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Abstract: A scientific exploration well (CK1) was drilled to expand the oil/gas production in the western Sichuan 

depression. Seventy-three core samples and four gas samples from the Middle–Late Triassic strata were 

analyzed to determine the paleo-depositional setting and the abundance of organic matter (OM) and to evaluate 

the hydrocarbon-generation process and potential. This information was then used to identify the origin of the 

natural gas. The OM is characterized by medium n-alkanes (nC15–nC19), low pristane/phytane and terrigenous 

aquatic ratios (TAR), a carbon preference index (CPI) of ~1, regular steranes with C29>C27>C28, 

gammacerane/C30hopane ratios of 0.15–0.32, and δDorg of −132‰ to −58‰, suggesting a marine 

algal/phytoplankton source with terrestrial input deposited in a reducing–transitional saline/marine 

sedimentary environment. Based on the TOC, HI index, and chloroform bitumen “A,” the algal-rich dolomites 

of the Leikoupo Formation are fair–good source rocks; the grey limestones of the Maantang Formation are fair 

source rocks; and the shales of the Xiaotangzi Formation are moderately good source rocks. In addition, 

maceral and carbon isotopes indicate that the kerogen of the Leikoupo and Maantang formations is type II and 

that of the Xiaotangzi Formation is type II–III. The maturity parameters and the hopane and sterane 

isomerization suggest that the OM was advanced mature and produced wet–dry gases. One-dimensional 

modeling of the thermal-burial history suggests that hydrocarbon-generation occurred at 220–60 Ma. The gas 

components and C–H–He–Ar–Ne isotopes indicate that the oil-associated gases were generated in the Leikoupo 

and Maantang formations, and then, they mixed with gases from the Xiaotangzi Formation, which were 

probably contributed by the underlying Permian marine source rocks. Therefore, the deeply-buried Middle–

Late Triassic marine source rocks in the western Sichuan depression and in similar basins have significant 

hydrocarbon potential. 
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1 Introduction 
 

The western Sichuan depression is one of the most profitable hydrocarbon producing areas in the 
Sichuan Basin, SW China (Fig. 1A) The region bounded by 102–106°E latitude and 28°40′–32°40′N 
longitude has an area of approximately 40000 km

2
 (Li et al., 2009). The discovery of the Puguang and 

Yuanba gas fields exemplifies the successful application of a new play concept and new technology to a 
thermally over-mature basin in south western China (Ma et al., 2007; Hao et al., 2008). Locating oil and 
gas reserves in deeply buried marine carbonates has become an important strategy in superimposed basin 
such as the Tarim, Ordos and Sichuan basins in western China (Ma et al., 2007; Hao et al., 2008; Xu et al., 
2015, Pang et al., 2016; Liu et al., 2017; Shen et al., 2017; Hu et al., 2018). Middle to Late Triassic marine 
source rocks, especially algal-rich dolomites, have a great hydrocarbon potential and can supply abundant 
material for giant gas fields (Xu et al., 2011, 2013; Yang, 2016). The weathering carved and algal dolomite 
reservoirs of the Leikoupo Formation have good reservoir potential (Xu et al., 2011, 2013; Feng et al., 2013; 
Liao et al., 2013; Xie, 2015; Yang, 2016). 

A 8.630 × 10
9
 m

3
 commercial gas reservoir was discovered in the algal dolomite reservoirs of the 
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Leikoupo Formation in the Zhongba uplift in 1971 (Xu et al., 2012, 2013; Feng et al., 2013). In 2010, 
scientific exploration well CK1 was drilled by SINOPEC in the central part of the Xiaoquan–Xinchang 
uplift in the western Sichuan depression. The weathering−carved reservoir in well CK1 produced a 
commercial gas flow of 8.680 × 10

5
 m

3
/d during gas tests in the unconformity between the Leikoupo and 

Maantang formations and its cumulative gas production has exceeded 1.2 × 10
8
 m

3
 (Xu et al., 2011, 2013; 

