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a b s t r a c t

The natural gas heavy carbon isotope and high dryness coefficients genesis in Tabei uplift, Tarim Basin
has been highly controversial. To investigate the generation mechanisms of natural gas in the Tabei
Uplift. Natural gas chemical composition, carbon isotopes were used to analyze the genesis of natural gas,
source rock maturity, and basin modeling were conducted to reconstruct the natural gas generation
process, and the influences of instantaneous and cumulative effects on natural gas properties was dis-
cussed. The results show that the dryness coefficients of natural gas range from 0.62 to 0.99 (average:
0.92), the methane contents range from 30.42% to 96.4% (average: 85.10%), ethane contents from 0.43% to
15.58% (average: 3.39%), propane contents from 0.11% to 11.43% (average: 1.78%), and the methane carbon
isotopes range from �47.30‰ to �33.80‰ (average: �36.96‰), ethane carbon isotopes range
from �39.60‰ to �33.20‰ (average: �35.57‰), propane carbon isotopes range from �36.90‰
to �28.50‰ (average: �35.49‰). Compared with the actual regional thermal evolution of the source
rock (Ro% range from 1.4%e1.7%), the natural gas exhibits excessively high dryness coefficients and heavy
methane carbon isotope characteristics. The natural gas is primary cracking gas and sourced from marine
type II kerogen. The dryness coefficient, methane carbon isotopes, and source rock maturity gradually
increases from the west to the east. Instantaneous effects and leakage led to the dry gas and relative
heavy methane carbon isotopes generated at a low maturity level. The current natural gas in the
Ordovician reservoirs was all generated during the Himalayan orogeny. Long period pause of the gas
generation between the two hydrocarbon generation phases is the main cause for the instantaneous
effects.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The natural gas resources in China are abundant and come from
a diverse range of sources (Dai et al., 2009; Zhu et al., 2009, 2014). In
recent years, the Tarim Basin has made significant breakthrough in
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deep and ultra-deep hydrocarbon exploration, and is one of the
most petroliferous basins in China, with natural gas reserves
exceeding 1.1 � 1012 m3 (Zhu et al., 2014; Cong et al., 2021; Li et al.,
2022). Currently, the Tabei uplift is an important natural gas pro-
ducing area in the Tarim Basin, and the natural gas reserves exceed
4.69 � 1011 m3 (Yang et al., 2016; Chen et al., 2020b). The Lunnan
area is the richest natural gas-producing area in the Tabei uplift. In
the Lunnan area, a large amount of oil and gas has been found in
reservoirs within different formations, and the Ordovician reservoir
is the most important hydrocarbon-bearing interval (Zhou and
Zhang, 2000; Wang and Zhang, 2010; Wu et al., 2013; Chen et al.,
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2020a; Zhang et al., 2022).
Natural gas generation in sedimentary basins occurs in two

main ways: thermal cracking of organic matter and microbial ac-
tivity. The properties of microbial gases are not related to the type
of organic matter, and is primarily influenced by temperature and
the pathway of methanogenic by methanogens, and the alkane
gases produced under the influence of microbial activity are
generally lighter in carbon isotopes than thermogenic gas in this
case (Schoell, 1980). On the other hand, thermogenic gas includes
three main ways: kerogen cracking gas, oil-cracking gas, and wet
gas cracking gas (Prinzhofer and Huc, 1995; Lorant et al., 1998). And
due to the different organic precursors, the chemical composition
and stable isotopes of thermogenic gas generated were vary
significantly.

In recent years, several investigators have examined different
aspects of gas properties and geochemical characteristics of the
Ordovician natural gas in the Lunnan area. Most of the analysis
focused on natural gas genesis, migration and charging processes,
gas sources, and later chemical modification (Wu et al., 2013; Liu
et al., 2017; Zhu et al., 2019, 2020; Chen et al., 2020a; Wang et al.,
2021; Zhang et al., 2022). Previous research suggests that the
Ordovician natural gas in the Lunnan area is dominated by kerogen
cracking gas (Wang and Zhang, 2010; Liu et al., 2017; Yu et al.,
2022). The dryness coefficients exhibit characteristics of high
values in the east (with an average value of 0.98) and low values in
the west (the average value of dryness coefficient is 0.74). The
methane carbon isotopes show characteristics of heavy values in
the east (with an average value of �34.81‰) and light values in the
west (with an average value of �42.06‰) (Zhu et al., 2019; Chen
et al., 2020a; Zhang et al., 2022). Furthermore, to reach such char-
acteristics of dryness coefficients and methane carbon isotopes, as
scholars claimed, the source rock maturity should be exceeding 2%
in the Lunnan area (Peng and Jia, 2021). But the actual source rock
maturity is only 1.4%e1.7%, corresponding to the stage of thermal
cracking to generate condensate gas. Although obvious spatial
variation in gas chemical properties has been observed in the field,
consensus on the potential causes has not been reached. Previous
research suggests such phenomenon may be related to the long-
distance lateral migration causing the isotopic fractionation or
highly efficient hydrocarbon expulsion efficiency (Wu et al., 2013;
Zhu et al., 2020). And even some investigators proposed the exis-
tence of deeper Sinian source rock with higher maturity in the
Tabei uplift. But with the advances in exploration and the increase
in data volume, the simple lateral migration model is inadequate in
explaining the complex patterns of natural gas properties and their
spatial changes, and highly efficient hydrocarbon expulsion effi-
ciency can’t lead to the generation of dry gas and heavy methane
carbon isotopes at relatively low source rock maturity stages (Chen
et al., 2020a; Zhu et al., 2020). Such seemingly decoupling between
source rock thermal maturity and gas properties (wetness coeffi-
cient, isotopic ratios) of natural gas in the Lunnan area remains
highly controversial.

