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Abstract The Kela-2 gas field, found in the Kuqa Depression of the Tarim Basin, northwestern China, is a 
large-sized dry gas field (C1/C1–5=0.992−0.999) and characterized by ultra-high pressure (pressure factor up to 
2.0−2.2). The pyrolysis experiment was carried out under isothermal gold-tube closed system, with samples collected 
from the Jurassic coal, Jurassic mudstone and Triassic mudstone in the Kuqa Depression. The result of gas yield 
showed that the Middle and Lower Jurassic source rocks have higher gas generation potential than the Triassic 
source rocks. The kinetic modeling of gas generation and methane carbon isotope fractionation suggested that the 
Kela-2 gases belong to the products of high-over mature stages and were mainly derived from the Middle and Lower 
Jurassic coal-bearing strata. The Triassic source rocks made a minor contribution to the Kela-2 gases. The Kela-2 
gases chiefly generated from coal-bearing source rocks with Ro values from 1.3% to 2.5%, and thus primarily accu-
mulated after 5 Ma. 
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1 Introduction 

As natural gases are dominated by a few simple, 
low molecular weight hydrocarbons, important ge-
netic information is commonly developed from the 
chemical components and stable carbon isotopic ra-
tios, which can be used to assess the nature and ther-
mal maturity of potential source beds of natural gases 
(Stahl et al., 1975; Stahl, 1977; Schoell, 1980, 1983; 
Whiticar et al., 1986; Dai Jinxing et al., 1992; Xu 
Yongchang et al., 1994). On the basis of gas compo-
nent and isotope data from different basins, a lot of 
empirical relationships between carbon isotopic values 
of C1-C4 hydrocarbons and the vitrinite reflectance 
(Ro) of source rocks have been established (Stahl et 
al., 1975; Stahl, 1977; Faber et al., 1987; Shen Ping et 

al., 1988; Dai Jinxing et al., 1989, 1992; Clayton, 
1991; Xu Yongchang et al., 1994). However, the em-
pirical relationships obtained from one basin often do 
not work for another, sometimes even lead to a con-
tradictory conclusion (Jenden et al., 1993; Lorant et 
al., 1998; Li Xianqing, 2004; Li Xianqing et al., 2003, 
2005, 2008), and a given data set may give rise to dif-
ferent interpretations, particularly when post-     
generation processes are invoked (Prinzhofer et al., 
1995, 1997).  

With the above interpretive principles being de-
rived from field data, pyrolysis and chemical kinetic 
modeling play an important role in constraining the 
origin, migration and accumulation of natural gases, 
as well as the maturity of source rocks (Berner et al., 
1995; Tang et al., 2000; Cramer et al., 1998, 2001; Li 



158  Chin.J.Geochem.(2013)32:157–169 
 

Xianqing et al., 2005). Attempts have been made to 
obtain the kinetic parameters for oil and gas genera-
tion through thermal cracking of kerogen using labo-
ratory pyrolysis experiments (e.g., Behar et al., 1991, 
1997; Burnham et al., 1989). Some kinetic models 
have been developed to describe and predict variations 
in 13C values of C1-C4 gaseous hydrocarbons during 
natural gas formation (Galimov, 1988; Berner et al., 
1992, 1995; Rooney et al., 1995; Lorant et al., 1998; 
Tang et al., 2000; Cramer et al., 1998, 2001; Li Xian-
qing et al., 2003, 2004, 2005, 2008). The results 
showed how carbon isotopic compositions can be re-
lated to gas generation rates, net gas yields and reser-
voir accumulation histories. These models are of great 
value in natural gas assessment and exploration be-
cause they can be combined with sedimentary and 
burial histories and paleoheat flow reconstructions to 
make useful predictions about the distribution of hy-
drocarbons in sedimentary basins.  

The Kela-2 gas field is located in the east of the 
Kelasu tectonic zone in the Kuqa Depression of the 
Tarim Basin, northwestern China. The present explo-
ration shows that its reserve is more than 2500×108 
m3. As its area is less than 50 km2, natural gases are 
much more richly accumulated in this gas field. Since 
its discovery, the Kela-2 gas field has attracted great 
attention in China (Qin Shengfei, 1999; Jia 
Chengzhao et al., 2000; Dai Jinxing et al., 2000; Liang 

Digang et al., 2002, 2003; Zhao Mengjun et al., 2002; 
Zhang Qiming, 2002; Li Xianqing et al., 2005, 2008). 
It is really significant both theoretically and practi-
cally in studying the generation and accumulation of 
the Kela-2 gases. Moreover, it also can be a useful 
reference in the study of other oil and gas fields in the 
Tarim Basin. 