Song et al., 2013; Xie, 2015). Continuous gas discoveries in the Leikoupo Formation have led to increasing 
interest in the Middle–Late Triassic hydrocarbon potential of the western Sichuan depression. By studying 
the lithology and geochemistry of outcrops on the periphery of the western Sichuan depression, previous 
studies (Zhang et al., 2007; Wang and Chen, 2008; Liu et al., 2010; Song et al., 2013; Tang, 2013) have 
determined that the paleo-depositional environment transitioned from marine to terrestrial during the 
Middle to Late Triassic. There are three sets of marine source rocks with the ability to produce 
hydrocarbons in this area (Li, 1993; Wang et al., 2008; Feng et al., 2013): 1) the dark algal-rich dolomite of 
the Middle Triassic Leikoupo Formation, which has an average TOC of 0.36 wt.%, an Ro% of 1.2–1.5%, 
and type II–III kerogen (Qin et al., 2016); 2) the grey muddy limestone of the Late Triassic Maantang 
Formation, which has an average TOC of 0.23 wt.%, an Ro% of 1.0–1.3%, and type II kerogen (Liu et al., 
2010); and 3) the dark mudstone and shale of the Late Triassic Xiaotangzi Formation, which has an average 
TOC of 0.80 wt.%, an Ro% of 1.2–1.3%, and type III kerogen (Ye, 2003; Shen et al., 2008). The gas 
components and the carbon and hydrogen isotopic compositions of these rocks indicate that the gas 
discovered in the Leikoupo Formation (T2l) of the Zhongba gas field probably came from the underlying 
Permian marine mudstone and shale source rocks, and then. it mixed with gas from the dolomite source 
rocks of the Leikoupo Formation (Xu et al., 2012, 2013; Feng et al., 2013; Liao et al., 2013). The gases 
produced in the unconformity between the Leikoupo and Maantang formations in well CK1 originated 
from the self-sourced rocks of the Leikoupo Formation (Song et al., 2013; Yang, 2016). 

However, previous studies have focused on outcrops around the margin of the western Sichuan 
depression, so no complete sections have been created for the central part of the deeply buried depression. 
Thus, it has not previously been possible to systematically identify the paleo-depositional environment 
based on the organic geochemistry and to identify the type and hydrocarbon potential of the source rocks of 
the Middle Triassic Leikoupo Formation and the Late Triassic Maantang and Xiaotangzi formations. 
Consequently, the origin of the natural gas in the unconformity between the Leikoupo and Maantang 
formations is still unclear. 

The purpose of this study is 1) to determine the paleo-environment and sources of the parental organic 
matter (OM) by studying the organic geochemistry of the Middle to Late Triassic source rocks; 2) to 
characterize the source rocks based on the quality of their organic matter, their thickness, the type and 
maturity of their organic matter, and their hydrocarbon generation and potential by analyzing their 
geochemistry and lithology; and 3) to identify the origin of the natural gases produced in the unconformity 
between the Leikoupo and Maantang formations by comparing their natural gas components and carbon, 
hydrogen, and He−Ar−Ne isotopic compositions with those of adjacent gas fields. Combined with the 
results of previous studies, this paper intends to assess the hydrocarbon exploration potential of the Middle 
to Late Triassic strata, which is important for further hydrocarbon exploration in the western Sichuan 
depression. 
 
2 Geologic Settings 
 
2.1 Tectonic and sedimentary environment 

 
The western Sichuan depression is located in the western part of the Yangtze platform (Hu et al., 2012). 

The tectonic deformation patterns of this area are dominated by the Songpan–Ganzi fold belt in the west, 
the Longmen Mountain thrust belt and the Micang Mountain uplift in the north, and the southern Kangdian 
structural belt in the east (Li et al., 2009) (Fig. 1B). The area has a series of major NS-trending thrust faults, 
including the Maoxian–Wenchuan fault (F1), the Beichuan–Yingxiu fault (F2), the Anxian–Guanxian fault 
(F3), and the Longquan mountain fault (F4) (Fig. 1B). These faults were probably formed at the beginning 
of the Middle Triassic and may still be active (Hao et al., 2008; Jiang et al., 2014; Liu et al, 2016). 
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Fig. 1 (A) The location of the study area (China base map after China National Bureau of Surveying and Mapping 

Geographic information. Note: South China Sea Island (SCSI)); (B) Simplified geologic map of the western Sichuan 

depression, modified after Li et al. (2009); (C) XX' geologic cross-section of the western Sichuan Basin. 