In this study, using the natural gas components and carbon
isotope data, and integrating gas-generation simulation, we aim to
analyze the genesis of natural gas, and unravel the geologic causes
of the spatial variation in geochemical properties of natural gas in
the Tabei uplift.

2. Geological setting

The Tarim Basin is located in the northwestern China, it is the
largest petroleum-bearing basin in China with an area of
56 � 104 km2 (Fig. 1) (Jiang et al., 2017; Yao et al., 2018; Yang et al.,
2020; Cong et al., 2022). The Tarim Basin can be categorized into the
Northern depression belt, the Southeastern depression belt, the
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Kuqa depression belt, the Southwestern depression belt, the Cen-
tral uplift belt, the Tabei uplift, and the Southeastern uplift belt
basing on its tectonic zoning. The Northern depression belt com-
prises the Manjiaer depression, the Awati depression, and the
Shuntuoguole low uplift (Jia and Wei, 2002; Yu et al., 2011; Jiang
et al., 2015; Cong et al., 2021). The study area is located in the
Lunnan area, the eastern part of the Tabei Uplift (Wang and Zhang,
2010; Yang et al., 2016; Zhang et al., 2022).

The Lunnan area develops “X" conjugate strike-slip faults, with
planes striking in the NEE and NNWdirections and intersecting at a
diamond-shaped tangent (Fig. 1(c)). The large fracture zones are
mainly including the Luntai fault, the Lunnan fault, the Sangtamu
fault and the Lungudong fault, all of which penetrate through
multiple stratigraphic intervals (Wang and Zhang, 2010; Deng et al.,
2019; Chen et al., 2020a Wu et al., 2021).

The Lunnan area underwent six major tectonic evolution stages,
and underwent sedimentary filling from the Quaternary to the
Ediacaran strata (Chen et al., 2020a). Due to the tectonic activities,
the strata suffered uplift and erosion, and ultimately resulted in the
lack of the Permian, Ediacaran and Devonian strata (Fig. 2). During
the Caledonian orogeny, the Cambrian and Ordovician strata were
deposited, and the Cambrian to Middle-Lower Ordovician are
dominated by carbonate sediments, whereas the Upper Ordovician
intervals comprise thick dark gray mudstone with thin limestone
interlayers (Jiang et al., 2016). Recent studies have concluded that
Cambrian Yuertusi Formation is the most dominant source rock
(Zhu et al., 2018), with the Ordovician carbonate strata developed
as one of the major reservoir intervals. During the Hercynian
orogeny, the Carboniferous stratawas deposited, and the lithofacies
consists mainly of limestone and clastic rock. During the Yindo-
China, Yanshan, and Himalayan orogeny, the Triassic, Jurassic and
Cretaceous, Paleogene to Quaternary strata were deposited,
respectively, with mudstone and sandstone being the main lith-
ofacies. In the Lunnan area, the Cambrian-Ordovician stratigraphic
sequences from young to old include the Lianglitage Formation
(O3l), Sangtamu Formation (O3s), Tumuxiuke Formation (O3t),
Yijianfang Formation (O2yj), Yingshan Formation (O1-2y), Penglaiba
Formation (O1p), Qiulitage Formation (Є3q), Awatage Formation
(Є2a), Shayilike Formation (Є2s), Wusonggeer Formation (Є1w),
Xiaoerbulake Formation (Є1x), Yuertusi Formation (Є1y) (Fig. 1(d)).

3. Samples and analytic methods

3.1. Samples

A total of 49 sampleswere used in this study, of which 10 natural
gas sample data (from Sinopec Northwest China Petroleum Bureau)
were obtained by citing previous literature (Table 1), and the rest of
the well samples were wellhead gases collected by travelling to the
Lunnan Oil and Gas Production Management Area, Tarim Oilfield,
Petrochina using stainless steel cylinders. The sampling procedure
was to open the valves on both sides of the cylinders and each
cylinder was flushed for 3e5min to remove any air contamination.,
then close the valve on one side and continue to fill the gas for
1e2 min and then close the valve. It is important to note that the
pressure inside each cylinder was maintained at a high level of
1e4 MPa.