2 Geological setting and characteristics of 
the Kela-2 gases 

The Tarim Basin, located in northwestern China, 
is a giant basin that has not been fully explored. Geo-
graphically, the Tarim Basin is surrounded by the 
Tianshan Mountains to the north, and the Kulun 
Mountains and Altun Mountains to the south. The ba-
sin is filled with sedimentary rocks ranging in age 
from Sinian to Quaternary with the maximum thick-
ness up to 15000 m. Recent advances in exploration 
show that the Tarim Basin is very abundant in oil and 
gas resources (Jia Chengzhao et al., 2000; Liang Di-
gang et al., 2002, 2003).  

The Kuqa Depression is located in the northern 
part of the Tarim Basin near southern Tianshan 
Mountains. It is divided into four belts and two sags, 
i.e. northern Monocline Belt, Kelasu Anticline Belt, 
Baicheng Sag, Yangxia Sag, Qiulitake Anticline Belt, 
and southern Anticline Belt (Fig. 1).  

 

 
Fig. 1. Sketch map showing the tectonic units and the distribution of oil and gas fields in the Kuqa Depression of the Tarim Basin (a); the 

cross-section of the Kela-2 gas field (b). 
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The Kuqa Depression is a Cenozoic foreland ba-
sin where the Mesozoic-Cenozoic terrestrial sedimen-
tary rocks are up to 12000 m thick in the sedimentary 
center. As shown in Fig. 2, in the Mesozoic strata, 
there are Triassic-Jurassic source rocks (such as coal, 
carbonaceous mudstone and dark mudstone) at the 
lower part and giant thick (>8000 m) Cretaceous and 
Tertiary terrestrial deposits in the middle-upper part 
(Dai Jinxing et al., 2000; Liang Digang et al., 2002). 
Several sets of assemblages of reservoir rocks and seal 
rocks are found in the Kuqa Depression. The Creta-
ceous and Paleogene sandstones are the main reservoir 
rocks while the Triassic and Lower Jurassic sand-
stones are other reservoir rocks (Gu Jiayu et al., 
2002). The regional seal rocks are mainly mudstone, 
coal, and gypsum-bearing mudstone. There are the 
Upper Jurassic mudstone, Lower and Middle Jurassic 
coal-bearing strata, Tertiary gypsum-bearing mudstone 
and salt rocks. Especially the Tertiary gypsum salt and 
mudstone with a thickness of approximately 1000 m 
are good seal beds (Fu Guang et al., 2001). 

The Kela-2 gas field in the Kuqa Depression has 
been widely noticed since its discovery, because it is a 
large-sized dry gas field. As seen in Tables 1 and 2, 
the gases from the Kela-2 gas field are dominated by 

hydrocarbons, with the methane (C1) contents of 
97.08%−98.87%, the ethane (C2) plus propane (C3) 
contents of 0.04%−0.82%, normally without butane 
(C4) and C5+ components. The gases are very dry, with 
the dryness index (C1/C1–5) of 0.992−0.999. The gases 
contain low CO2 and N2, within the range of 
0.23%−0.94% and 0.04%−2.05%, respectively. The 
gases contain heavy methane and ethane carbon iso-
topic values (δ13C1 and δ13C2), within the range of 
-28.24‰− -26.16‰ and -19.40‰− -17.87‰. Nor-
mally, natural gases with these characteristics imply 
that they have a high maturity and originated from 
late-stage cracking of kerogen or coal at higher tem-
peratures (Schoell, 1983; Dai Jinxing et al., 1992; Xu 
Yongchang et al., 1994).  

Based on previous studies (Dai Jinxing et al., 
2000; Jia Chengzhao et al., 2000; Li Jian et al., 2001; 
Liang Digang et al., 2002, 2003; Zhang Qiming, 2002; 
Li Xianqing, 2004; Li Xianqing et al., 2005, 2008), 
some particular geological and geochemical charac-
teristics of natural gases in the Kela-2 gas field are 
summarized as follows. 

(1) The Kela-2 gas field is obviously affected by 
ultra-high pressure, with its reservoir pressure of 
67.74−75.94 MPa and the pressure factor up to 2.0−2.2. 