 
This area experienced a multi-stage evolution, which can be divided into the following four stages: 1) the 

Paleozoic–Middle Triassic carbonate platform stage; 2) the Late Triassic marginal sea–foreland basin stage; 
3) the Jurassic–Early Tertiary piedmont depression basin stage; and 4) the Neogene–Quaternary extensive 
tectonic deformation stage (Liu et al., 2010; Li et al., 2016) (Fig. 2). During the Late Sinian, Paleozoic–
Mesozoic marine sedimentary sequences were deposited in the depression in the western Sichuan Basin 
(Tang, 2013) (Fig. 1C). A thick layer of carbonates and gypsum were deposited during the Leikoupo period 
in the Middle Triassic in a sedimentary environment characterized by a platform margin and a restricted–
evaporative platform. Due to the Indonesian movement during the Middle to Late Triassic, the Luzhou and 
northeastern edge of the ancient Kaijiang uplifts gradually formed and seawater receded along the eastern 
margin of the depression. Approximately 10 Ma of regional general erosion and karstification formed a 
regional unconformity (Xu et al., 2011; Song et al., 2013). In the Late Triassic, the depression gradually 
transitioned from a marine sedimentary environment to a terrestrial sedimentary environment (Song et al., 
2013; Tang, 2013; Wang and Chen, 2008). During the Maantang period of the Late Triassic, the regional 
formation consisted of muddy limestone deposited in an inner ramp depositional setting (Ye, 2003; Song et 
al., 2012). The Late Triassic Xiaotangzi Formation is composed of shale and mud that were deposited in a 
bay. During the Xujiahe period of the Late Triassic, the sedimentary setting changed from transitional to 
terrestrial, producing a combination of coarse clastic and coal-bearing clastic rocks that were deposited in 
the alluvial fan and lake phases (Li et al., 2009; Xu et al., 2015). From the Jurassic to the Cenozoic, a thick 
set of terrestrial shales, silty sandstones, and sandstones were deposited in fluvial and lake sedimentary 
environments (Fig. 2). 
 
2.2 Stratigraphy 

 
In the study area, Jurassic, Cretaceous, Tertiary, and Quaternary strata are exposed. The oldest basement 

rocks consist of the stable metamorphic rocks of the pre-Cambrian Huodiya Group and the Jinningian 
magmatic rocks (Li et al., 2009; Feng et al., 2013) (Fig. 1C). Marine sedimentation dominated in the basin 
from the Precambrian to the Paleozoic. The successions consist of shale, siltstone, limestone, and dolomite 
that were deposited in an open to restricted marine environment (Hao et al., 2008). The Late Permian 
Changxing Formation consist of ~300 m grey limestones. The Longtan Formation consists of ~200 marine 
black shales and locally distributed coal beds (Fig. 2). The Early Triassic Feixianguan (T1f) and Jialingjiang 
(T1j

3
) formations consist of 500–700 m of white gypsum, dolomite, reefal limestone, and limey dolomite 

(Hu et al., 2012; Jiang et al., 2014) (Fig. 2). The Middle Triassic Leikoupo Formation (T2l) is composed of 
400–1000 m of gypsum, dolomite, and limestone, which can be divided into four members. The Leikoupo 
and Jialingjiang formations are separated by a parallel unconformity, while the Maantang and Leikoupo 
formations are separated by an angular unconformity (Liu et al., 2010) (Fig. 2 and 3). The Late Triaasic 
Maantang Formation (T3m) consists of 50–200 m of grey to dark grey micrite, dolomitic muddy limestone. 
The Late Triassic Xiaotangzi Formation (T3xt) is composed of 100–300 m of dark grey fine-grained 
argillaceous sandstones and grey black shale sitlystones (Xu et al., 2011, 2013; Song et al., 2013). The Late 
Triassic Xujiahe Formation is composed of 250–3000 m muddy siltystones and sandstones and coaly 
sediments (Zhang et al., 2007; Xu et al., 2015). The Jurassic Ziliujing (J1z), Shaximiao (J2s), Suining (J2sn), 
and Penglaizhen (J3p) formations consist of 1800–5600 m mudstones, sandstones, and conglomerates. The 
Cretaceous strata is composed of approximately 2000 m of conglomerates. This area was largely covered 
by ~70 m of unsolidated Cenozoic sediment (Ma et al., 2007; Hao et al., 2008; Jiang et al., 2014; Liu et al., 
2016; Wu et al., 2017). 
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Fig. 2 Integrated gas system stratigraphic column for the western Sichuan depression, modified after Hu et al. (2012). 

 
Well CK1 is 7566.50 m deep and was drilled east of Chengdu (Fig. 1B; 3). This well penetrated the 

Quaternary (Q), Lower Cretaceous Jianmenguan Formation (K1j), Jurassic–Triassic strata (J–T), and the 
third member of the Triassic Jialingjiang Formation (T1j

3
) (Liu et al., 2010; Xu et al., 2011, 2012). The 

focus of our research is the Xiaotangzi Formation (T3xt), at depths of 5478.00–5615.00 m, the Maantang 
Formation (T3m) at depths of 5615.00–5634.00 m and the Leikoupo Formation (T2l) at depths of 5634.0–
6911.50 m. 
 