3.2. Data and methods

All samples preparation andmeasurements were finished in the
State Key Laboratory of Deep Oil and Gas in China University of
Petroleum (East China), and Geochemistry Laboratory in China
University of Petroleum (Beijing). Natural gas chemical component
analysis was carried out on Agilent 6890N chromatograph at the
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Fig. 1. (a) Location of the Tarim Basin, China; (b) Location of the study area in the northern Tarim Basin; (c) Structural map of the Ordovician strata showing the fault distribution,
dryness coefficient and methane carbon isotope spatial variation in the Lunnan area; (d) Comprehensive stratigraphic column for the Tabei Uplift, Tarim Basin (modified after Zhu
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China University of Petroleum (Beijing). The column temperature
was maintained at a constant temperature of 60 �C, the injector
temperature was maintained at 100 �C, the carrier gas was helium
at a flow rate of 1 mL/min, and the detector temperature was
200 �C.

Natural gas carbon isotope components analyze was carried out
on Thermo Fisher MAT 253plus (GC-IRMS) in Key Laboratory of
Deep Oil and Gas in China University of Petroleum (East China). The
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chromatographic column was a 30 m � 320 mm PLOT Q, the flow
rate of carrier gas was 1.8 mL/min, the oven temperature was 80 �C,
and the heating procedure was to keep the initial temperature at
25 �C for 5 min, and then gradually increase the temperature to
80 �C at 2 �C/min. The carbon reactor temperaturewas 1000 �C. The
reported stable carbon isotope values are d-labelled values in mil-
limeters (‰) relative to the Vienna Pewee Dolomite Standard
(VPDB), with a reproducibility of ±0.3‰ for d13C measurements. In



Table 1
The chemical and carbon isotopic compositions of natural gas from the marine carbonate gas reservoirs in the Tabei uplift (part datas are from Gao et al. (2005)).

Areas Wells Strata Chemical composition, % Carbon isotope composition, % Dryness coefficients

CH4 C2H6 C3H8 iC4H10 nC4H10 iC5H12 nC5H12 d13C1 d13C2 d13C3 d13iC4 d13nC4

Eastern area LD1 O 88.90 1.65 0.51 �35.70 �37.10 �33.40 �30.40 �29.90 0.98
LD2 O 93.40 2.39 0.42 �35.90 �36.60 �32.30 �29.40 �30.10 0.97
LG32 O 91.50 1.02 0.21 0.04 0.10 0.04 �35.00 �37.50 �36.90 �32.10 �30.80 0.98
LG34 O 94.50 0.95 0.16 0.03 0.06 0.02 0.03 �34.70 �33.90 �30.60 �29.00 �30.20 0.99
LG341 O 93.90 0.85 0.18 0.05 0.09 0.05 �35.10 �33.40 �29.40 �30.70 �30.50 0.99
LG351 O 64.70 0.56 0.15 0.03 0.09 0.08 0.13 �34.30 �36.90 0.98
LG351C O 96.40 0.93 0.24 0.04 0.09 0.02 �34.00 �35.10 �33.50 �31.00 �31.80 0.99
LG36 O 91.70 0.63 0.11 0.01 0.03 0.01 �34.80 �37.50 �32.90 �36.80 0.99
LG391 O 93.80 1.12 0.30 0.05 0.10 0.03 0.04 �35.80 �38.10 �34.70 �33.70 0.98
LG392 O 42.20 0.43 0.13 0.02 0.06 0.03 �34.20 �34.50 0.98
LG392C O 83.10 0.63 0.11 0.02 0.04 0.01 �34.00 �33.30 �30.90 �29.50 �30.40 0.99
LN63 O 94.18 1.18 0.38 0.06 0.16 0.05 0.07 �35.20 �38.50 �34.80 �31.80 0.98
LN631 O 94.40 0.95 0.32 0.29 �33.80 �33.80 �31.20 �30.50 0.98

