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Abstract: Taking the natural gas reservoirs of the Sinian Dengying Formation on the east and west sides (GaoshitiMoxi area 

and north slope of central Sichuan paleo-uplift on the east; Weiyuan and Well Datan-1 block on the west) of the DeyangAnyue 

rift trough in the Sichuan Basin, China, as the research object, the geochemical parameters (component, isotopic composition) of 

natural gas from the Dengying Formation in different areas are compared, and then the differences in geochemical characteris-

tics of Dengying natural gas on the east and west sides of the DeyangAnyue rift trough and their genesis are clarified. First, the 

Dengying gas reservoirs on both sides of the rift trough are predominantly composed of oil-cracking gas with high maturity, 

which is typical dry gas. Second, severely modified by thermochemical sulfate reduction (TSR) reaction, the Dengying gas res-

ervoirs on the east side exhibit high H2S and CO2 contents, with an elevated  13C2 value (average value higher than 29‰). The 

Dengying gas reservoirs in the Weiyuan area are less affected by TSR modification, though the  13C1 values are slightly greater than 

that of the reservoirs on the east side with partial reversal of carbon isotope composition, likely due to the water-soluble gas pre-

cipitation and accumulation mechanism. The Dengying gas reservoir of Well Datan-1 shows no influence from TSR. Third, the 

Dengying gas reservoirs reflect high helium contents (significantly higher than that on the east side) in the Weiyuan and Datan-1 

areas on the west side, which is supposed to attribute to the widespread granites in basement and efficient vertical transport 

along faults. Fourth, controlled by the paleo-salinity of water medium in the depositional period of the source rock, the  2HCH4 val-

ues of the Dengying gas reservoirs on the west side are slightly lighter than those on the east side. Fifth, the Dengying natural gas 

in the Datan-1 area is contributed by the source rocks of the Sinian Doushantuo Formation and the third member of the Dengying 

Formation, in addition to the Cambrian Qiongzhusi Formation. 

Key words: thermochemical sulfate reduction (TSR); Well Datan-1; helium-rich gas reservoir; Sinian Dengying Formation; 

DeyangAnyue rift trough; Sichuan Basin 

Introduction 

The Sinian Dengying Formation (Z2dn) in the Sichuan 

Basin, SW China, is characterized by abundant natural 

gas resources. By the end of 2023, the proven natural gas 

reserves in the Z2dn account for 17.55% of the total proven 

natural gas reserves in the Sichuan Basin and 41.15% of 
the total proven marine natural gas reserves [1]. It serves 
as the primary target interval for deep to ultra-deep ma-

rine natural gas exploration. 

The exploration history of natural gas in the Z2dn of 

the Sichuan Basin can be traced back to 1964, when Well 
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Weiji deployed in the paleo-uplift high area on the west 

side of the Deyang–Anyue rift trough obtained industrial 

gas flow, leading to the discovery of the Weiyuan Gas 

Field and marking the beginning of natural gas explora-

tion in the Z2dn. Over the following four decades, discov-

eries of natural gas in the Z2dn remained limited. In re-

cent 20 years, with the deepening study on the sedimen-

tation and evolution of the Deyang–Anyue rift trough, 

Exploration and Development Research Institute of Pet-

roChina Southwest Oil and Gas Field Company has made 

a series of major exploration breakthroughs by aiming at 

the key geological issues and strengthening the basic 

geological research: In 2011, the Anyue Gas Field, a giant 

integrated marine carbonate gas field with over one tril-

lion cubic meters of reserves, was confirmed in the 

Gaoshiti–Moxi area (referred to as Gao-Mo area) on the 

platform margin belt on the east side of the Deyang– 

Anyue rift trough (referred to as the east side). In 2020, 

Well Pengtan-1 in the paleo-uplift slope area on the east 

side achieved a major breakthrough, obtaining a high-yield 

gas flow of 121.98×104 m3/d from the second member of 

the Dengying Formation (referred to as Z2dn2), leading to 

the discovery of another trillion cubic meters gas field – 

the Penglai Gas Field. These discoveries demonstrate the 

enormous natural gas exploration potential in the plat-

form margin belt of the Z2dn on the east side of the rift 

trough [2]. 

Compared to the east side of the rift trough, natural 

gas exploration in the Z2dn on the west side of the Dey-

ang–Anyue rift trough (referred to as the west side) has 

progressed slowly. Since the exploration breakthrough in 

the Weiyuan area in 1964, wells such as Well Laolong-1 

(1988), Well Zhougong-1 (1991), and Well Hanshen-1 (2009) 

were drilled, but all tested water [3]. Over the past five 

years, guided by the principle of "prioritizing risk explo-

ration and targeting large-scale resource zones", the Ex-

ploration and Development Research Institute of Petro-

China Southwest Oil and Gas Field Company has contin-

ued to deepen research on the hydrocarbon accumulation 

conditions of the Z2dn on the west side. In 2018, Well 

Datan-1 was deployed in the Daxingchang area, achieving 

an exploration breakthrough. In October 2023, Well 

Datan-1 yielded high industrial gas flow, with Z2dn2 pro-

ducing 42.16×104 m3/d of natural gas and the fourth 

member of the Dengying Formation (referred to as Z2dn4) 

producing 81.85×104 m3/d of natural gas. This marks the 

first high-yield industrial gas well in the platform margin 

belt of the Z2dn on the west side. 

The previous studies on natural gas reservoirs in the 

Z2dn have predominantly focused on isolated areas such 

as the Anyue Gas Field in the Gao-Mo area on the east 

side, the Penglai Gas Field in the north slope, or the 

Weiyuan area on the west side [48]. In contrast, geo-

chemical research on natural gas in the Z2dn of the newly 

explored Daxingchang area (Well Datan-1) on the west 

side remains in its nascent stage. There is an urgent need 

to compare the composition and isotopic characteristics 

of natural gas in the Z2dn across multiple regions on both 

sides of the rift trough systematically. This study focuses 

on the natural gas reservoirs in the Z2dn along both sides 

of the Deyang–Anyue rift trough, aiming to elucidate the 

differences in these geochemical features between the 

two sides of the rift trough and their underlying causes 

by conducting a comprehensive comparative analysis of 

the geochemical characteristics (components, isotopic 

composition) of natural gas in the Z2dn from different 

areas, the findings will advance the understanding of 

natural gas reservoirs in the Z2dn on both sides of the 

Deyang–Anyue rift trough and provide technical support 

for the exploration and development of deep to ul-

tra-deep marine carbonate natural gas. 

1.  Regional geology 

1.1.  Tectonic-sedimentary geological setting and  

stratigraphic characteristics 

The Deyang–Anyue rift trough was developed during 

the late Tongwan Movement II episode and represents 

the most significant tectonic unit in the Sichuan Basin 

during the Sinian to Early Cambrian. It covers an area of 

approximately 6×104 km2 within the basin, characterized 

by a "wide and steep northern section, and narrow and 

gentle southern section" [3, 9] (Fig. 1a). Based on depth and 

width, the rift trough is subdivided into northern, central, 

and southern section. The key study areas include the 

Anyue Gas Field in the Gao-Mo area and the Penglai gas 

field in the north slope on the east side, the Weiyuan Gas 

Field and Well Datan-1 block in the Daxingchang area of 

southwestern Sichuan on the west side (Fig. 1a). 