3 Sample Collection and Methodology 
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3.1 Sample collection 
 

Seventy-three cutting samples were collected from the Middle Triassic Leikoupo Formation and the Late 
Triassic Maantang and Xiaotangzi formations of well CK1. These samples were used to evaluate the 
quantity and quality of the organic matter. These samples were collected at approximately 6 m intervals 
within the dark, OM-rich sections and their petrology of logging interpretation were determined. Forty-
eight grey argillaceous algal-dolomite samples were collected from the Middle Triassic Leikoutpo 
Formation at depths of 5793.00–6739.00 m and 5 shallow grey limestone samples were collected from the 
Late Maantang Formation at depths of 5619.00–5634.00 m. The 20 samples collected from the Late 
Triassic Xiaotangzi Formation at depths of 5478.00–5615.00 m are grey-black silty shale, grey-black shale, 
grey siltstone, and dark mud and shale (Fig. 3). 
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Fig. 3 Geologic section of the geochemical assessment of the source rocks from the Middle Triassic Leikoupo 

Formation and the Late Triassic Maantang and Xiaotangzi formations in well CK1. 

 
Four natural gas samples were collected from the Middle Triassic Leikoupo and Late Triassic Maantang 

formations at depths of 5623.00–5635.00 m, 5655−5657 m, 5680.00–5686.00 m, and 5700.00–5766.50 m 
(Fig. 3). 
 
3.2 Analytical methods 

 
3.2.1 Elemental analysis 

 
Seventy-three source samples were analyzed for total organic matter (TOC) using a LECO-CS200 

analyzer at the Petroleum Geologic Test Center Petroleum Exploration and Development Research Institute 
of the Jianghan Oilfield Company, SINOPEC. Before analyzing for organic richness and source potential, 
each sample was ground into a 200-mesh powder mixture, and then a portion of each powdered sample was 
treated with hydrochloric acid to dissolve the carbonate minerals. Then, the samples were dried and 
combusted in a LECO-CS200 analyzer (Battani et al., 2000; Pernia et al., 2015). 
 
3.2.2 Rock-Eval pyrolysis 

 
Seventy-three source samples were analysed using Rock-Eval pyrolysis. The Rock-Eval pyrolysis was 

performed using an OGE-II oil and gas evaluation workstation at the Petroleum Geologic Test Center 
Petroleum Exploration and Development Research Institute of the Jianghan Oilfield Company, SINOPEC. 
The parameters determined using this analysis are S1 (mg HC/ g rock), S2 (mg HC/ g rock), Tmax 
(temperature of maximum pyrolysis yield), the hydrogen index (HI = mg hydrocarbon (HC) equivalents per 
g Corg), and the production index (PI: S1/(S1+S2); S1 error 8%, S2, error 7%) (Espitalie et al., 1977). 
 
3.2.3 Organic petrography 

 
Seventy-three source samples were analysed for maceral and vitrinite reflectance (Ro) using a Zeiss 

microscope at the Petroleum Geologic Test Center Petroleum Exploration and Development Research 
Institute of the Jianghan Oilfield Company, SINOPEC. First, each sample was demineralized with dilute 
hydrochloric acid (to dissolve the carbonate minerals), washed, and treated with concentrated hydrofluoric 
acid (to dissolve the silicate minerals) following standard kerogen isolation procedures. The kerogen 
macerals were separated from the residual mineral matter by heavy liquid separation using zinc bromide 
(specific gravity 1.85–1.90). Kerogen slides were prepared from concentrated kerogen. The mounting 
medium used was a non-fluorescent synthetic resin. All the samples were also analyzed for macerals using 
the incident light fluorescence mode, excited by ultraviolet (UV, 280–380 nm) and violet light (380–450 
nm) light to determine the sapropelinite, exinite, vitrinite, and inertinite contents (Tu et al., 1998; Battani et 
al., 2000; Tang et al., 2019). 