Central area JF126 O 94.26 1.06 0.59 0.43 �34.40 �33.70 �30.50 0.98
JF127 O 95.34 0.51 0.24 0.16 �34.40 �33.20 �30.80 �28.30 0.99
LG101 O 92.51 2.46 0.84 0.21 0.36 0.11 0.11 �34.40 �33.70 �30.00 0.96
LG102 O 94.54 1.39 0.39 0.09 0.17 0.05 �34.20 �34.00 �30.60 �28.30 �29.10 0.98
LG12 O 95.40 1.16 0.36 0.23 �37.30 �33.20 �34.00 0.98
LG16-2 O 92.50 2.00 0.82 0.18 0.32 0.10 0.11 �34.20 �34.80 �31.60 �30.40 �29.40 0.96
LG16C O 90.97 2.13 0.84 0.21 0.33 0.11 0.12 �35.50 �35.30 �32.10 �31.70 �30.90 0.96
LG17 O 91.10 2.65 1.06 0.26 0.41 0.14 0.13 �35.40 �33.40 �31.50 0.95
LG18 O 95.10 1.18 0.29 0.19 �34.80 �33.90 �32.50 0.98
LG19C O 76.91 0.90 0.21 0.04 0.07 0.02 0.02 �34.50 �34.10 �30.60 �27.30 �28.50 0.98
LG38 O 94.30 1.21 0.29 0.10 0.04 �35.60 �38.30 �35.10 �27.50 �34.10 0.98
LN634 O 94.85 1.31 0.47 0.38 �34.60 �34.30 �31.60 �30.70 0.98
LG16-1 O 87.8 4.48 2.64 0.76 0.2 �35.80 �35.10 �32.70 �31.40 0.92
LG1 O 91.25 1.54 0.25 0.08 0.13 0.04 �34.50 �33.30 �28.60 �29.50 0.98
LG100-11 O 91.50 2.11 0.81 0.37 0.21 �35.50 �34.10 �31.40 �30.60 0.96
LG100-6 O 95.08 1.99 0.37 0.10 0.16 0.06 0.07 �34.90 �34.80 �32.20 �30.20 �30.60 0.97
LG111 O 94.70 1.32 0.38 0.09 0.15 0.04 0.05 �34.00 �33.40 �30.60 �28.20 �28.60 0.98
LG2 O 90.20 2.37 0.92 0.11 0.24 0.06 0.09 �35.60 �38.60 �35.40 �32.20 0.96
LG21 O 93.30 1.33 0.41 0.10 0.19 0.07 0.08 �35.90 �33.90 �30.90 �28.90 �29.50 0.98
LG4 O 92.42 1.72 0.55 0.00 0.00 0.00 0.00 �37.94 �34.30 �31.84 �31.31 �31.27 0.98
LG7-12 O 91.70 3.95 1.39 0.24 0.36 0.07 0.07 �37.90 �34.60 �32.70 �32.50 �32.40 0.94
LN39-1 O 94.20 1.60 0.59 0.39 �33.90 �34.50 �31.40 �30.20 0.97
LG701 O 77.5 5.06 2.54 0.81 0.24 �41.80 �38.70 �34.60 �30.90 0.91
LG7 O 72.1 8.56 6.65 2.71 0.82 �41.40 �39.60 �35.60 0.81
LG7-2C O 80.8 4.02 2.49 1.23 0.61 �41.20 �35.50 �34.70 �33.20 0.92
AT24X O �41.20 �36.60 �33.00 �32.30 �31.50 0.80
S47 O1-2y 86.35 6.31 3.11 �40.70 �35.20 �33.30 0.88
TK228 O1-2 78.63 7.27 4.84 �40.40 �39.20 �35.30 0.83

Western area LG15-2 O 81.86 4.95 1.29 0.25 0.39 0.08 0.08 �41.40 �39.60 �36.00 �33.60 0.92
TP35CX-1 O �46.40 �37.60 �33.60 �32.80 �31.70 0.73
TP39 O 61.19 15.58 11.43 2.33 3.95 1.61 2.02 �39.30 �28.50 �29.20 �28.20 0.62
TP42 O 65.02 14.56 7.23 1.08 1.22 0.33 0.24 �47.30 �35.00 �31.40 �30.90 �29.20 0.73
YQX1 O 30.42 6.17 4.07 0.67 1.3 0.31 0.29 �41.50 �36.70 �32.90 �32.80 �31.00 0.70
S112 O3l 71.83 12 7.13 �43.00 �34.60 �32.20 0.74
S106 O1-2y 72.99 9.29 7.08 �40.10 �38.40 �34.20 0.76
TK720 O1-2y 68.41 11.7 7.84 �37.50 �35.80 �33.10 0.72
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our laboratory, the methane, ethane, and propane standards are
d13C1 ¼ �43.61 ± 0.09‰, d13C2 ¼ �40.24 ± 0.10‰ and
d13C3 ¼ �33.79 ± 0.09‰. The values can reach the VPDB interna-
tional carbon isotope standard (Dai et al., 2012).

The 1D Source rock maturity and burial history simulation of
LG15-2, LG1, LG36wells in the Tabei oil fields were performed using
Petromod software. Parameters such as stratigraphic layers, depo-
sitional ages, fault properties, facies (including lithology, petroleum
system elements and source rock properties) and boundary con-
ditions (including erosion thickness, palaeo-water depth, palaeo-
surface temperature and heat flow) were input. Stratigraphic
layers, lithology, and erosion thickness were taken from the well
completion reports provided by PetroChina Tarim Oilfield Com-
pany. The heat flow refers to Li et al. (2010) results, and combined
with the measured Ro% to make appropriate adjustments. Petro-
leum system elements include the lower Cambrian Yuertusi source
rock interval, Ordovician reservoir and upper strata intervals. Since
3807
the target wells were not drilled to encounter the hydrocarbon
source rocks of the Lower Cambrian Yuertusi Formation
(~9000e10000m), the source rock attributes of the LT1 well drilled
to encounter the Yuertusi Formation in the Lunan area (with an
average TOC content of 9.5%) were used as the reference values for
inputting into the model when modelling the hydrocarbon gener-
ation history. The hydrocarbon generation kinetics refers to models
proposed by Dieckmann et al. (2000).