The formation and evolution of the Deyang–Anyue rift 

trough began during the depositional period of the Z2dn 

and concluded by the depositional period of the Cam-

brian Longwangmiao Formation (—C1l). The Z2dn is fur-

ther divided into four members, the first member to the 

fourth member (referred to as Z2dn1 to Z2dn4), with Z2dn2 

and Z2dn4 being the primary depositional intervals [2], the 

lithology is dominated by dolostone. The Lower Cam-

brian strata can be divided into the Maidiping Formation 

(—C1m), Qiongzhusi Formation (—C1q), Canglangpu Forma-

tion (—C1c), and Longwangmiao Formation from oldest to 

youngest [10] (Fig. 1b). Among them, the —C1c and —C1l de-

velop high-quality carbonate reservoirs (Fig. 1c). the —C1m 

is absent on platform margin belt in the Gao-Mo area, 

and the Z2dn exhibits a paraconformable contact with the 

overlying —C1q (Fig. 1c), while its lower boundary con-

formably contacts the Doushantuo Formation (Z1d) [11]. In 

contrast, the Z2dn in the southwestern Sichuan Basin 

shows a conformable contact with the —C1m [3].
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Fig. 1.  Location of the study area in the Sichuan Basin (a), overlay map of the Deyang–Anyue rift trough and sedimentary 
facies belts of the Dengying Formation in the Sichuan Basin (modified from references [3, 9]) (b), and simplified strati-
graphic column of the Sinian–Cambrian in the study area (modified from Reference [10]) (c). 

1.2.  Source rocks 

Three primary sets of source rocks are developed 

within and around the Deyang–Anyue rift trough: Z2dn3, 

—C1m and —C1q. Additionally, the Z1d source rocks are lo-

cally developed in the Sichuan Basin, primarily distrib-

uted along the basin margins. 

The Qiongzhusi Formation source rocks primarily con-

sist of gray-black mudstone and black shale, with high 

organic matter abundance. The average total organic 

carbon (TOC) content is 1.95%, and their thicknesses are 

300–350 m within the rift trough. Well Datan-1 encoun-

tered the Qiongzhusi Formation with a thickness of ap-

proximately 133 m, which is relatively thinner compared 

to its thickness within the rift trough. The Maidiping 

Formation comprises siliceous shale and carbonaceous 

mudstone-dominated source rocks with high TOC (aver-

aging 1.68%), and it is mainly developed within the 

trough, with thicknesses of 50–100 m. The Z2dn3 is pri-

marily composed of bluish-gray mudstone with relatively 

low TOC (averaging 0.65%), and its thickness is 5–30 m 

within the basin, but the thickness of Z2dn3 is only about 

10 m in the southwestern Sichuan region. The organic- 

rich shale of the Doushantuo Formation has an average 

TOC content of approximately 1.51%, it is encountered by 

only a few wells within the basin, such as Well Wei-117, 

where the revealed thickness is 10–50 m. However, the 

Doushantuo Formation is more extensively developed 

along the basin margins, reaching a thickness of 120–480 

m. The Qiongzhusi Formation has been confirmed as the 

main source rock for the natural gas reservoirs in the 

Z2dn of the Gao-Mo area and the north slope on the east 
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side. It exhibits strong hydrocarbon generation capacity, 

providing high-quality and abundant material basis for 

hydrocarbon accumulation. Additionally, the Qiongzhusi 

Formation and Maidiping Formation can serve as regional 

mudstone-shale cap rocks, offering effective sealing for 

the natural gas reservoirs in the Z2dn2 and Z2dn4. 

1.3.  Reservoirs of the Dengying Formation 

The platform margin belts of the Z2dn are developed on 

the high structural positions on the east and west sides of 

the Deyang–Anyue rift trough, these belts host large-scale, 

vertically stacked, and laterally continuous high-quality 

reservoir bodies, including mound-shoal complexes and 

platform-margin residual hills within the rift trough (Fig. 

1b). The mound-shoal complexes of the Z2dn2 and Z2dn4 

cover approximately 3 000 km2 and 4 000 km2 on the 

west side of the rift trough. In contrast, the mound-shoal 

complexes in the Z2dn2 and Z2dn4 cover areas of ap-

proximately 10 000 km2 and 5 000 km2 respectively in the 

Suining–Guangyuan area on the east side of the rift 

trough. 

The thickness of the Z2dn is strongly controlled by the 

Deyang–Anyue rift trough, the total thickness of Z2dn1 

and Z2dn2 is 50–150 m within the rift trough, while that of 

Z2dn3 and Z2dn4 is 50–100 m. Outside the rift trough, the 

total thickness of Z2dn1 and Z2dn2 is 350–800 m, and that 

of Z2dn3 and Z2dn4 is 100–450 m. The lithology of the 

Z2dn is mainly composed of algal dolomite and micritic 

dolomite interbedded with minor clastic rocks. The res-

ervoir of the Z2dn2 is characterized by typical algal dolo-

mite (Fig. 1c), with reservoir spaces dominated by disso-

lution pores, algal framework pores, intergranular disso-

lution pores, and fractures. In contrast, the reservoir of 

the Z2dn4 primarily consists of algal clotted dolostone and 

psammitic dolomite. 

2.  Geochemical characteristics of gas  
reservoirs in the Dengying Formation on the 
east and west sides of the Deyang-Anyue Rift 
Trough 

Based on experimental data and relevant literature, 

349 sets of natural gas test data from 158 wells on both 

sides of the rift trough [46, 1218] were statistically analyzed. 

The natural gas in the Z2dn2 and Z2dn4 on both sides of 

the Deyang–Anyue rift trough is predominantly com-

posed of hydrocarbon gases. Compared to the Cambrian 

strata, the natural gas in the Z2dn exhibits lower CH4 and 

C2H6 content, with a volume fraction of less than 95%, 

and almost no C3H8. However, non-hydrocarbon compo-

nents such as CO2, H2S, N2 and He are significantly 

higher [6, 1214, 1718] (Table 1). Additionally, distinct differ-

ences in gas composition and carbon/hydrogen isotopic 

composition are observed between the natural gas in the 

Z2dn on the east and west sides of the rift trough. 

2.1.  Composition of natural gas 

2.1.1.  Hydrocarbon gas composition 

The natural gas in the Z2dn in Well Datan-1 has the 

highest CH4 content on the west side of the rift trough, 

while the CH4 content in the Weiyuan area and the north 

slope is relatively lower. The natural gas in the Weiyuan 

area has the highest C2H6 content. Overall, the natural 

gas is typical dry gas in the Z2dn on both sides of the rift 

trough (Table 2). 

The CH4 content of natural gas in the Z2dn on the east 

side varies significantly (64.16%–94.94%). In the north 

slope, the CH4 content of natural gas is 64.16%–94.94% 

(averaging 84.09%). The average CH4 content is 90.38% 

in the Gao-Mo area which is slightly higher than that of 

the north slope. On the west side of the rift trough, the 

CH4 content in the Weiyuan area ranges from 83.23% to 

89.82% (averaging 86.35%). The average CH4 content in 

Well Datan-1 is 92.32% (Table 2). 

The average C2H6 content of natural gas in the Z2dn is 

0.05% in the north slope on the east side, which is com-

parable to that of the Gao-Mo area. The C2H6 content of 

natural gas is the highest in the Weiyuan area on the west 

side (averaging 0.12%). The average C2H6 content in Well 

Datan-1 is 0.05% (Table 2). 