 
Table 1  Chemical compositions of natural gases in the Kela-2 gas field of the Kuqa Depression*  

Well Depth (m) Reservoir C1 (%) C2 (%) C3 (%) iC4 (%) nC4 (%) C5+ (%) CO2 (%) N2 (%) C1/C1–5

Kela 2 3499–3534.6 Lower Tertiary 98.05 0.40 nd nd nd nd 0.94 0.61 0.996

Kela 2 3888–3895 Lower Cretaceous 98.22 0.50 0.04 0.01 0.01 0.01 0.61 0.60 0.994

Kela 2 3803–3809 Lower Cretaceous 98.08 0.42 0.04 0.01 0.01 nd 0.86 0.68 0.995

Kela 2 3937–3941 Lower Cretaceous 97.97 0.48 0.03 nd nd nd 0.87 0.65 0.995

Kela 201 3770–3795 Lower Cretaceous 98.87 0.69 nd nd nd nd 0.40 0.04 0.993

Kela 201 3936–3938 Lower Cretaceous 97.08 0.05 nd nd nd nd 0.82 2.05 0.999

Kela 203 3963–3975 Lower Cretaceous 97.59 0.80 0.02 nd nd nd 0.23 1.36 0.992

Kela 205 3789–3952 Lower Cretaceous 98.26 0.50 0.04 0.01 0.02 nd 0.72 0.45 0.994

Note: * After Li Xianqing et al., 2005. nd. Not detected or <detection limit. 

 
 

Table 2  Isotope data of natural gases in the Kela-2 gas field*  

13C (‰, PDB) 
Well Depth (m) Reservoir 

C1 C2 C3 iC4 nC4 CO2 

Kela 2 3499–3534.6 Lower Tertiary -27.30 -19.40 -18.50 nd -17.80 nd 

Kela 2 3888–3895 Lower Cretaceous -27.80 -19.00 nd nd nd nd 

Kela 2 3803–3809 Lower Cretaceous -27.80 -18.70 nd nd nd nd 

Kela 201 3630–3640 Lower Cretaceous -27.07 -18.48 -19.08 -19.44 -20.31 -19.78 

Kela 201 3770–3795 Lower Cretaceous -27.19 -17.87 -19.14 -19.25 -20.55 -22.75 

Kela 201 3936–3938 Lower Cretaceous -26.16 -18.09 -19.06 nd -22.14 -15.83 

Kela 201 4016–4021 Lower Cretaceous -27.32 -19.00 -19.54 nd -20.90 -18.58 

Kela 202 1472–1481 Lower Tertiary -28.24 -18.86 -19.15 nd -20.91 -15.37 

Note: * After Li Xianqing et al., 2005. nd. Not detected or <detection limit. 
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Fig. 2. Generalized stratigraphic column in the Kuqa Depression of the Tarim Basin. 

 

(2) The Kela-2 gases feature very high methane 
contents (>97%), high dryness indices (C1/C1–5>0.99), 
and heavy carbon isotope ratios of methane and eth-
ane (δ13C1= -28.24‰− -26.16‰ and δ13C2= 
-19.40‰− -17.87‰). 

(3) The gypsum salt and gypsum-mudstone have 
the characteristics of high plasticity and large thick-
ness (>400 m), which are the best regional cap rocks 
with the displacement pressure up to 60 MPa. The 
Eocene gypsum salt as a cap rock itself is an over-

pressure bed with the same pressure factor as the res-
ervoir. Therefore, the double preservative strata 
formed an excellent seal, which resulted in the pres-
ervation of the gas field. 

(4) The foreland thrust faults played an important 
role in the formation and preservation of the natural 
gas field. The Kela-2 gas field is a fault-bend anticline 
structure in passive double tectonic layers on the Ke-
lasu thrust structure belt. The foreland thrust faults not 
only control the structural pattern of fault-associated 
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folds, but also act as an important passage for the ver-
tical migration of oil and gas.  

(5) The structural traps were formed in the 
Kangcun Formation of the Neogene, and the migra-
tion passage of natural gases began to develop at 5.0 
Ma. The Kela-2 trap was finally formed during the 
Kuqa stage (5.0–2.0 Ma). So it can be deduced that 
natural gases migrated only after trap formed, e.g. 
from 5.0 Ma to the present. 

Previous studies on the Kela-2 gas field mainly 
put its focus on the characteristics of source rocks and 
the origin of natural gases (Qin Shengfei, 1999; Dai 
Jinxing et al., 2000; Li Jian et al., 2001; Zhao Meng-
jun et al., 2002; Zhang Qiming, 2002; Liang Digang et 
al., 2002, 2003; Li Xianqing et al., 2005). Some 
scholars thought that natural gases in the Kuqa De-
pression (including the Kela-2 gas field) were derived 
from the Jurassic coal-bearing strata, and are the typi-
cal coal-generating gases (Qin Shengfei, 1999; Dai 
Jinxing et al., 2000). Others deemed that the natural 
gases are related to both Jurassic and Triassic source 
rocks, and the contribution of the Jurassic coal-  
bearing source rocks to the gas generation is more 
than that of the Triassic source rocks (Li Jian et al., 
2001; Zhao Mengjun et al., 2002; Liang Digang et al., 
2002, 2003; Li Xianqing et al., 2005, 2008). The 
Kela-2 gases are dry and have heavy methane and 
ethane carbon isotopic values, for which no reason-
able explanation has been provided so far. Further 
work is needed on the generation and accumulation 
processes of natural gases in the Kela-2 gas field by 
using the pyrolysis experimental and kinetic methods.  