4. Results

4.1. Chemical composition of the natural gas

The Ordovician natural gas chemical characteristics from the
west to the east display vast variation in the Lunnan area. It may
have been influenced by a variety of factors such as gas source,
maturity, and reservoir generation process (Schoell, 1988; Jenden
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et al., 1993; Prinzhofer and Huc, 1995; Whiticar, 1999). In the
Lunnan area, the methane contents range from 30.42% to 96.4%
(average: 85.10%), ethane contents from 0.43% to 15.58% (average:
3.39%), propane contents from 0.11% to 11.43% (average: 1.78%), and
the dryness coefficients from 0.62 to 0.99 (average: 0.92) (Table 1).
In the western area, natural gas is dominated by wet gas, and the
methane contents range from 30.42% to 81.86% (average: 64.53%),
ethane contents from 4.95% to 15.58% (average: 10.61%), propane
contents from 1.29% to 11.43% (average: 6.58%), and the dryness
coefficients from0.62 to 0.92 (average: 0.74) (Table 1). In the central
area, natural gas consists of wet and dry gas, and the methane
contents range from 72.10% to 95.40% (average: 89.83%), ethane
contents from 0.51% to 8.56% (average: 2.65%), propane contents
from 0.21% to 6.65% (average: 1.27%), and the dryness coefficients
from 0.80 to 0.99 (average: 0.94). In the eastern area, natural gas is
dominated by dry gas, and the methane contents range from
42.20% to 96.40% (average: 86.36%), ethane contents from 0.43% to
2.39% (average: 1.02%), propane contents from 0.11% to 0.51%
(average: 0.25%), and the dryness coefficients from 0.97 to 0.99
(average: 0.98) (Table 1).
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4.2. Carbon isotope of natural gas

In the Lunnan area, methane carbon isotopes are distributed in
the range from �47.30‰ to �33.80‰ (average: �36.96‰), ethane
carbon isotopes are distributed in the range from �39.60‰
to �33.20‰ (average: �35.57‰), propane carbon isotopes are
distributed in the range from �36.90‰ to �28.50‰
(average:�35.49‰). Significant spatial variation in carbon isotopes
of gas can be observed from the west to the east (Fig. 3).

In the western area, methane carbon isotopes are distributed in
the range from �47.30‰ to �37.50‰ (average: �42.06‰), ethane
carbon isotopes are distributed in the range from �39.60‰
to �34.60‰ (average: �36.81‰), propane carbon isotopes are
distributed in the range from �36.00‰ to �28.50‰
(average: �32.74‰). The natural gas carbon isotopes show normal
sequence (d13Cmethane<d

13Cethane<d
13Cpropane<d

13Cbutane). In the
central area, methane carbon isotopes are distributed in the range
from �41.80‰ to �33.90‰ (average: �36.50‰), ethane carbon
isotopes are distributed in the range from �39.60‰ to �33.20‰
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Fig. 3. The correlation diagram between d13C1 vs. Dryness coefficient in the Lunnan
area.
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(average: �35.12‰), propane carbon isotopes are distributed in the
range from �35.60‰ to �28.60‰ (average: �32.33‰). The overall
carbon isotopic composition of the alkanes follows the trend of
normal sequence (d13Cmethane<d

13Cethane<d
13Cpropane<d

13Cbutane),
but partial reversal (d13Cmethane>d

13Cethane) also exists in a few
wells (Fig. 4). In the eastern area, methane carbon isotopes are
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Fig. 4. Chung plot of 1/Cn vs. d13C values in the Lunnan area.



Fig. 5. Source rock maturity evolution and subsidence history simulations of the
Yuertusi Formation in the Lunnan area (LG15-2: Western area, LG1: Central area, LG36:
Eastern area).
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distributed in the range from �35.90‰ to �33.80‰
(average: �34.81‰), ethane carbon isotopes are distributed in the
range from �38.50‰ to �33.30‰ (average: �35.86‰), propane
carbon isotopes are distributed in the range from �36.90‰
to �29.40‰ (average: �32.78‰). There are significant differences
in the carbon isotope relationships of methane and ethane between
the east andwest areas of the Lunnan area. Due to the higher source
rock maturity in the eastern area, methane carbon isotopes are
heavier in the east than the west (Fig. 4). In the western area, the
methane carbon isotopes and ethane carbon isotopes show normal
sequence (d13Cmethane<d

13Cethane). However, compared to the
western area, the methane carbon isotope values are significantly
heavier in the central and eastern area, meanwhile, ethane carbon
isotopes also show a very weak increasing trend, similar to the
experimental simulations of Berner and Faber (1996), but the
ethane carbon isotopes do not display such obvious spatial
variation.