2.1.2.  Non-hydrocarbon gas composition 

The average CO2 content of the Dengying Formation 

exceeds 4% on both the east and west sides of the rift 

trough, while the H2 content is generally low, averaging 

less than 0.1% (Table 2). The CO2 and H2S contents on the 

east side are higher than those on the west side; the west 

side is characterized by high He content (averaging 

greater than 0.1%); the N2 content is significantly higher 

in the Weiyuan area. 

The average He content exceeds 0.1% on the west side 

of the rift trough, indicating helium-rich natural gas res-

ervoirs [19], and the Weiyuan area has the highest He 

content (averaging 0.27%). The Weiyuan area also fea-

tures high N2 content (averaging 7.51%), while the N2 

content in Well Datan-1 is relatively low. Compared to the 

west side, the He content on the east side is significantly 

lower (averaging less than 0.05%); the N2 content in the 

north slope is slightly higher than that in the Gao-Mo 

area (Table 2). 

The H2S and CO2 contents of natural gas in the Z2dn 

are highest in the north slope on the east side. The Wei-

yuan area on the west side has the lowest CO2 content, 

and its H2S content is comparable to that of the Gao-Mo 

area; the CO2 content is slightly higher in Well Datan-1 

than that in the Weiyuan area, but its H2S content is 

lower. Overall, the CO2 and H2S contents of the natural 
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Table 1.  Natural gas component content and carbon/hydrogen isotopic composition data of the Dengying Formation on 

east and west sides of Deyang–Anyue rift trough 

Component content of natural gas/% 
Carbon-hydrogen isotopic  

composition/‰ 

R
eg

io
n 

S
tu

dy
 

ar
ea

 

Well 
Forma- 

tion 
Depth/m

CH4 C2H6 C3H8 He N2 CO2 H2S H2 δ13CCH4 δ
13CC2H6 δ

13CCO2 δ
2HCH4 

Source 

ZJ2 Z2dn2 6 547 76.90 0.04 0 0.05 0.67 15.43 6.80 0 –35.1 –27.4 –1.5 –141 Reference [12]

PT1 
Z2dn2 
Z2dn2 

5 726–5 817 94.94 0.08 0 0.06 0.13 2.32 2.46 0.01 –33.9 –29.2 –0.2 –125  

PT108 Z2dn2 5 871–5 913 93.13 0.01 0 0.01 0.50 4.20 2.10 0.05 –33.0 –24.7  –141  
PT103 Z2dn2 5 835 89.47 0.04 0 0.01 0.62 6.54 3.15 0 –33.7 –28.4 –2.8 –144 Reference [13]
PT102 Z2dn2 5 937 89.88 0.06 0 0.02 0.80 5.25 3.71 0 –34.4 –29.1 –0.3 –137 Reference [13]
PT101 Z2dn2 5 990 83.34 0.06 0 0.01 10.24 3.23 3.09 0.03 –34.7 –29.0 –3.5 –143 Reference [13]
PS5 Z2dn4 5 503–5 588 79.28 0.03 0 0.01 0.37 18.20 2.08 0.03 –33.0 –28.0  –151  
PS1 Z2dn4 7 467–7 680 79.64 0.05 0 0.03 0.62 10.44 8.92 0.30 –32.8 –27.8 –0.9 –148  

N
or

th
 s

lo
pe

 

DB1 Z2dn4 6 312–6 484 86.93 0.06 0 0.02 0.54 10.29 2.15 0.01 –32.8 –27.6 1.9   
MX8 Z2dn2 5 422–5 459 91.43 0.04 0 0.04 2.45 6.02 0.01 0 –32.2 –27.4  –146 Reference [18]
MX8 Z2dn4 5 102–5 172 91.41 0.03 0 0.06 1.64 5.88 0.95 0 –32.9 –28.4  –148 Reference [18]
MX19 Z2dn4 5 145 92.24 0.03 0 0.03 1.22 5.15 1.30 0.03 –33.5 –28.3  –146  
MX18 Z2dn4 5 095 92.36 0.04 0 0.04 1.42 4.74 1.38 0.02 –33.7 –27.4  –146  
MX9 Z2dn2 5 423–5 459 91.82 0.05 0 0.02 0.96 4.24 2.75 0 –34.4  –2.0  Reference [14]
MX11 Z2dn2 5 455–5 486 90.02 0.03 0 0.05 1.29 7.65 0.94 0 –31.8 –26.7  –147 Reference [15]
GS9 Z2dn2 5 504–5 871 91.40 0.04 0 0.05 2.00 5.65 0.85 0.01 –32.0 –27.5  –152  
GS9 Z2dn4 5 090–5 188 90.41 0.04 0 0.03 0.85 7.77 0.88 0 –33.1 –28.5  –134 Reference [15]
GS6 Z2dn4 4 958–5 210 90.93 0.04 0.01 0.03 0.09 7.91 1.00 0 –32.6 –28.8  –137 Reference [15]
GS3 Z2dn2 5 799–5 810 86.62 0.03 0 0.11 4.56 7.05 0 0 –32.6 –28.0  –149 Reference [17]
GS18 Z2dn4 5 150 92.15 0.04 0 0.03 1.10 6.04 0.60 0.04 –32.8 –29.6  –144  

GS122 Z2dn4 5 556–6 579 90.59 0.04 0 0.02 0.30 8.45 0.59 0.01 –32.5 –26.7 0.4 –134  

E
as

t s
id

e 

G
ao

-M
o 

ar
ea

 

GS1 Z2dn4 4 956–5 130 82.65 0.04 0 0.04 2.12 14.19 0.85 0 –32.3 –28.7   Reference [14]
W70 Z2dn4 3 064–3 170 85.95 0.09 0 0.36 8.53 4.03 1.00 0 –32.4  –2.5  Reference [14]
W30 Z2dn4 2 844–2 950 86.16 0.26 0 0.30 8.15 4.13 0.91 0.09 –32.7 –32.0   Reference [14]
W100 Z2dn4 2 959–3 041 86.80 0.13 0 0.30 6.47 5.07 1.18 0.01 –32.5 –31.7 –11.6 –139 Reference [6]
W46 Z2dn4 2 880–2 963 86.26 0.14 0 0.27 7.44 4.55 1.30 0 –32.8 –34.8   Reference [14]
W39 Z2dn4 2 986 86.74 0.12 0 0.27 7.08 4.53 1.22 0 –32.4 –33.9 –14.6 –142 Reference [6]
W28 Z2dn4 2 905 88.30 0.08 0 0.27 7.12 3.30 0.90 0.00 –32.5 –31.6 –12.5  Reference [14]
W2 Z2dn4 2 836 85.07 0.11 0 0.25 8.33 4.66 1.31 0 –32.5 –31.0 –11.2 –147 Reference [6]

W12 Z2dn4 3 005 85.07 0.11 0 0.25 8.33 4.66 1.31 0 –32.5 –31.0 –11.2  Reference [14]

W
ei

yu
an

 a
re

a 

W27 Z2dn4 2 851–2 995 86.23 0.12 0 0.23 7.12 4.94 1.30 0.01 –32.0 –31.2   Reference [14]
DT1 Z2dn2 6 265–6 309 92.40 0.04 0 0.04 2.34 5.12 0.05 0.01 –31.2 –29.4  –154  
DT1 Z2dn2 6 265–6 309 91.98 0.06 0 0.11 2.17 5.62 0.05 0.01 –31.2 –29.4 –0.6 –154  
DT1 Z2dn4 6 040–6 110 91.92 0.06 0 0.11 2.13 5.73 0.04 0.01 –31.1 –28.7 –0.9 –143  
DT1 Z2dn4 6 040–6 110 92.57 0.04 0 0.11 2.16 5.07 0.05 0.00 –31.3 –29.2 –0.5 –142  
DT1 Z2dn4 6 040–6 110 92.77 0.04 0 0.11 2.15 4.88 0.05 0.00 –31.3 –28.9 –0.6 –148  
DT1 Z2dn4 6 040–6 110 92.92 0.03 0 0.11 2.14 4.75 0.05 0.00 –31.5 –29.1 –0.7 –143  
DT1 Z2dn4 6 040–6 110 92.15 0.05 0 0.11 2.11 5.52 0.06 0.00 –31.5 –29.1 –1.1 –146  