The vitrinite reflectance (Ro) measurements were performed at a magnification of 500 × in a dark room 
using a Zeiss Axio imager microscope at a wavelength (λ) of 546 nm with an Epiplan−NEOFLUAR 
50×/0.85 oil objective. On average, approximately 20 to 25 vitrinite macerals, were found in each sample, 
and the deviation of the measured points was ±0.20% (Hao et al., 2008; Huang and Lv, 2011; Sachse et al., 
2012). For the carbonate samples, the ultramicro macerals and soild bitumen were cleaned and extracted 
before the elemental analysis was performed. The bitumen reflectance (Rb) measurements were performed 
on randomly oriented grains using conventional microphotometric methods (Feng and Chen, 1988; Hao et 
al., 2007; Yang, 2016), and the Ro values were calculated using the experienced equation (Ro = 0.6569 × 
Rb + 0.34) for the Sichuan basin (Feng and Chen, 1988; Hao et al., 2007; Huang and Lv, 2011; Yang, 2016). 

 
3.2.4 Carbon and hydrogen isotopes for the kerogen 

 
The kerogen of forty-eight carbon source samples from the Leikoupo Formation were analyzed for 

carbon and hydrogen isotopes. The carbon isotopic analyses were performed using a Delta plus XL 
analyzer at the Experimental Research Center of the Wuxi Research Institute of Petroleum Geology of 
SINOPEC. The carbon isotopic compositions (δ

13
Corg) of the kerogen were measured using sealed-tube 

combustion. The bulk rock powders were decarbonated using HCl, were washed with de-ionized water, and 
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were dried and subsequently combusted at 850°C for three hours in evacuated sealed quartz tubes using 
CuO as the oxidant. The liberated carbon dioxide was cryogenically purified in a vacuum distillation line 
and packed into pyrex break-seal tubes. All of the carbon isotopic compositions of the kerogen are reported 
in standard delta notation as per mil deviations from the VPDB standard. The isotopic analyses were 
monitored using an international reference standard (USGS24; -16.0 ± 0.2%) (Daher et al., 2014). 

The hydrogen isotopic compositions of the kerogen were measured using a Delta V isotopic mass 
spectrometer at the Experimental Research Center of the Wuxi Research Institute of Petroleum Geology of 
SINOPEC. Kerogen aliquots (10–20 mg) were combusted in alumina boats in the high temperature furnace 
section of an all glass high-vacuum preparation system. The samples were combusted in excess O2 at 
800°C for 1 h, and the gaseous products were cycled through hot CuO and Ag wool for 0.5 h. The water 
produced in this process was reduced to H2 using uranium metal at ~800°C. The D/H ratio of the H2 was 
determined using an optima isotope mass spectrometer and is reported relative to the V-SMOW standard. 
The equation describing the notation is as follows: 

δD (‰) = [(RSample)/(RV-SMOW) − 1] × 1000, where R = D/H. The analytical precision was ±1‰ V-SMOW. 
The experimental precision (1σ) calculated from duplicate kerogen samples was ±4‰ V-SMOW (Hassan and 
Spalding, 2001). 

 
3.2.5 Chloroform bitumen “A” and hydrocarbon gas chromatography-mass spectrometry (GC-MS) 

 
Seventy-three source samples were analysed for chloroform bitumen ―A‖ and gas chromatography-mass 

spectrometry (GC-MS) at the Petroleum Geologic Test Center, Petroleum Exploration and Development 
Research Institute of the Jianghan Oilfield Company, SINOPEC. 

The chloroform bitumen ―A‖ analysis was performed using the YSB automatic multi-function extraction 
instrument. In preparation for analyzing the saturated hydrocarbons, 5 g of rock powder from each of the 73 
selected samples was extracted using an ultrasonic treatment and was mixed with 40 ml of dichloromethane 
and 40 ml of hexane overnight. The extracts were separated into three fractions using silica-gel based liquid 
chromatography. The aliphatic hydrocarbons were diluted with 5 ml of pentane, the aromatic hydrocarbons 
were diluted with 5 ml of pentane: dichloromethane (40:60), and the polar compounds were diluted with 5 
ml of methanol. 

The bio-markers in the saturated hydrocarbon fraction of the chloroform bitumen A extracts were 
analyzed using gas chromatography-mass spectrometry (GC-MS). The Agilent7890N gas 
chromatograph/Agilent 6890A mass spectrometer was equipped with a HP-5 column. The GC oven 
temperature was increased from 80°C to 300°C at a rate of 4°C min−1 and held for 30 min. Helium was 
used as the carrier gas, the MS conditions were as follows: electron ionozation (EI) of 70 eV and an ion 
source temperature of 50°C. The indentations of the biomarkers were based on the full scan MS. 