3 Methodology and experimental 

The above information demonstrates that natural 
gases in the Kela-2 gas field are derived from the Tri-
assic-Jurassic source rocks through the late-stage 
cracking of kerogen or coal. It is difficult to find 
low-mature source rocks with Ro values of less than 
0.60% as the proper samples for pyrolysis experi-
ments in the Kuqa Depression. 

Three typical source rock samples were selected 
from the eastern part of the Kuqa Depression: a Juras-
sic coal sample, a Jurassic mudstone sample and a 
Triassic mudstone sample. The Jurassic coal sample 
(y-4) contains typical type-Ⅲ kerogen, with about 
76% vitrinite, 7% exinite, 8% inertinite, and 9% semi- 
vitrinite plus semi-inertinite. In comparison with the 
Jurassic coal sample, two kerogen samples (y-6 and 
y-9) were separated from the Jurassic and Triassic 
mudstones using the procedures of Alpern (1980). 
Basic geochemical characteristics of the coal and 
kerogen samples are listed in Table 3.  

Anhydrous pyrolysis experiments on coal and 
kerogen were conducted in gold tube reactors. Sam-

ples were loaded into gold tubes (6 mm o.d., 50 mm 
long), sealed and placed in stainless steel cells, then 
put into the pyrolysis furnace and kept at a confining 
pressure of 50 MPa during the entire experiment. The 
samples were heated to temperatures ranging from 
300 to 600℃ at the heating rates of 2 and 20 ℃/h, 
respectively. When the required temperatures were 
reached, the cells were removed from the pyrolysed 
furnace. The gold tubes were used to make the fol-
lowing analyses. 

In the C1-C5 gaseous hydrocarbon composition 
analysis, cleaned gold tubes were put in a vacuum 
system, and pierced with a needle. The gas products 
were released from the tubes and collected by a Toe-
pler pump in order to be quantified. And then gas 
composition was determined on the HP5890 II gas 
chromatograph. Helium was used as the carrier gas. 
The temperature program used was isothermal for 2 
minutes at 40℃, programmed at 30℃/min to 180℃, 
and then isothermal at 180℃ for 10 minutes. External 
standard method was applied to the quantification of 
gas components. The system has high sensitivity (it 
can analyze 0.01 mL volume of gas) and good accu-
racy (its standard deviation is less than 0.5%). After 
gas composition analysis, the residues of kerogen 
were dried, crushed, and then used for the measure-
ment of vitrinite reflectance (Ro). 

The GC-IRMS analysis was performed on a VG 
Isochrom II instrument. The GC was equipped with a 
Poraplot Quadax column (30 m in length, 0.32 mm in 
inner diameter) with the column head pressure of 8.9 
Psi. The GC conditions are set as follows: the tem-
perature program used was isothermal for 2 minutes at 
40℃, programmed at 30℃/min to 150℃, and then 
held at 150℃ for 10 minutes. Reported carbon isotope 
data represented the arithmetic means of at least three 
duplicate analyses, and the repeatability was better 
than ±0.3‰. All carbon isotopic values were reported 
in per mil (‰) relative to the PDB standard.  

The experimental data processing and the kinetic 
parameter calculation of methane generation were 
carried out with the KINETICS software (version 
2.41) developed by Braun et al. (1987) and Burnham 
(1989). From previous studies (Tang et al., 1996), we 
used a discrete activation energy model to fit the ex-
perimental data for two different heating rates.  

Based on the experimental data, the kinetic pa-
rameters for methane carbon isotope fractionation 
were calculated and fitted by the software GOR-Iso-
tope (GeolsoChem Corporation, 2003). In kinetic 
modeling calculation of carbon isotope fractionation, 
methane was divided into two parts: 12C-methane and 
13C-methane. These two parts were generated inde-
pendently as two different matters with generation 
parameters for themselves. The method followed the 
same procedure published by Tang et al. (2000). 
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4 Results and discussion 

4.1 The characteristics of methane yields and car-
bon isotopic ratios from pyrolysis experiments 

As shown in Fig. 3, the cumulative methane 
yields are closely related to pyrolysis temperature and 
heating rate. In general, the cumulative methane yields 
of the Triassic and Jurassic source rocks increase with  
increasing pyrolysis temperature, even at different 
heating rates (20 and 2℃/h). The Jurassic coal and 
mudstone would generate more methane than the Tri-
assic mudstone, especially at the high thermal evolu-
tion stage. For instance, at 20℃/h heating rate, when 
the pyrolysis temperature reaches 600℃, the Jurassic 
coal, Jurassic mudstone and Triassic mudstone can 
produce 173, 156 and 141 mL/g TOC cumulative 
methane, respectively. It is demonstrated that the Ju-
rassic coal and mudstone have higher gas generation 
potential than the Triassic mudstone.  