W
es

t s
id

e 
W

el
l D

at
an

-1
 

bl
oc

k 

DT1 Z2dn4 6 040–6 110 92.02 0.04 0 0.11 2.18 5.59 0.05 0.01 –31.6 –29.3 –0.5 –141  

Table 2.  Composition of natural gas in Dengying Formation on east and west sides of Deyang–Anyue rift trough 

Region Study area 
Number of 
samples 

CH4/% C2H6/% N2/% He/% CO2/% H2S/% H2/%
Drying 

coefficient

North slope 41 
64.16–94.94 

84.09 
0–0.27 

0.05 
0.08–31.85

2.48 
0.00–0.38

0.04 
0.07–34.05 

9.78 
0–20.47 

3.56 
0–0.58

0.08East 
side 

Gao-Mo area 157 
66.42–96.21 

90.38 
0.01–0.12

0.04 
0.02–24.95

1.43 
0.01–0.18

0.04 
0.09–26.27 

7.07 
0–3.19  

1.07 
0–0.68

0.06

Weiyuan area 77 
83.23–89.82 

86.35 
0.02–0.26

0.12 
4.27–10.30

7.51 
0.14–0.38

0.27 
3.30–6.46

4.62 
0.40–1.53 

1.08 
0–0.16

0.01West 
side Well Datan-1 

block 
9 

91.92–92.92 
92.32 

0.03–0.08
0.05 

2.04–2.34
2.16 

0.04–0.11
0.10 

4.75–5.73
5.32 

0.04–0.06 
0.05 

Mean<
0.01

Mean 
>0.99 

Note: The numerator represents the value range, and the denominator represents the average value. 
 

gas in the Z2dn on the east side are higher than those on 

the west side (Table 2).  

2.2.  Isotopic composition of the natural gas 

The  13C1 values on the west side of the rift trough are 

slightly heavier than those on the east side, with the  13C1 

value of Well Datan-1 being the heaviest. In contrast, the 

 13C2 values on the east side, with an average greater than 

−29‰, are significantly greater than those on the west 

side. The  2HCH4 values on the west side are slightly lower 

than those on the east side. 

The  13C1 values of natural gas in the Z2dn show similar 

distributions in the Gao-Mo area and the north slope on 

the east side of the rift trough (averaging −32.9‰); the 

 13C1 value of natural gas from Well Datan-1 is the greatest  

on the west side (averaging −31.3‰). The  13C1 composi-
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tion in the Weiyuan area is significantly greater than that 

of more than half of the samples from the east side (av-

eraging −32.5‰). The average  13C2 values of natural gas 

in the Z2dn are −28.2‰ and −28.1‰ in the Gao-Mo area 

and the north slope on the east side, respectively. In con-

trast, the average  13C2 value is −29.1‰ in Well Datan-1 on 

the west side, and the average  13C2 value is −32.1‰ in 

the Weiyuan area, which is smaller than that on the east 

side. The east side and Well Datan-1 exhibit a clear positive 

carbon isotopic sequence ( 13C1< 13C2, no reversal), while 

some gas samples from the Weiyuan area show a reversed 

carbon isotopic composition ( 13C1> 13C2) (Table 1). 

The  2HCH4 values of natural gas is from −162‰ to 

−121‰ in the north slope on the east side, with an aver-

age of −141‰, the average  2HCH4 value in the Gao-Mo 

area is −142‰; compared to the east side, the  2HCH4 

value in Well Datan-1 on the west side is smaller, with an 

average of −146‰, while the average  2HCH4 value in the 

Weiyuan area is −143‰. 

2.3.  Maturity of natural gas 

The  13C1 values of natural gas can be used to calculate 

the equivalent vitrinite reflectance (Roe) to reflect its ma-

turity, but the results obtained by different calculation 

methods vary significantly [20]. Previous studies have often 

used the  13C1-Ro method [20] to evaluate the maturity of 

natural gas in the Cambrian Longwangmiao Formation in 

the Sichuan Basin, with better results. The results calcu-

lated using this method (Table 3) show that the natural 

gas in the Z2dn on both the east and west sides of the rift 

trough is highly to over-mature (with an average Roe 

greater than 2.0%), and the natural gas from Well Datan-1 

has the highest maturity. 

2.4.  Genetic types of natural gas 

The composition and isotopic characteristics of natural 

gas can effectively indicate its genetic type. The  13C1 

value can distinguish between organic and inorganic 

origins of natural gas. It is generally accepted that 

 13C1<−30‰ indicates an organic origin, while the  13C2 

value can differentiate between oil-type gas and coal-type 

gas, with  13C2 = −28‰ commonly used as the boundary 

between the two [21]. However, various abnormal thermal 

alterations in deep burial environments can differentially 

modify natural gas in highly to over-mature stages, lead-

ing to greater carbon isotopic values [7]. The  13C2 values 

of natural gas in the Z2dn on the west side all conform to 

the characteristics of oil-type gas, while the Gao-Mo area 

and the north slope often exhibit  13C2>−28‰ (Table 1), 

reflecting coal-type gas characteristics, further analysis is 

required by using genetic identification charts [21-22] (Fig. 

2). The natural gas in the Z2dn on both the east and west 

sides of the rift trough is oil-type cracking gas (Fig. 2a) 

and crude oil-cracking gas (Fig. 2b), formed through 

secondary cracking of crude oil, and is currently in a 

highly to over-mature stage (Ro>2.0%). 

3.  Causes of different natural gas characteristics 
of the Dengying Formation on the east and 
west sides of the Deyang–Anyue Rift Trough 

3.1.  Causes of different natural gas component  

contents in the Dengying Formation 

3.1.1.  Causes of different He and N2 contents 

The 3He/4He ratios of natural gas compared to those of  

Table 3.  Natural gas maturity statistics of Dengying For-

mation on east and west sides of the rift trough 

Region Study area Roe/% 
Roe- 

average/%
Number of 
samples

North slope 1.84–3.48 2.45 76 East 
side Gao-Mo area 1.98–2.44 2.44 143 

Weiyuan area 2.42–2.64 2.51 17 West 
side Well Datan-1 block 2.73–2.91 2.81 12  

 

Fig. 2.  Genetic identification diagram of natural gas in Dengying Formation (plate modified from references [2122]).  
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Fig. 3.  Relationship between He content and N2 content of 
natural gas in Dengying Formation. 

air indicate that the He of the natural gas in the Z2dn on 

both the east and west sides of the rift trough is of crustal 

origin [13, 19], that is, it’s generated by the decay of U and 

Th in highly radioactive rocks (e.g. granite, argillaceous 

rocks, and tight sandstones) in the crust. N2 in natural 

gas can be produced by the thermal ammoniation of or-

ganic matter and the thermal metamorphism of granite [23]. 

Since both N2 and He can originate from argillaceous 

source rocks and granites rich in U and Th, they often 

share the same source and exhibit a significant positive 

correlation (Fig. 3). 