 
3.2.6 Natural gases, carbon, hydrogen, and He−Ar−Ne isotopic compositions 

 
Four natural gas samples were analyzed for carbon and hydrogen isotopes and He−Ar−Ne isotopic 

compositions. The natural gas composition was analysed by the Test Center of Southwest Petroleum 
Bureau, SINOPEC. The components of the four gas samples were separated using a gas chromatograph and 
a stream of helium, they were converted into CO2 in a combustion interface, and then, they were introduced 
into the mass spectrometer. The individual hydrocarbon gas components (C1–C5) and CO2 were initially 
separated using a fused silica capillary column (PLOTQ Al2O3 30 m × 0.32 mm). The GC oven temperature 
was increased from 35 to 80°C at 8°C/min, and then, it was increased to 260°C at 5°C/min. The oven was 
maintained at this final temperature for 10 min (Dai et al., 2012). 

Compound specific stable carbon isotope ratios were determined using a Finniagan Mat Delta S mass 
spectrometer in the Geochemistry Department at the Lanzhou Institute of Geology. The samples were 
interfaced with a HP 5890II gas chromatograph using a stream of helium, were converted into CO2 in a 
combustion interface, and then, they were introduced into the mass spectrometer. The individual 
hydrocarbon gas components (C1–C5) and CO2 were initially separated using a fused silica capillary 
column (PLOT Q 30 m × 0.32 mm). The GC oven temperature was increased from 35 to 80°C at 8°C/min, 
and then, it was increased to 260°C at 5°C/min. The oven was maintained at this final temperature for 10 
min. The gas samples were analyzed in triplicate. The stable carbon isotopic values are reported in the 
customary δ notation in per mil (‰) relative to VPDB. The measurement precision of the δ

13
C values is 

estimated to be ±0.5 (‰) (Dai et al., 2012). 
Compound specific hydrogen stable isotope ratios were measured using a Finnigan gas chromatography-

thermal conversion-isotope ratio mass spectrometer (GC-TC-IRMS) in the Geochemistry Department at the 
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Lanzhou Institute of Geology. The gas components were separated using a HP-PLOTO Q column (30 m × 
0.32 mm × 20 μm) and a helium carrier gas at 1.5 ml/min. Split injection was used for methane with a split 
ratio of 1:7 at 40°C. Sample introduction of ethane and propane was accomplished via splitless injection. 
The GC oven temperature was initially 40°C for 4 min, and then, it was increased to 80°C at 10°C/min. 
Then, it was increased to 140°C at 5°C/min, and finally, it was increased to 260°C at 30°C/min. The 
precision was ±3‰ with respect to VSMOW (Dai et al., 2012). 

The He−Ne−Ar isotopic ratios and absolute abundances of all three noble gases (
3,4

He, 
20,22

Ne, 
36,40

Ar) 
were measured using a MM5400 noble gas mass spectrometer (Micromass company) in the Geochemistry 
Department at the Lanzhou Institute of Geology. Part of the gas was introduced into a small volume (5.82 
cm

3
) container connected to a noble gas purification line, and then, hte measured pressure and temperature 

of the gas were used to calculate the absolute amount. The noble gases from the gas samples were purified 
using two Ti-Zr getters heated to approximately 800°C and were separated from the He and Ne by 
adsorbing the gases on a charcoal trap cooled with liquid nitrogen. Then, the Ne was separated from the He 
by adsorbing the Ne onto a sintered stainless steel trap cryogenically cooled to 15 K (Kotarba and Nagao, 
2008). 

 
4 Results 

 
4.1 Elemental analysis 

 
The TOC values of the carbonate source rocks of the Leikoupo and Maantang formations range from 

0.09 to 1.30 wt.% (average: 0.29 wt.%, with more than 60% of the samples having a TOC greater than 0.2% 
(n = 48)) and from 0.15 to 0.33 wt.% (average of 0.23 wt.%, with 40% of samples being greater than 0.2 
wt.% (n = 5)), respectively (Fig. 3) (Appendix 1). The TOC values of the silisiclastic rocks of the 
Xiaotangzi Formation range from 0.53 to 0.95 wt.% (average of 0.76 wt.%, all the samples were greater 
than 0.5 wt.% (n = 20)). 
 