It is noted that there are a few differences in hy-
drocarbon-generating materials between coal and 
mudstone, although they are in the same coal-bearing 
strata. The organic petrological results (Li Xianqing, 
2004) show that the Jurassic coal samples contain 
predominantly desmocollinite (70%) and a significant 
amount of exinite (7%), while the Jurassic mudstone 
contains less exinite (5%) and high inertinite (15%). 

Shown in Fig. 4 is the variation of carbon iso-
topic ratios of cumulative methane, which was pyro-
lysed from the Jurassic and Triassic source rock sam-
ples in the Kuqa Depression. It is demonstrated that 
carbon isotopic ratios of methane pyrolyzed from the 
Jurassic coal and mudstone range from -37‰− -25‰, 
while those of methane from the Triassic mudstone 
are -39‰− -27‰. The carbon isotopic ratio of meth-
ane is correlated with pyrolysis temperature and heat-
ing rate. With increasing pyrolysis temperature, the 
carbon isotopic ratio of cumulative methane decreases 
at the low temperature stage (300−400℃), then in-
creases gradually during the high temperature stage 
(400−600℃). The turning point (i.e., the lowest value) 
occurs at 400−420℃. There is a good positive correla-
tion between the methane carbon isotope and pyroly-

sis temperature, after the pyrolysis temperature 
reaches 400−420℃. 

The above variation trend of the methane carbon 
isotopic ratios is similar to that of coals and type-Ⅲ 
kerogens reported by Tang et al. (1996, 2000) and 
Lorant et al. (1998) in the confined system. It can also 
be compared with the general characteristics described 
by Berner et al. (1995) and Cramer et al. (1998, 2001) 
in the open system. 

4.2 The kinetic parameters for methane generation 
and carbon isotope fractionation 

The kinetic parameters for methane generation 
and carbon isotope fractionation based on the pyroly-
sis experiment data were calculated and fitted by the 
method described by Tang et al. (1996, 2000).  

Shown in Fig. 5 are the kinetic parameters for 
methane generated from the Jurassic and Triassic 
source rocks in the Kuqa Depression, which were ob-
tained by the kinetic modeling calculation of methane 
yields. Generally, the Jurassic-Triassic coal and mud-
stone in the Kuqa Depression have a wide activation 
energy distribution within the range of 180−289 
kJ/mol. The ranges of activation energy distributions 
of methane generation in the Jurassic coal, Jurassic 
mudstone and Triassic mudstone are 197−268, 
180−260 and 214−289 kJ/mol, respectively. The main 
peaks of activation energies of methane in the Jurassic 
coal, Jurassic mudstone and Triassic mudstone are 
234, 205 and 264 kJ/mol, and their frequency ratios 
are 5.265×1013, 9.761×1011, and 2.270×1014 s-1, re-
spectively. All these parameters reflect the differences 
in methane generation in source rocks with different 
characteristics, even for the same type-Ⅲ organic 
matter.  

Based on the kinetics of methane generation and 
experimental data for methane isotope fractionation of 
coal and kerogen samples at two different heating 
rates, the kinetic calculation of methane isotope frac-
tionation can be fitted using the GOR-isotope software 
(GeolsoChem Corporation, 2003). There are a total of 
six parameters (Table 4). Detailed mathematic deriva-
tion and isotope fractionation constants were de-
scribed in detail by Tang et al. (2000). 

 
Table 3  Geochemical characteristics of coal and kerogen samples for pyrolysis experiment 

Sample  
No. 

Depth (m) Age Sample description 
TOC
(%) 

Ro 
(%) 

Tmax 
( )℃  

S1 

(mg/g) 
S2 

(mg/g) 
13C 
(‰) 

y-4 4316 J2k Coal 82.17 0.87 444 5.01 117.53 -23.83 

y-6 4400 J1y Kerogen from dark mudstone 79.78 0.89 448 10.78 100.48 -23.96 

y-9 4958 T3t Kerogen from dark mudstone 61.69 0.98 460 2.08 64.75 -24.40 
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Fig. 3. The cumulative methane (C1) yields pyrolyzed from source rock samples in the Kuqa Depression and their kinetic calculations. (a) Jurassic 

coal; (b) Jurassic mudstone; (c) Triassic mudstone. 

 

 
Fig. 4. The carbon isotopic ratios of methane pyrolyzed from source rock samples in the Kuqa Depression and their kinetic calculations. (a) Juras-

sic coal; (b) Jurassic mudstone; (c) Triassic mudstone. 