4.3. The variation of typical wells modeled source rock maturity
and subsidence processes

The results of burial and thermal history modelling show large
differences in subsidence and maturation processes of the in-situ
source rock of the Yuertusi Formation in different areas of the
Lunnan area. From the Caledonian to the late Hercynian orogeny
(~542e251 Ma), the Yuertusi Formation strata continues to subside
and the source rock maturity gradually increases. During the late
Hercynian to the Yanshan orogeny (~251e65.5 Ma), the strata's
burial depth shows minimal change, and thus no significant in-
crease was manifested in the source rock maturity. During the Hi-
malayan orogeny (<65.5 Ma), the strata experienced rapid burial
within a relatively short period, leading to a rapid increase in the
maturity of the source rock. From west to east, the burial depth
gradually increases, resulting in source rock exhibiting higher
maturity in the eastern area compared to that in the western area
(Fig. 5).

Differences in the burial history at different periods and in areas
result in significant variations in source rock maturity and hydro-
carbon generation conditions. From the Caledonian to the early
Hercynian orogeny (~542e359.2 Ma), the maturity of the in-situ
source rock in LG15-2, LG1, and LG36 wells increased to 0.76%,
0.80%, and 0.90%, respectively, accompanied by continuous hydro-
carbon generation (Fig. 5). During the late Hercynian orogeny
(~299e251 Ma), the maturity of the in-situ source rock in LG15-2,
LG1, and LG36 wells increased to 1.05%, 1.12%, and 1.20%, resulting
in relatively abundant hydrocarbon generation. During the late
Hercynian to the Yanshan orogeny (~251e65.5 Ma), there was no
significant change in maturity of the in-situ source rock over an
extended period, leading to a pause in hydrocarbon generation.
During the Himalayan orogeny (<65.5 Ma), the burial depth and
source rock maturity of LG15-2, LG1, and LG36 wells rapidly
increased from 1.12% to 1.41%, 1.23%e1.51%, 1.36%e1.68% within a
short period, respectively, and this period is the primary natural gas
generation phase (Zhang et al., 2022; Zhao et al., 2022).

5. Discussion

5.1. Genesis of natural gas

The stable chemical composition and hydrocarbon isotopic
values of natural gas are crucial in identifying its genetic types
(Whiticar, 1999; Liu et al., 2017). The Whiticar plot is useful in
identifying the types of gas-producing kerogen by utilizing
methane carbon isotopes and natural gas chemical compositions
(C1/(C2þC3) vs d13C1) (Whiticar, 1999). As revealed in Fig. 6(a), all
3809
the natural gas in the Lunnan area can be classified into thermal
cracking gas, with marine type II kerogen being the source. There
are significant differences in natural gas maturity between the east
and west areas of the Tabei uplift, with maturity increasing grad-
ually from thewest to the east. Identification of oil-cracking gas and
kerogen cracking gas can be accomplished through diagrams such
as Ln(C1/C2) vs Ln(C2/C3) and Ln(C2/C3) vs d13C2ed

13C3 (Prinzhofer
and Huc, 1995). Fig. 6 (b) and (c) suggests that gas in the Lunnan
area is dominated by kerogen cracking gas.

The carbon isotope composition of natural gas reflects the
organic matter type and the degree of thermal evolution (Stahl,
1973; Stahl and Carey, 1975). When organic matter undergoes a
simple thermal cracking reaction, the carbon isotopes of methane,
ethane, and propane follow the normal sequence trend (d13Cme-

thane<d
13Cethane<d

13Cpropane) (Chung et al., 1988). It was found that
most of the natural gas isotopes in the Lunan area are in the normal
sequence, but some samples exist reversal. Natural gas in gas res-
ervoirs may undergoes complex geological processes, such as heavy
hydrocarbon gas cracking, mixing of multiple source gases,
biodegradation, thermochemical sulfate reduction (TSR), gas
diffusion/leakage, and gas invasion, etc. These conditions would
significantly alter the chemical properties of natural gas, leading to
isotope reversal (Chung et al., 1988; Waples, 2000; Cao et al., 2005;
Fusetti et al., 2010; Huang and Li, 2017; Liu et al., 2017). The latest
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studies have concluded that the natural gas in the Tarim Basin is
mainly generated from Cambrian source rock, so the difference in
its precursors type can be ruled out. The natural gas is mainly
kerogen cracking gas as discussed previously. Significant biodeg-
radation and TSR effects were also not found in previously reported
natural gas geochemical characteristics. However, there is signifi-
cant leakage of natural gas in the Lunnan area (Fig. 6(d)), which
leads to the residual methane carbon isotopes becoming heavier,
even partially heavier than the ethane carbon isotopes, which is the
main reason for the isotopic reversal.
5.2. Natural gas generation process of source rock

The source rock maturity (Ro%) is a critical indicator for identi-
fying whether oil or gas is generated (Harouna et al., 2017).
Analyzing the regional burial history and its correlation with the
spatial variation of source rock maturity of the Cambrian Yuertusi
Formation in the Lunnan area is essential for exploring the gener-
ation process of natural gas.