4.2 Programmed pyrolysis 

 
The Rock-Eval pyrolysis (Fig. 3) results indicate that the S1+S2 values of the Leikoupo, Maantang, and 

Xiaotangzi formations vary between 0.08 and 2.50 mg/g with an average of 0.82 mg/g, 0.04 and 0.25 mg/g 
with an average of 0.05 mg/g, and 0.04 and 0.25 mg/g with an average: 0.12 mg/g, respectively. The T-max 
values of the Leikoupo, Maantang, and Xiaotangzi formations are 462–554°C with an average of 480°C, 
513–565°C with an average of 539°C, and 475–582°C with an average of 53°C, respectively. Hydrogen 
index values (HI) of the Leikoupo Formation, the Maantang Formation, and the Xiaotangzi Formation vary 
between 48.90 and 296.40 mgHC/g TOC with an average of 154.83 mgHC/g TOC, between 10.00 and 
18.10 mgHC/g TOC with an average of 12.53 mgHC/g TOC, and between 4.68 and 20.31 mg HC/g TOC 
with an average of 11.08 mgHC/g TOC, respectively. The production index (PI) the Leikoupo Formation, 
the Maantang Formation, and the Xiaotangzi Formation range from 0.19 to 0.65 with an average of 0.46, 
from 0.25 to 0.40 with an average of 0.33, and from 0.15 to 0.48 with an average of 0.30, respectively (Fig. 
3) (Appendix 1). 
 
4.3 Organic lithology 

 
Kerogen is a very heterogeneous complex agglomerate of macerals and usually consists of four parts, i.e., 

sapropelinite, exinite, vitrinite, and inertinite (Tu et al., 1998; Vandenbroucke and Largeau, 2007). Each 
maceral has a different hydrocarbon generation potential. The organic matter type index (TI) can be 
calculated using the compositions of the four kerogen components and the following equation: 

 
TI = 

Sapropelinite × 100+exinite × 50+vitrinite × (−75)+inertinite × (−100)

100
. 

 
Where for TI>80, the kerogen is Type I; for 0<TI<80, the kerogen is type II; and for TI<0, the kerogen is 

type III (Huang and Lv, 2011; Yang, 2016). 
The kerogen maceral microscope observations indicate that the kerogen in the Leikoupo Formation is 

composed of 56–84.30%, sapropelinite, 15.70–43% vitrinite, and 0–1.00% inertinite, (with only minor 
exinite. The kerogen is type II as suggested by its TI index of 22.80–72.50. The kerogen in the Maantang 
Formation consists of 46–54.30% sapropelinite, 44.30–52.30% vitrinite, 0.70–1.00% inertinite, and minor 
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exinite (0.30–1.00%). The kerogen is type II as suggested by its TI index of 3.20–17.60. The kerogen in the 
Xiaotangzi Formation consists of 55.70–64.70% sapropelinite, 33.70–48.00% vitrinite, 0.30–1.70% 
inertinite, and a small amount of exinite. About 40% of the samples are type II, while 60% are type III 
based on their TI indices of −16.50 to 8.90. Compared with the carbonate source rocks of the Leikoupo and 
Maantang formations, the siliciclastic source rocks of the Xiaotangzi Formation have lower sapropelinite 
contents and higher vitrinite contents. The TI index decreases as the amount of organic matter increases and 
the terrestrial input of higher plants increases. The organic matter gradually transits from type II to type III 
(Appendix 1). 

The vitrinite reflectance (Ro) observations indicate that the Leikoupo, Maantang, and Xiaotangzi 
formations have Ro ratios of 1.32–2.09% (n = 27), 1.31–1.40% (n = 5), and 1.30–1.64% (n = 16), 
respectively (Fig. 3) (Appendix 1). The Ro ratios gradually increase with increasing burial depth. 

 
4.4 Carbon and hydrogen isotopes of the kerogen 

 
The δ

13
CKerogen values of the kerogen of the Leikoupo Formation range from −26.6 to −23.6‰ with an 

average of −26.0‰ (n = 45), while the δDKerogen values vary from −132 to −58‰ (n = 45) with an average 
of −99‰ (Fig. 3) (Appendix 2). 
 
4.5 Organic geochemistry 

 
The mass fraction of the chloroform bitumen ―A‖ of the Leikoupo, Maantang, and Xiaotangzi formations 

are 4200–708600 ppm with an average of 62700 ppm (n = 48), 4700–10500 ppm with an average of 7100 
ppm (n = 5), and 6700–70900 ppm with an average of 20700 ppm (n = 20), respectively (Appendix 2). 