 

 
Fig. 5. Activation energy and frequency factor of methane generation of source rock samples in the Kuqa Depression. (a) Jurassic coal; (b) Juras-

sic mudstone; (c) Triassic mudstone. 

 

The results of activation energy distributions for 
12C-methane and 13C-methane generated from the Ju-
rassic and Triassic source rocks in the Kuqa Depres-
sion are illustrated in Fig. 6. There are some differ-
ences in activation energies and frequency factors for 
12C-methane and 13C-methane in the Jurassic coal, 
Jurassic mudstone and Triassic mudstone. Both 12C- 
methane and 13C-methane in the Jurassic coal have a 
range of variations between 201 and 293 kJ/mol in 
activation energy, with their frequency factors of 
1.000×1015 and 1.020×1015 s-1, respectively. The acti-
vation energies of 12C-methane and 13C-methane in 
the Jurassic mudstone are 176−255 and 176−255 
kJ/mol, with their frequency factors of 1.000×1012 and 
1.020×1012 s-1. The activation energy range and fre-
quency factor of 12C-methane in the Triassic mudstone 
are 209−280 kJ/mol and 1.000×1014 s-1, while those of 
13C-methane are 209−280 kJ/mol and 1.020×1014 s-1, 
respeictively. All these reflected the differences for 
12C-methane and 13C-methane generation in different 

source rocks. 
The kinetics parameters for methane carbon iso-

tope fractionation were obtained (Table 4). The aver-
age activation energies of methane carbon isotope 
fractionation in the Jurassic coal, Jurassic mudstone 
and Triassic mudstone are 227.9, 204.8 and 230.6 
kJ/mol, respectively. Their activation thresholds are 
0.01094, 0.01094 and 0.01090. The above differences 
in kinetic parameters between these samples can in-
fluence the geological modelling results of methane 
generation and carbon isotope fractionation.  

4.3 Generation kinetics model of the Kela-2 gases 

According to the burial and thermal evolution 
histories (Liang Digang et al., 2002), the kinetic mod-
eling calculation of the Jurassic and Triassic source 
rocks from the center of the Baicheng Sag and Well 
Kela-2 in the Kuqa Depression has been carried out, 
and the results are shown in Figs. 7–9. 
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Table 4  Methane carbon isotope fractionation kinetics parameters for the studied source rocks 
Methane carbon isotope fractionation kinetics parameter*  

Sample No. 
α βL (J/mol) βH (J/mol) Eo (kJ/mol) σ (J/mol) γ 

y-4 1.020 137.66 322.14 227.9 32.74 0.01094 

y-6 1.020 117.98 247.52 204.8 22.86 0.01094 

y-9 1.020 109.19 204.19 230.6 11.60 0.01090 

Note: * After Tang et al., 2000. α. Isotope fractionation factor; βL. lowest activation energy difference; βH. highest activation energy differ-

ence; Eo. average activation energy; σ. variance; γ. activation energy threshold. 

 

 

Fig. 6. The activation energy distributions of 12C-methane (a, c, e) and 13C-methane (b, d, f) generated from source rock samples in the 

Kuqa Depression. (a, b) Jurassic coal; (c, d) Jurassic mudstone; (e, f) Triassic mudstone. 

 

4.3.1 Source of the Kela-2 gases 
 

As shown in Figs. 7 and 8, during the Middle Ju-
rassic period, the carbon isotope ratio of methane de-
rived from the Jurassic coal and coal-associated mud-
stone in Well Kela-2 and the center of the Baicheng 
Sag predominately occurred after 5.0 Ma, and became 
much heavier than ever, both reaching about -26‰. 
The Kela-2 gases have methane carbon isotopic ratios 
of -28.24‰− -26.16‰. It can be inferred that both 
Jurassic coal and Jurassic mudstone in Well Kela-2 or 
in the center of the Baicheng Sag have similar meth-
ane carbon isotope modeling results, which are con-
sistent with the present methane carbon isotope ratios 
of the Kela-2 gases. Thus, the Jurassic coal and mud-
stone can be regarded as the main gas source rocks of 
the Kela-2 gas field, with its gas source area including 
Well Kela-2 and the center of the Baicheng Sag. This 
viewpoint was supported by the relevant research 
work (Dai Jinxing et al., 2000; Li Jian et al., 2001; 
Liang Digang et al., 2002, 2003). 

The results of carbon isotope modeling of meth-
ane generation for Triassic mudstone from Well 
Kela-2 and the center of the Baicheng Sag are shown 
in Figs. 9 and 10. According to the methane carbon 
isotopic ratios of Kela-2 gases, it can be concluded 
that the charge time of gas from the base of the Mid-
dle-Upper Triassic in Well Kela-2 and the center of the 

Baicheng Sag should start at 13–4 Ma. Of course, this 
gas charge model inferred from the methane carbon 
isotope kinetic modeling does not match with the 
formation time of trap-migration faults in the Kela-2 
gas field. It is suggested that the Triassic mudstone 
made a minor contribution to the Kela-2 gas field. 