On the east side of the rift trough, the He in natural gas 

in the Z2dn mainly originates from source rocks in the 

Gao-Mo area and the north slope [5, 12], with a low content 

(Fig. 3) and an average value of 0.04%. Since the east side 

is close to the hydrocarbon generation center, the gas 

generation intensity of the source rocks is (40–200)×108 

m3/km2 [2], the large amount of CH4 generated dilutes the 

enrichment of He. The N2 of natural gas in the Z2dn on 

the east side is mainly formed through the thermal am-

moniation of organic matter in the source rocks [5, 12], and 

its content is lower than that in the Z2dn gas reservoir of 

Weiyuan (Fig. 3). 

The He content of natural gas in the Z2dn is high in 

Well Datan-1 and the Weiyuan area on the west side of 

the rift trough, with an average value exceeding 0.10%. In 

Well Datan-1 block, the thickness of the Qiongzhusi For-

mation source rocks is relatively thin, but the basement is 

granites which are rich in U and Th, and the widely de-

veloped strike-slip faults connect the helium source rocks 

with the Z2dn gas reservoir [19], promoting the enrichment 

of He. In addition to the Qiongzhusi Formation source 

rocks, the Weiyuan area also has ancient Pre-Sinian 

granites in the deep, which are not only important helium 

source rocks but also significant sources of N2 [23]. During 

the late Himalayan period, intense tectonic uplift oc-

curred in the Weiyuan area, accelerating the exsolution of 

He and N2 from formation water. These gases migrated 

upward along deep faults and accumulated in the Z2dn 

gas reservoir [23]. This accumulation model results in sig-

nificantly higher He and N2 content in the Z2dn gas res-

ervoir in the Weiyuan area compared to other areas (Fig. 3). 

3.1.2.  Causes of different CO2 and H2S contents 

CO2 and H2S are present in the natural gas reservoirs of 

the Z2dn (Table 1). Thermochemical sulfate reduction (TSR) 

is the only factor that can lead to H2S content greater 

than 10% in natural gas reservoirs, the gas souring index 

(I, H2S/(H2S + CnH2n+2)) is commonly used to characterize 

the extent of TSR [24]. When I>0.01, it indicates that TSR 

has occurred, and when I>0.10, it suggests that the gas 

reservoir has undergone intense TSR alteration. The I 
value of the natural gas is far below 0.01 in the Z2dn in 

Well Datan-1 on the west side, indicating that TSR has 

essentially not occurred, and the small amount of H2S 

may originate from the thermal cracking of kerogen or 

sulfur-bearing minerals in the reservoirs. The souring 

index of the Z2dn gas reservoirs is around 0.01 in the 

Weiyuan area (Fig. 4a), indicating that TSR has occurred 

but with low intensity. In contrast, the gas reservoirs of 

the Z2dn have generally undergone stronger TSR altera-

tion on the east side: nearly half of the gas samples in the 

Gao-Mo area have a souring index greater than 0.01,  

 

Fig. 4.  Non-hydrocarbon components of natural gas in Dengying Formation on the east and west sides of the rift trough 
(plate of Fig.4c modified from Reference [21]). 
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while some samples from the north slope even exceed 0.1, 

with H2S content exceeding 10% in the gas reservoirs (Fig. 

4a and 4b). 

The CO2 content of natural gas in the Z2dn is generally 

high on the east side of the rift trough, with an average 

exceeding 5%, and in some cases even exceeding 10% (Fig. 

4b). This phenomenon may be attributed to the following 

two factors: (1) TSR-H2S accumulation effect: TSR pro-

duces both CO2 and H2S. In the early stages of the reac-

tion, CO2 content increases with the rise in H2S content. 

However, in the later stages of TSR, the accumulated H2S 

gradually dissolves into formation water, increasing its 

acidity. This acidic water then dissolves carbonate reser-

voirs, releasing CO2, which leads to an increase in CO2 

content and a decrease in H2S content, with sulfur min-

erals formed in the reservoir [15, 25] (Fig. 4b). (2) Acidifica-

tion operations on carbonate reservoirs can also lead to 

an increase in CO2 content. It is generally believed that CO2 

content exceeding 8% in gas reservoirs is mostly caused 

by acidification operations [12]. For example, the CO2 con-

tent reaches 14.19% in the Z2dn4 in Well Gaoshi-1 (Table 1). 

In addition to content, the carbon isotopic composition 

can also indicate the origin of CO2 [21] (Fig. 4c). It is gen-

erally accepted that when  13CCO2<−10‰, CO2 is of or-

ganic origin [21]; when −4‰< 13CCO2<4‰, it is of inor-

ganic origin, derived from carbonate dissolution or 

thermal metamorphism [26]. The gas reservoirs of the Z2dn 

have undergone TSR in the Weiyuan area. In the TSR 

reaction, SO4
2− preferentially reacts with 13C-depleted 

hydrocarbons to produce 13C-depleted CO2, resulting in 

relatively lighter  13C values for CO2. Therefore, the CO2 

in natural gas from the Weiyuan area exhibits an organic 

origin (Fig. 4c). 

The average  13C values of CO2 in natural gas in the 

Z2dn are −1.3‰ and −0.9‰ in the Gao-Mo area and the 

north slope on the east side, respectively, indicating an 

inorganic origin overall (Fig. 4c). Different from the west 

side, the gas reservoirs of the Z2dn on the east side have 

undergone intense TSR alteration. Under the combined 

effects of the TSR-H2S accumulation effect and acidifica-

tion operations, carbonate reservoirs are dissolved, lead-

ing to a significant increase in CO2 content and greater 

 13C values for CO2, indicating an inorganic origin. In 

contrast, the gas reservoirs of the Z2dn in Well Datan-1 on 

the west side have essentially not undergone TSR, with 

an average  13C value of −1.11‰ for CO2, also indicating 

an inorganic origin (Fig. 4c). 

3.2.  Causes of different carbon isotopic compositions 

of natural gas 

TSR preferentially consumes 12C-enriched hydrocar-

bons, leading to greater carbon isotopic compositions in 

natural gas [24]. Additionally, it preferentially consumes 

hydrocarbons with higher carbon number (C2+). In the 

Gao-Mo area and the north slope on the east side, as well 

as in the Weiyuan area on the west side, the C2H6 content 

gradually decreases with the increasing TSR intensity 

(Fig. 5a), and the  13C values of C2H6 gradually increase 

(Fig. 5b). Since the natural gas in the Z2dn is more sig-

nificantly affected by TSR on the east side, its  13C2 values 

get greater than those on the west side. 

It is generally believed that when I>0.10, TSR begins to 

consume CH4 [24]. However, the I values of the gas reser-

voirs in the Z2dn are generally less than 0.10 on both the 

east and west sides of the rift trough. Moreover, as the I 
value increases,  13C1 does not become greater, and the 

two show a certain negative correlation, indicating that 

the  13C1 of natural gas in the Z2dn is essentially unaf-

fected by TSR alteration (Fig. 5c). 

The  13C1 values of natural gas in the Z2dn in the Wei-

yuan area are concentrated and are 2‰–3‰ greater than 

those of more than half of the gas samples in the Z2dn on 

the east side (Fig. 5c). The degassing accumulation model 

of natural gas in the Z2dn of the Weiyuan Gas Field [27] 

results in greater  13C values for CH4: compared to 12CH4, 
13CH4 is more easily dissolved in formation water [28], 

leading to fractionation. During the late large-scale tec-

tonic uplift, 13CH4 exsolves [27], causing the  13C of CH4 in 

the natural gas of the Z2dn to become greater, and the 

carbon isotopic composition of some gas samples to reverse. 