In the eastern area, the higher maturity of the source rock and
leakage results in generating natural gas with a higher dryness
coefficient and heavier methane carbon isotopes compared to that
in the western area, and even a few gas samples exhibit isotope
reversal with carbon isotope of methane heavier than that of
ethane (Fig. 4). Natural gas dryness coefficient shows the
3810
characteristics of higher in the east and decreasing towards the
west, which may be related to the deeper burial depth and there-
fore higher maturity of the source rock in the east, and thus lead to
relatively higher degree of gas maturity.

Noteworthy, the above-mentioned co-variation in burial history
of in-situ source rock and gas properties implies a seemingly causal
relationship between the thermal maturity and gas-generation
processes of the in-situ buried source rock with the geochemical
properties of natural gas. The source rock maturity in the east and
west reaches the condition necessary for natural gas generation.
However, it does not reach the condition for the large accumulation
of dry gas (with a dryness coefficient of >0.95) (Dai et al., 2016).
Therefore, the evolution of source rock thermal maturity can only
explain the gradual increase in source rock maturity, natural gas
dryness coefficient, and carbon isotopes from the west to the east in
the Lunnan area, it still cannot explain the presence of a large
amount of dry gas enriched in 13C in the central and eastern areas.
The reasons for the genesis of heavy methane carbon isotopes and
dry gas in the eastern area are discussed below, by introducing the
effects of instantaneous and accumulative gas generation processes.
5.3. The impacts of instantaneous and accumulative effects on
natural gas properties

The properties of natural gas are influenced by various factors
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such as source rock maturity, organic matter type, and natural gas
generation process (Tang et al., 2000; Li et al., 2004; Tian et al.,
2010; Liao et al., 2015; Li et al., 2019). In the Lunnan area, gas
generation modelling results indicate that the source rock gener-
ated a lot of natural gas during the late Hercynian and Himalayan
orogeny, and dryness coefficient of the generated gas in the eastern
area is generally higher than that in other areas. However, this
cannot explain why the Lunnan area has generated a large amount
of dry gas with anomalously heavy methane carbon isotopes at a
relatively low source rock maturity. Two distinct pathways for
thermogenic gas generation were proposed based on pyrolysis
experiments and numerical simulation, i.e., the accumulative gas
generation process and the instantaneous gas generation process
(Fig. S3) (Behar et al., 1995; Rooney et al., 1995; Tang et al., 2000).
Both processes could exert significant impact on the properties of
natural gas.

The accumulative gas process preserves both early and late gas
generated by the source rock, while the instantaneous gas process
only preserves late generated gas (Schoell, 1988; Schenk and
Horsfield, 1993; Rooney et al., 1995; Cramer et al., 2001; Liao
et al., 2015). Furthermore, there are significant differences in the
natural gas carbon isotopes and dryness coefficients generated at
different maturity levels for accumulative and instantaneous gas
(Behar et al., 1995,1997; Cramer et al., 2001; Chen et al., 2022a; Tian
et al., 2023). By comparing the isotope and compositional results
acquired from pyrolysis experiments and numerical simulation in
previous studies, gas with heavier methane carbon isotopes and
high dryness coefficient can be generated at relatively lowmaturity
(<2%) under the influence of instantaneous effects (Fig. 7(a) and
(b)). However, assuming the accumulative gas generation process
was more predominant, dry gas and heavy methane carbon iso-
topes can only be generated when the maturity of source rock
reaches a much higher level than measured and modeled maturity
range of the in-situ source rock in the study area (Fig. 7(a) and b)
(Berner and Faber, 1996; Cramer et al., 2001; Guo et al., 2004; Geng
et al., 2006; Li et al., 2008; Tian et al., 2023). Meanwhile, the organic
carbon isotope of the source rock can also affect the generated
natural gas carbon isotopes (Fig. 7(a)), and the average organic
carbon isotopes of the Yuertusi Formation in the LT1 well
is�30.25‰ (Zhu et al., 2021), whichwas used as reference value for
gas generation modeling. The methane isotopes of actual samples
are relatively similar to the instantaneous gas trends of fully open
system Berner and Faber (1996), and the ethane isotopes of actual
Ro, %
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samples are relatively similar to the instantaneous gas trends of
semi-open system (Chen et al., 2022), but neither is consistent with
the trend for the accumulative gas (Fig. 7(a)). Therefore, the gas
must be consistent with the instantaneous gas model, firstly. In the
meantime, the actual geological conditions are unlikely to be fully
open, it more likely to be an instantaneous gas generation in a
semi-open system. Due to the complex hydrocarbon generating
history of the source rocks and the variable open and closed con-
ditions may be one of the reasons why the methane and ethane
isotopes of the actual samples are consistent with the fully open
and semi-open instantaneous gas trends, respectively, i.e., they are
manifested as small differences in the methane and ethane carbon
isotope values. Furthermore, section 5.1 has confirmed the natural
gas exist leakage leads to the residual methane carbon isotopes
becoming heavier, even partially heavier than the ethane carbon
isotopes. It also leads to the range become smaller between
methane and ethane carbon isotopes in the actual samples.
Meanwhile the dryness coefficients are consistent with the
instantaneous gas model (Fig. 7(b)). Therefore, it was shown that
the presence of special natural gas properties in the Lunnan area,
and the seemingly contradictory low maturity of the in-situ source
rock can be best explained by the instantaneous gas generation
effect and natural gas leakage.
5.4. The geological explanation for instantaneous gas generation