 

 
Fig. 7. The kinetic calculation of methane carbon isotope fractiona-

tion from the Jurassic source rocks in Well Kela-2. (a) Jurassic coal; 

(b) Jurassic mudstone. 1. Instantaneous δ13C1; 2. cumulative δ13C1. 

 
According to previous research results (Jia 

Chengzhao et al., 2000; Liang Digang et al., 2002), 
the Jurassic coal-bearing mudstone is 467 m in thick-
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ness and corresponds to that of the Triassic mudstone 
(489 m) at the Kapusalianghe profile near Well 
Kela-2. However, the organic carbon content of the 
Jurassic mudstone (about 1.75% TOC on average) is 
obviously higher than that of the Triassic mudstone 
(only 0.89% TOC on average). The total gas yield of 
source rocks from pyrolysis experiment (Li Xianqing, 
2004) demonstrates that the Jurassic coal and mud-
stone (173 and 156 mL/g TOC, respectively) produced 
more methane than the Triassic mudstone (141 mL/g 
TOC). The sedimentary facies studies (Tarim Oilfield 
Company, 2003) showed that the Jurassic dark mud-
stone is distributed extensively with the coverage 
greater than that of the Triassic strata. Thus, the total 
gas yield generated from the Jurassic coal-bearing 
source rocks is higher than that of the Triassic source 
rocks. In addition, in terms of the gas generation and 
trap formation history, it can be seen that the time of 
gas generation from the Triassic source rocks is much 
earlier than the time of trap formation. So, it would 
cause large amounts of natural gases to be lost, and 
then to be accumulated. From the generation and ac-
cumulation history of natural gases, it is considered 
that the gas contribution of the Jurassic coal-bearing 
source rocks in the Kela-2 gas field is obviously 
higher than that of the Triassic source rocks. These 
facts also proved the above conclusion that gas 
sources were from the Kela-2 gas field. 

 

 

Fig. 8. The kinetic calculation of methane carbon isotope fractiona-

tion from the Jurassic source rocks in the center of the Baicheng Sag. 

(a) Jurassic coal; (b) Jurassic mudstone. 1. Instantaneous δ13C1; 2. 

cumulative δ13C1. 

4.3.2 Maturity of the Kela-2 gases 

Take the base of the Lower and Middle Jurassic 
source rocks in Well Kela-2 and the center of the 
Baicheng Sag (i.e., gas source kitchen of Kela-2 gas 
field) for example. The modeling results of methane 
carbon isotope fractionation from the Jurassic coal and 
mudstone in Well Kela-2 and the center of the 
Baicheng Sag are shown in Figs. 11 and 12. It is 
demonstrated that the carbon isotopic ratio of instan-

taneous methane is obviously heavier than that of cu-
mulative methane, which is from the Jurassic coal and 
mudstone with Ro >1.3%.  

 

 
Fig. 9. The kinetic calculation of methane generation and carbon iso-

tope fractionation from the Triassic mudstone in Well kela-2. 1. In-

stantaneous δ13C1; 2. cumulative δ13C1. 

 

 

 
Fig. 10. The kinetic calculation of methane generation and carbon 

isotope fractionation from the triassic mudstone in the center of the 

baicheng sag. 1. instantaneous δ13C1; 2. cumulative δ13C1. 

 

 

On the basis of the relationship between methane 
carbon isotopic value and Ro, the maturity range of 
natural gases in the Kela-2 gas field was further 
evaluated. Listed in Tables 3 and 4, methane carbon 
isotopic ratios of the Kela-2 gases are mainly -28‰− 
-26‰, and about -27‰ on average. Considering the 
uplift and erosion at 2.0 Ma, the gas field formation at 
1.0 Ma, and the increasing Ro (0.50%–0.56%) after 
1.0 Ma, the gas maturity of the Kela-2 gas field has 
been identified as follows. The calculated gas maturity 
of the Kela-2 gas field shows that Ro values of the Ju-
rassic coal and Jurassic mudstone are 1.6%–2.5% and 
1.3%–2.5%, respectively. Therefore, it is suggested 
that the Kela-2 gases belong to the staged cumulative 
gases, which were obviously accumulated in the late 
stage. This indicates that the maturity of the Kela-2 
gases lies between 1.3% and 2.5%. 



166  Chin.J.Geochem.(2013)32:157–169 
 

 
Fig. 11. Relationship between methane carbon isotope fractionation 

and methane (C1) conversion in Well Kela-2. (a) Jurassic coal; (b) 

Jurassic mudstone. 1. Instantaneous δ13C1; 2. cumulative δ13C1. 