 

Fig. 5.  Correlation between carbon isotopic composition, C2H6 content, and I (gas souring index) of natural gas in Dengying 
Formation. 
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Fig. 6.  Variations of  13C2 values and H2S content with 
depth in Dengying Formation on east and west sides of the 
rift trough. 

The Dengying Formation has a large burial depth on 

the east side of the rift trough, and sulfur-bearing miner-

als are observed in reservoir pores [4, 7]. Intense hydro-

thermal activity in the deep basin [29] brings abundant 

SO4
2−, providing the sulfur source required for TSR. The 

high temperatures resulting from the deep burial envi-

ronment (burial depth greater than 5 000 m) further 

promote TSR. Therefore, the  13C2 values and H2S content 

of natural gas increase with burial depth, particularly in 

the north slope (Fig. 6). The current burial depth of the 

Z2dn is only about 3 000 m in the Weiyuan area, and the 

geo-temperature does not meet the conditions for TSR. 

However, before the Himalayan movement, its maximum 

burial depth exceeded 6 000 m, with temperatures above 

200 C [30]. Previous studies [30] confirmed the TSR origin 

of H2S in the natural gas of the Z2dn in the Weiyuan area 

based on sulfur isotopes. However, due to the relatively 

short duration of deep burial, TSR alteration was limited, 

resulting in smaller  13C2 values compared to the natural 

gas in the Z2dn on the east side. 

3.3.  Causes of different hydrogen isotopic  

compositions of natural gas 

The  2H values of CH4 in natural gas are controlled by 

the maturity of source rocks and the paleo-salinity of 

water medium during deposition [5, 17]. Generally,  2HCH4 

becomes progressively greater with increasing maturity 

and paleo-salinity [5]. As the natural gas in the Z2dn is 

highly to over-mature with extremely high drying coeffi-

cients and minimal differences in source rock maturity, 

the influence of maturity on  2HCH4 is relatively weak. 

Compared to maturity, the paleo-salinity of water me-

dium in the depositional period of the source rock is a 

more critical factor controlling  2HCH4 in the natural gas 

of the Z2dn. Previous studies determined the pa-

leo-salinity of water medium during the deposition of the 

Z2dn3, Doushantuo Formation and Cambrian Qiongzhusi 

Formation in the Sichuan Basin based on boron and po-

tassium contents in clay minerals: the Qiongzhusi For-

mation had the highest paleo-salinity, while Z2dn3 and 

Doushantuo Formation showed relatively lower salinity [31]. 

Consequently, a greater contribution from Qiongzhusi 

Formation source rocks results in greater  2HCH4 values in 

natural gas. For example, the natural gas from the Cam-

brian Canglangpu Formation in Well JT1 is primarily 

sourced from the underlying Qiongzhusi Formation 

source rocks, exhibiting relatively great  2HCH4 values of 

−134‰. This value is often used as representative  2HCH4 

for natural gas derived from Qiongzhusi Formation 

source rocks [5]. 

Vertically, differences in  2HCH4 values reflect varying 

contributions from different source rocks. For example, 

wells GS3, GS6, GS9 and MX11 (Fig. 7a, 7b) show greater 

 2HCH4 values in the Z2dn4 than that in the Z2dn2, likely 

due to greater contribution from the Qiongzhusi Forma-

tion source rocks to Z2dn4 natural gas compared to the 

Z2dn3. Laterally, closer proximity to the rift trough corre-

lates with greater thickness and higher hydrocarbon 

generation intensity of Qiongzhusi Formation source 

rocks, resulting in larger relative contributions and 

greater  2HCH4 values. Taking Z2dn4 in the Gao-Mo area on 

the east side of the rift trough as an example, close to the 

rift trough and the area where the source rocks of 

Qiongzhusi Formation contribute a lot, the  2HCH4 of 

natural gas in the Z2dn is generally greater than −140‰, 

such as wells GS6, GS9, MX102 and GS3 (Fig. 7b). In con-

trast, areas farther from the rift trough show smaller 

 2HCH4 (less than −140‰), such as wells GS125, GS18, 

MX8 and MX18). Overall,  2HCH4 becomes progressively 

smaller toward the platform interior, such as Well MX23 

with  2HCH4 of −152‰ in Z2dn4. Notably, the  2HCH4 of 

natural gas in some wells in the platform margin belt is 

small, which may indicate that the contribution of source 

rocks in the Z2dn3 is stronger than that of the Qiongzhusi 

Formation. For example, although Well PS15 is located at 

the platform margin belt, the natural gas  2HCH4 in the 

Z2dn4 is only −149 ‰ (Fig. 7b). 

Compared with the east side, the  2HCH4 values of 

natural gas in the Z2dn in Well Datan-1 on the west side 

are relatively smaller (Fig. 7c), with  2HCH4 values between 

−154‰ and −141‰, which is attributed to its greater 

distance from the rift trough, relatively thinner Qiongzhusi 

Formation source rocks [3], and larger contributions from 

the underlying Z2dn3 and Doushantuo Formation.  

3.4.  Causes of different carbon isotopic compositions 

in natural gas, reservoir solid bitumen, and kerogen 

The natural gas in the Z2dn is derived from cracked 

crude oil, and in addition to the natural gas, the reservoir 

contains reservoir solid bitumen [32]—a key product of 
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Fig. 7.   2HCH4 distribution of CH4 in Dengying Formation on east and west sides of Deyang–Anyue rift trough.  

 

Fig. 8.  Distribution characteristics of carbon isotopic compositions among natural gas of Dengying Formation, reservoir 
solid bitumen and source rock kerogen, Sichuan Basin. Note: Carbon isotopic compositions of some reservoir solid bitu-
men and source rock kerogen are from references [7, 3336]; Z2dn3—the third member of Dengying Formation. 

ancient oil reservoir cracking. In the Weiyuan area on the 

west side of the rift trough, the Dengying Formation gas 

reservoir has been relatively less affected by TSR. The 

 13C values of reservoir solid bitumen (averaging −36.3‰) 

closely match those of Qiongzhusi Formation kerogen 

(averaging −36.1‰; Fig. 8), indicating a primary contri-

bution from the Qiongzhusi Formation source rocks [4]. 

The Dengying Formation gas reservoir in Well Datan-1 

has essentially not undergone TSR alteration, making its 

 13C2 values reliable indicators of source information. 

However, the  13C2 value of natural gas (−29.1‰) in Well 

Datan-1 is significantly greater than that of the 

Qiongzhusi Formation source rock kerogen (−36.1‰) on 

the west side of the rift trough, indicating substantial 

contributions from other source rocks besides the 

Qiongzhusi Formation. The thicknesses of both the 

Qiongzhusi Formation and Z2dn3 source rocks encoun-

tered in Well Datan-1 are relatively thin. Previous studies 

have identified the Doushantuo Formation source rocks in 

the Xianfeng section on the west side of the rift trough [3], 
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with kerogen  13C values (−31.3‰) closely matching the 

 13C2 values of Dengying Formation natural gas in Well 

Datan-1 (Fig. 8). Additionally,  2HCH4 analysis further 

confirms significant contributions from the underlying 

Z2dn3 and Doushantuo Formation. Therefore, the natural 

gas in the Z2dn of Well Datan-1 receives contributions not 

only from the Qiongzhusi Formation source rocks but 

also from the Z2dn3 and Doushantuo Formation source 

rocks. 

