ 4.85 

KL ¼ 0.6565 � exp 
(� 0.0096 � T) 

ρads ¼

� 0.442 � T 
þ 439  

KL ¼ 1.5863 � exp 
(� 0.0208 � T) 

ρads ¼

� 2.613 � T 
þ 614  

KL ¼ 2.1587 � exp 
(� 0.0246 � T)  

HY1-5 40 3.31 0.4726 432 2.96 0.7075 506 2.88 0.8450 463 
60 3.09 0.3693 432 2.96 0.4283 471 2.88 0.4698 463 
80 2.83 0.3080 425 2.96 0.2802 395 2.88 0.2784 463 
100 2.64 0.2542 413 2.96 0.1948 353 2.88 0.1815 463 
120 2.49 0.2092 401 2.96 0.1424 334 2.88 0.1309 463  

n∞ ¼ � 0.0105 
� T þ 3.72 

KL ¼ 0.6907 � exp 
(� 0.0100 � T) 

ρads ¼

� 0.404 � T 
þ 453  

KL ¼ 1.4733 � exp 
(� 0.0200 � T) 

ρads ¼

� 2.307 � T 
þ 596  

KL ¼ 1.9812 � exp 
(� 0.0234 � T)   

H. Gai et al.                                                                                                                                                                                                                                      



Marine and Petroleum Geology 120 (2020) 104565

9

ρg to ρads at deeper depths or greater pressures. Although knowing the 
methane absolute adsorption quantity is not necessary for the gas-in- 
place evaluation, it is important for evaluating the relative percent-
ages of adsorbed and free methane and subsequently the flow charac-
teristics of methane during its extraction. In this respect, the adsorbed 
methane density really matters. Based on the fitting quality of multi- 
temperature isotherms by the three different methods (Fig. 6), the 
adoption of constant n∞ and ρads values (Method 3), at least for our 
isotherms displaying remarkable declining trend in high pressure, is not 
recommended. Although Methods 1 and 2 are almost equally effective 
with respect to methane storage evaluation in our experimental range of 
temperature and pressure, they indeed yield distinct absolute adsorption 
quantities that subsequently affect the evaluation of relative percentages 
of adsorbed and free methane. Based on the adsorption data alone, it is 
currently difficult to discriminate the superiority between Method 1 
(varying n∞) and Method 2 (constant n∞), which has to be further tested 
with methane diffusion data in the future. 

5. Conclusions 

Twenty-four Lower Cambrian shale core samples were collected from 
three wells in southwest China for geochemical, pore structure and 
methane adsorption analysis, based on which the following conclusions 
are summarized:  

(1) The investigated samples have a wide span of TOC values ranging 
from 0.25% to 11.2% and are all overmature with EqVRo values 

varying between 2.53% and 4.23%; their specific surface areas 
and micropore volumes respectively determined from subcritical 
N2 and CO2 adsorptions range from 3.0 m2/g rock to 38.6 m2/g 
rock and from 2.5 cm3/kg rock to 11.4 cm3/kg rock, both of 
which have a positive relationship with TOC values.  

(2) The positive correlation between TOC and methane adsorption 
capacity for our samples with a wide span of TOC and EqVRo 
values confirms that TOC is still a main control on methane 
adsorption capacity for overmature shales. This also suggests that 
the effect of thermal maturity variation during the overmature 
stage (e.g., EqVRo > 2.5%) on methane adsorption capacity may 
be masked by the strong TOC control. While both specific surface 
area and micropore volume are positively correlated to methane 
adsorption capacity, the latter seems to have a stronger control 
and the specific micropore volume determined from subcritical 
CO2 adsorption even can be considered as a proxy for the volume 
of adsorbed methane in dry shales.  

(3) For the Langmuir fitting of methane excess adsorption isotherms 
at various temperatures, the use of a constant (Method 2) or 
varying (Method 1) Langmuir volume makes no significant dif-
ference with respect to the methane storage capacity of shales 
when the density of adsorbed methane is allowed to change with 
temperature. However, the two different methods indeed yield 
distinct absolute methane adsorption quantities at subsurface, 
which may lead to remarkably different results for the estimation 
of relative percentages of adsorbed and free methane. 

Fig. 7. Plots showing the relationships between fitted n∞ values and TOC (a) 
and total clay content (b). Fig. 8. Plots showing the relationships between fitted n∞ values and specific 

micropore volume (a) and specific surface area (b). 
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Fig. 9. Changes of predicted methane excess and absolute adsorption quantities with depth for three selected samples using different fitting methods (see details in 
the text). 
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