The generation of instantaneous effects may be related to fault
activity, which determined the accessibility of vertical conduits for
gas migration. During the key gas generation period, high-efficient
fault activity provides favorable conduit pathways for the rapid
migration of hydrocarbons from the source rocks to shallow res-
ervoirs, resulting in instantaneous gas generation in the source
rock.

The previous researchers have identified large-scale vertical
penetrating fault activities in the Tabei uplift during the Late
Caledonian, Late Hercynian, and Himalayan orogeny through UePb
dating and 3D seismic techniques, even some of the faults pene-
trated from the Cambrian to the shallow strata, and these faults
provided conduits for natural gas migration (Deng et al., 2019; Yang
et al., 2020; Wu et al., 2021; Chen et al., 2022a; Cong et al., 2022; Jia
et al., 2022). The hydrocarbon-generation simulation result shows
that the late Hercynian orogeny and Himalayan orogeny are the two
main periods of natural gas generation (Fig. 5). The thermal pulse
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induced by the large igneous province during the Permian caused
the maturity of the Yuertusi Formation source rocks in wells LG15-
2, LG1, and LG36 to increase from 0.85%, 0.93%, and 1.02%e1.05%,
1.12%, and 1.20%, respectively, resulting in a significant generation
of natural gas. However, as the strata suffered erosion in the Early
Hercynian and Late Hercynian orogeny, causing the absence of
Silurian, Devonian and Permian strata, the burial depth did not
change much during the Late Hercynian to the Himalayan orogeny,
the maturity of the in-situ source rock remained, without gener-
ating too much gas, and the Lunnan area also do not show obvious
gypsum layer (Fig. 8). Therefore, the previously generated natural
gas in the source rock and reservoirs have leaked due to active fault
activity and poor sealing quality of cap rock. Till the Himalayan
orogeny, rapid subsidence occurred, and the maturity of the in-situ
source rock increased rapidly, propelling the generation of a sig-
nificant amount of natural gas, which marked the main natural gas
generation phase in the Lunnan area (Fig. 8). The high-efficient fault
activity and favorable capping conditions in the Himalayan orogeny
enabled the rapid migration of the generated natural gas into the
reservoir and subsequent well preservation. As a result of the
combined influence of fault activity, subsidence process, and nat-
ural gas generation process, all the current trapped natural gas in
the Ordovician reservoirs of the Lunnan area should have been
generated during the Himalayan orogeny. Long period pause in gas
generation between the two hydrocarbon generation phases is the
main reason for the formation of instantaneous effects.
6. Conclusions

1) The natural gas of the Lunnan area is mainly primary cracking
gas with marine type II kerogen being the source. In the western
area, the natural gas is dominated by wet gas, with relatively
3812
light methane carbon isotopes and low in-situ source rock
maturity. In the eastern area, the natural gas is dominated by dry
gas, with relatively heavy methane carbon isotopes and high in-
situ source rock maturity.

2) The source rock maturity in the eastern and central areas cor-
responds to the stage of thermal cracking to generate conden-
sate gas, but the natural gas properties in this area are
inconsistent with the source rock maturity and exhibit instan-
taneous gas characteristics. The genesis of dry gas with relative
heavy methane carbon isotopes at a low maturity level in the
eastern and central areas are due to the instantaneous effects
and natural gas leakage.

3) After the hydrocarbon generation phase during the late Hercy-
nian orogeny, the burial depth did not change much over a long
period of time until the Himalayan orogeny, and the lack of the
gypsum layer, resulting in the leak of the early-generated wet
gas. The natural gas present in the Ordovician reservoirs origi-
nated exclusively during the Himalayan orogeny. The significant
interruption in gas generation between the two hydrocarbon
production phases stands out as the primary reason for the
formation of instantaneous effects.
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