 

 
Fig. 12. Relationship between methane carbon isotope fractionation 

and Ro in the centre of the Baicheng Sag. (a). Jurassic coal; (b) Juras-

sic mudstone; 1. Instantaneous δ13C1; 2. cumulative δ13C1. 

4.3.3 Accumulation time of the Kela-2 gases 

By considering the Lower-Middle Jurassic coal 
measures as the main effective gas source rocks in the 
Kuqa Depression, gas accumulation time of the 
Kela-2 gas field was deduced from methane genera-
tion and carbon isotope fractionation kinetics. The 
charging and accumulation of natural gases for the 
Lower-Middle Jurassic coal occurred after 5.0 Ma (Li 
Xianqing, 2004)，corresponding to the stratum tem-
perature of 180−240℃ and Ro of 1.5%−2.5%, respec-

tively. The gas charging and accumulation for the 
Lower-Middle Jurassic mudstone occurred at 5.0−0 
Ma, corresponding to the stratum temperature of 
160−240℃ and Ro of 1.3%−2.5%, respectively. 
Therefore, the Kela-2 gases were primarily accumu-
lated after 5.0 Ma. 

4.3.4 The generation model of the Kela-2 gases 

Based on the formation model of natural gases in 
the Kelasu tectonic belt (Liang Digang et al., 2002) 
and in combination with the above characteristics of 
methane carbon isotope kinetics, the model of genera-
tion and accumulation of natural gases in the Kela-2 
gas field has been further complemented and modified 
(Fig. 13). This model not only reduces the deficiency 
of the formation model of natural gases, which tradi-
tionally depends on the matching relationship among 
source rock, reservoir, cap rock, and trap, but also is a 
useful reference in the study of other gas fields in the 
Tarim Basin. 

5 Conclusions 

The Kela-2 gas field, discovered in the Kuqa 
Depression of the Tarim Basin, belongs to an ul-
tra-high pressure gas field (pressure factor up to 
2.0−2.2). The Kela-2 gases are typical dry gases, 
which contain more than 97% methane, with the dry-
ness index being more than 0.99. The carbon isotopic 
ratios of methane and ethane range from -28.24‰ to 
-26.16‰, and from -19.40‰ to -17.87‰, respectively. 
The results of pyrolysis experiments show that the 
Jurassic coal and Jurassic mudstone (173 and 156 
mL/g TOC) have more gas yields than the Triassic 
mudstone (141 mL/g TOC). It can be seen that source 
rocks from the Jurassic coal-bearing strata have higher 
gas generating potential than the Triassic strata.  

The kinetic parameters of methane generation for 
the Triassic-Jurassic source rocks were calculated by 
using the KINETICS software. The activation energies 
of methane generated from the Jurassic coal, Jurassic 
mudstone and Triassic mudstone are (197−268) 
kJ/mol, (180−260) kJ/mol, and (214−289) kJ/mol, 
respectively. Their main peaks of activation energies 
are 234, 205, and 264 kJ/mol, and their frequency 
factor ratios are 5.265×1013, 9.766×1011, and 
2.270×1014 s-1.  

The kinetic parameters of methane carbon iso-
tope fractionation were obtained through the 
GOR-Isotopic software. The average activation ener-
gies of methane carbon isotope fractionation of the 
Jurassic coal, Jurassic mudstone and Triassic mud-
stone are 227.9, 204.8, and 230.6 kJ/mol, respectively. 
Their activation energy thresholds are 0.01094, 
0.01094, and 0.01090, respectively.  
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Fig. 13. The generation model of natural gases in the Kela-2 gas field. 1. Instantaneous δ13C1; 2. cumulative δ13C1; (a) Burial history; (b) Ro evo-

lutionary history for the center of the Baicheng Sag; (c) hydrocarbon generation history; (d) carbon isotope evolution of Well Kela-2: (e) hydro-

carbon generating history; (f) carbon isotope evolution. 

 

In combination with the geological background, 
the source, maturity, and accumulation time of the 
Kela-2 gases were further discussed in terms of the 
kinetic modeling results of gas generation and meth-
ane carbon isotope fractionation. The Kela-2 gases 
were mainly derived from the Middle and Lower Ju-
rassic source rocks, belonging to the staged cumula-
tive gases. The Kela 2 gases were chiefly accumulated 
during the last 5.0 Ma, and the Ro values of the source 
rocks range from 1.3% to 2.5%. On the basis of this 
research, a kinetic model of natural gas generation and 
accumulation in the Kela-2 gas field is established. 
This kind of study provides the insights and methods 
for the quantitative assessment and dynamic research 
on natural gases. 
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