In general, during the thermal maturation of hydro-

carbons, the carbon isotopic compositions of source rock 

kerogen and its derivatives follow the fractionation se-

quence: reservoir solid bitumen>kerogen>crude oil> 

alkane gas. Under homologous conditions, solid bitumen 

derived from oil cracking typically exhibits  13C values 

1‰–2‰ greater than its parent kerogen [37]. However, in 

the Gao-Mo area and north slope on the east side, the 

 13C values of Dengying Formation reservoir solid bitumen 

are significantly smaller than those of both Qiongzhusi 

Formation kerogen and C2H6 in natural gas (Fig. 8), con-

tradicting this established fractionation pattern. 

First, the  13C2 values of natural gas are greater due to 

TSR effects in the Gao-Mo area and north slope on the 

east side of the rift trough; meanwhile, H2S generated 

from TSR continues to consume 12C-enriched C2H6 to 

form 12C-enriched ethanethiol. The ethanethiol is further 

incorporated into reservoir solid bitumen through aro-

matization and polymerization [8], resulting in progres-

sively smaller  13C values of the reservoir solid bitumen 

that are smaller than those of source rock kerogen and 

C2H6 in natural gas (Fig. 8).  

Based on these findings, the impact of TSR and other 

influencing factors should be considered for gas-source 

correlation in deep burial environments. Carbon isotopic 

compositions of reservoir solid bitumen and natural gas 

can no longer serve as reliable parameters alone. Addi-

tional analytical methods, such as trace elements and 

rare earth elements, are required to establish correlations 

between reservoir solid bitumen and source rocks for 

accurate gas-source identification—the Dengying Forma-

tion gas reservoirs in the Gao-Mo area and north slope 

exhibit dual-source (Qiongzhusi Formation + Z2dn3) 

charging characteristics, but the relative contributions of 

the two require further investigation. 

4.  Conclusions 

The natural gas in the Dengying Formation is pre-

dominantly derived from oil-cracking gas on both sides of 

the Deyang–Anyue rift trough, classified as highly to 

over-mature natural gas (dry gas). Significant geochemi-

cal differences (gas composition, isotopes) are observed 

between the natural gases on the two sides of the rift 

trough, primarily controlled by varying factors such as 

mixed sources, modification by deep inorganic gas 

sources, the extent of TSR alteration, and the pa-

leo-salinity of water medium during source rock deposi-

tion. 

On the east side of the rift trough, the He in the natural 

gas of the Dengying Formation in the Gao-Mo area and 

north slope mainly originates from source rocks. Due to 

the high hydrocarbon generation intensity of the 

Qiongzhusi Formation, the enrichment of He is limited, 

resulting in low concentrations. Additionally, the Dengy-

ing Formation gas reservoirs on the east side are gener-

ally affected by TSR alteration, leading to high contents 

of H2S and CO2 as well as greater  13C2. In contrast, the 

TSR alteration in the Weiyuan area on the west side is 

less intense than that on the east side, TSR is essentially 

absent in the Dengying Formation gas reservoir of Well 

Datan-1. 

Controlled by the widespread development of the 

granite in basement with rich U and Th, and efficient 

vertical transport along faults on the west side of the rift 

trough, the helium content in the Dengying Formation 

natural gas of Well Datan-1 area is high (averaging higher 

than 0.10%), with notable enrichment of He (averaging 

0.27%) and N2 (averaging 7.51%) in the Weiyuan area. Due 

to the water-soluble gas precipitation and accumulation 

mechanism, the  13C1 of the Dengying Formation natural 

gas in the Weiyuan area is relatively great, leading to 

partial carbon isotope reversal ( 13C1> 13C2) in some gas 

samples. 

The differences in  2HCH4 of the Dengying Formation 

natural gas on both sides of the rift trough are mainly 

controlled by the paleo-salinity of water medium in the 

depositional period of the source rock. Furthermore, the 

Dengying Formation natural gas in Well Datan-1 is con-

tributed by the source rocks of the Sinian Doushantuo 

Formation and the Z2dn3, in addition to the Cambrian 

Qiongzhusi Formation. In the Weiyuan area, the natural 

gas in the Dengying Formation is primarily sourced from 

the Qiongzhusi Formation. The Dengying Formation gas 

reservoirs in the Gaoshiti–Moxi area and north slope on 

the east side exhibit dual-source (Qiongzhusi Formation + 

Z2dn3) hydrocarbon supply characteristics. 

References 

[1] DENG Bin, LIU Shugen, YAO Genshun, et al. Distribution 

pattern and main controlling factors of Paleozoic giant- 

and medium-sized gas fields of the Sichuan super gas ba-

sin in Southwest China. Natural Gas Industry, 2024, 44(7): 

54–76. 

[2] YANG Yu, WEN Long, SONG Zezhang, et al. Breakthrough 

and potential of natural gas exploration in multi-layer 

system of Penglai gas area in the north of central Sichuan 

paleo-uplift. Acta Petrolei Sinica, 2022, 43(10): 1351–1368. 

[3] WEN Long, XIE Jirong, ZHANG Benjian, et al. Well Datan 



SONG Zezhang et al. / Petroleum Exploration and Development, 2025, 52(2): 422–434 

 

  433 

1 in west side of Deyang-Anyue rift, Sichuan Basin: Great 

breakthrough in natural gas exploration in Sinian Dengy-

ing Formation and its significance. Natural Gas Industry, 

2023, 43(11): 7–18. 

[4] WEI Guoqi, XIE Zengye, SONG Jiarong, et al. Features and 

origin of natural gas in the Sinian–Cambrian of central 

Sichuan paleo-uplift, Sichuan Basin, SW China. Petroleum 

Exploration and Development, 2015, 42(6): 702–711. 

[5] XIE Zengye, WEI Guoqi, LI Jian, et al. Geochemical char-

acteristics and accumulation pattern of gas reservoirs of 

the Sinian-Permian in central Sichuan uplift zone, Sichuan 

Basin. China Petroleum Exploration, 2021, 26(6): 50–67. 

[6] LI Zhisheng, LI Jin, WANG Dongliang, et al. Geochemical 

characteristics of natural gas in H2S-bearing gas fields in 

Sichuan Basin. Acta Petrolei Sinica, 2013, 34(S1): 84–91. 

[7] SHUAI Yanhua, ZHANG Shuichang, HU Guoyi, et al. 

Thermochemical sulphate reduction of Sinian and Cam-

brian natural gases in the Gaoshiti-Moxi area, Sichuan 

Basin, and its enlightment for gas sources. Acta Geologica 

Sinica, 2019, 93(7): 1754–1766. 

[8] ZHU Lianqiang, LIU Guangdi, SONG Zezhang, et al. The 

differences in natural gas from the Dengying Formation in 

different areas of the North slope of the central Sichuan 

Paleo-uplift and its controlling factors: Taking Pengtan-1 

and Zhongjiang-2 wells as examples. Petroleum Science 

Bulletin, 2021, 6(3): 344–355. 

[9] ZHOU Jingao, SHEN Anjiang, ZHANG Jianyong, et al. 

Deyang-Anyue interplatform rift in Sichuan Basin and its 

direction of exploration in Sinian. Marine Origin Petro-

leum Geology, 2018, 23(2): 1–9. 

[10] LI Rong, WANG Yongxiao, WANG Zecheng, et al. Geologi-

cal characteristics of the southern segment of the Late 

Sinian-Early Cambrian Deyang-Anyue rift trough in Si-

chuan Basin, SW China. Petroleum Exploration and De-

velopment, 2023, 50(2): 285–296. 

[11] ZHU Zhengping, LUO Wenjun, PAN Renfang, et al. The 

paleogeomorphology restoration of Sinian Deng 4 Member 

and its control on reservoir formation in the Gaoshiti-Moxi 

area in central Sichuan Basin. China Petroleum Explora-

tion, 2019, 24(6): 730–738. 

[12] ZHAO Wenzhi, XIE Zengye, WANG Xiaomei, et al. Sinian 

gas sources and effectiveness of primary gas-bearing sys-

tem in Sichuan Basin, SW China. Petroleum Exploration 

and Development, 2021, 48(6): 1089–1099. 

[13] WEI Guoqi, XIE Zengye, YANG Yu, et al. Formation condi-

tions of Sinian-Cambrian large lithologic gas reservoirs in 

the north slope area of central Sichuan Basin, SW China. 

Petroleum Exploration and Development, 2022, 49(5): 

835–846. 

[14] ZHU G Y, WANG T S, XIE Z Y, et al. Giant gas discovery in 

the Precambrian deeply buried reservoirs in the Sichuan 

Basin, China: Implications for gas exploration in old cra-

tonic basins. Precambrian Research, 2015, 262: 45–66. 

[15] ZHENG D Y, PANG X Q, LUO B, et al. Geochemical char-

acteristics, genetic types, and source of natural gas in the 

Sinian Dengying Formation, Sichuan Basin, China. Journal 

of Petroleum Science and Engineering, 2021, 199: 108341. 

[16] WANG Shunyu, LI Xingfu. Geochemical characteristics 

and gas-bearing system of Sinian natural gas in Weiyuan 

and Ziyang areas. Natural Gas Geoscience, 1999, 10(3/4): 

63–69. 

[17] WEI Guoqi, XIE Zengye, BAI Guilin, et al. Organic geo-

chemical characteristics and origin of natural gas in the 

Sinian-Lower Paleozoic reservoirs, Sichuan Basin. Natu-

ral Gas Industry, 2014, 34(3): 44–49. 

[18] ZOU C N, WEI G Q, XU C C, et al. Geochemistry of the 

Sinian–Cambrian gas system in the Sichuan Basin, China. 

Organic Geochemistry, 2014, 74: 13–21. 

[19] LIU Xiangbai, TAO Shizhen, YANG Dailin, et al. Break-

through in exploration of helium rich natural gas in Well 

Datan 1 of Sichuan Basin and main control factors for res-

ervoir formation. Earth Science Frontiers: 1-22[2025-01-02]. 

https://doi.org/10.13745/j.esf. sf.2024.10.17. 

[20] CHEN Jianping, WANG Xulong, CHEN Jianfa, et al. New 

equation to decipher the relationship between carbon 

isotopic composition of methane and maturity of gas 

source rocks. SCIENCE CHINA Earth Sciences, 2021, 64(3): 

470–493. 

[21] DAI Jinxing. Carbon and hydrogen isotopic characteristics 

and identification of various natural gases. Natural Gas 

Geoscience, 1993, 4(2/3): 1–40. 

[22] XIE Zengye, LI Zhisheng, WEI Guoqi, et al. Experimental 

research on the potential of sapropelic kerogen cracking 

gas and discrimination of oil cracking gas. Natural Gas 

Geoscience, 2016, 27(6): 1057–1066. 

[23] QIN Shengfei, ZHOU Guoxiao, LI Jiyuan, et al. The cou-

pling effect of helium and nitrogen enrichment and its 

significance. Natural Gas Geoscience, 2023, 34(11): 

1981–1992. 

[24] LIU Q Y, WORDEN R H, JIN Z J, et al. TSR versus non-TSR 

processes and their impact on gas geochemistry and car-

bon stable isotopes in Carboniferous, Permian and Lower 

Triassic marine carbonate gas reservoirs in the Eastern 

Sichuan Basin, China. Geochimica et Cosmochimica Acta, 

2013, 100: 96–115. 

[25] SUN Y H, JIAO Y Q, WU L Q, et al. Relations of uranium 

enrichment and metal sulfides within the Shuanglong 

uranium deposit, southern Ordos Basin. Journal of Earth 

Science, 2022, 33(2): 395–408. 

[26] LI Jin, LI Zhisheng, WANG Dongliang, et al. On-line de-

tection of oxygen isotope of CO2 in natural gases and its 

application. Acta Petrolei Sinica, 2014, 35(1): 68–75. 

[27] QIN Shengfei, ZHOU Guoxiao, LI Wei, et al. Geochemical 

evidence of water-soluble gas accumulation in the Wei-

yuan Gas Field, Sichuan Basin. Natural Gas Industry, 2016, 

36(1): 43–51. 

[28] QIN Shengfei, TANG Xiuyi, SONG Yan, et al. Distribution 

and fractionation mechanism of stable carbon isotope of 



SONG Zezhang et al. / Petroleum Exploration and Development, 2025, 52(2): 422–434 

 

  434 

coalbed methane. SCIENCE CHINA Earth Sciences, 2006, 

49(12): 1252–1258. 

[29] JIANG L, HU A P, OU Y L, et al. Diagenetic evolution and 

effects on reservoir development of the Dengying and 

Longwangmiao formations, central Sichuan Basin, south-

western China. Petroleum Science, 2023, 20(6): 3379–3393. 

[30] ZHU Guangyou, ZHANG Shuichang, LIANG Yingbo, et al. 

The genesis of H2S in the Weiyuan Gas Field, Sichuan Ba-

sin and its evidence. Chinese Science Bulletin, 2007, 

52(10): 1394–1404. 

[31] XIE Zengye, LI Jian, YANG Chunlong, et al. Geochemical 

characteristics of Sinian-Cambrian natural gas in central 

Sichuan paleo-uplift and exploration potential of Taihe gas 

area. Natural Gas Industry, 2021, 41(7): 1–14. 

[32] SONG Zezhang, LIU Guangdi, LUO Bing, et al. Logging 

evaluation of solid bitumen in tight carbonate in deep- 

buried and ultra-deep-buried strata of the central Sichuan 

Basin. Acta Sedimentologica Sinica, 2021, 39(1): 197–211. 

[33] GAO Ping. Genesis and origin of Sinian bitumen in central 

Sichuan Basin. Beijing: China University of Petroleum 

(Beijing), 2016: 72–86. 

[34] WANG Sihang. Vying in Cambrian shale reservoir charac-

teristics and selection evaluation method research. 

Chengdu: Chengdu University of Technology, 2015: 15–21. 

[35] JIN X D, PAN C C, YU S, et al. Organic geochemistry of 

marine source rocks and pyrobitumen-containing reser-

voir rocks of the Sichuan Basin and neighbouring areas, 

SW China. Marine and Petroleum Geology, 2014, 56: 

147–165. 

[36] WANG Zecheng, LIU Jingjiang, JIANG Hua, et al. Lithofa-

cies paleogeography and exploration significance of Sinian 

Doushantuo depositional stage in the middle-upper Yang-

tze region, Sichuan Basin, SW China. Petroleum Explora-

tion and Development, 2019, 46(1): 39–51. 

[37] LIU Wenhui, WANG Jie, TENG Geer, et al. New knowledge 

of gas source rocks in the marine sequences of South 

China and relevant index system for tracing. Oil & Gas 

Geology, 2010, 31(6): 819–825. 

 