The results of the chloroform bitumen ―A‖ extracted fractionation for the Leikoupo, Maantang, and 
Xiaotangzi formations are as follows: the saturated hydrocarbon: 43.28–86.24%, 31.50–52.95%, and 
22.63–60.51%; the aromatic hydrocarbon: 6.99–16.88%, 8.48–11.90%, and 10.43–17.27%; non-
hydrocarbon: 5.17–30.61%, 18.19–33.10%, and 17.22–38.51%; and the asphaltene: 1.30–9.25%, 8.29–
19.37%, and 4.40–27.13%, respectively (Appendix 2). 

The HC values of the Leikoupo, Maantang, and Xiaotangzi formations range from 26.65 to 6606.42 μg/g 
with an average of 481.94 μg/g, 19.81 to 68.10 μg/g with an average of 35.89 μg/g, and 23.54 to 537.41 
μg/g with an average of 110.99 μg/g, respectively (Table 1). 
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Table 1 Summary of multiple parameters of organic matter quality and the thickness of the Middle to Late Triassic marine source rocks from well CK1 

Strata Lithology TOC (wt.%) S1+S2 (mg/g) 

Chloroform 

bitumen ―A‖ 

(ppm) 

HC (μg/g) HI (mgHC/gTOC) Classification 
Thickness 

(m) 
Evaluation criterion 

Leikoupo 

Formation 

（n=48） 

Gray argillaceous 

dolomite, rich gray 

algal dolomite 

(0.21‒1.31)/0.29 (0.08‒2.50)/0.82 
(4200–

708600)/62700 
(26.65‒6606.42)/481.94 (48.90‒296.40)/154.83 Fair to good 384 

(Huang and Lv, 2011; Huo 

et al., 2013; Neville et al., 

2015; Yang, 2016; Hu et 

al., 2018) 

Maangtang 

Formation 

(n=5) 

Gray limestone (0.21‒0.30)/0.23 (0.03‒0.10)/0.05 
(4700–

10500)/7100 
(19.81‒68.10)/35.89 (10.00‒18.10)/12.53 Poor to fair 10 

Xiaotangzi 

Formation 

(n=20) 

Gray silty shale, gray 

and black shale, 

siltstone, dark gray 

shale 

(0.53‒0.95)0.76 (0.04‒0.25)/0.12 
(6700–

70900)/20700 
(23.54‒537.41)/110.99 (4.68‒20.31)/11.08 Moderate 82 

Note: (0.04‒0.25)/0.12 is defined as (min–max)/average. 

Table 2 Overview of the characteristics of the saturated hydrocarbon chromatography of the Middle to Late Triassic source rocks from well CK1  

Strata 
Carbon 

range 
Peak carbon ∑C21-/∑C22+ (C21+C22)/(C28+C29) 

CPI (nC25-

nC34) 
OEP Pr/Ph Ph/n-C17 Ph/n-C18 TAR 

Leikoupo 

Formation 

 (n = 48) 

nC14–nC39 nC18, nC19, nC20 
(0.78–

3.17)/2.10 
(3.11–32.44)/16.61 

(1.03–

1.23)/1.10 

(0.91–

1.06)/1.00 

(0.33–

0.94)/0.76 

(0.30–

0.50)/0.45 

(0.38–

0.56)/0.46 

(0.04–

0.48)/0.09 

Maantang 

Formation  

(n = 5) 

nC15–nC37 nC19, nC20, nC21 
0.93–

2.07)/1.64 
(3.01–17.06)/11.58 

(0.82–

1.12)/1.04 

(0.96–

1.04)/1.00 

(0.37–

0.69)/0.56 

(0.44–

0.55)/0.50 

(0.48–

0.61)/0.55 

(0.07–

0.51)/0.20 

Xiaotangzi 

Formation 

(n = 20) 

nC14–nC38 
nC18, nC19, nC20, 

nC21 

(0.93–

3.03)/2.02 
(3.01–28.78)/12.72 

(0.88–

1.32)/1.15 

(0.97–

1.07)/1.01 

(0.41–

0.87)/0.73 

(0.37–

0.67)/0.45 

(0.40–

0.54)/0.47 

(0.03–

0.53)/0.13 

Note: Pr = Pristine, Ph = Phytane, TAR = Terrigenous aquatic ratio, CPI = Carbon preference index, OEP = Oxygen predominance index, (0.78–3.17)/2.10 is defined as (min–max)/average. 

 
Table 3 Overview of the characteristics of the mass of the saturated hydrocarbon mass spectrometry determined from the Middle to Late Triassic source rocks from well 

CK1 

Strata Ts/(Ts+Tm) 
Sterane 

C29H5220S/20(R+S) 

SteraneC29H52ββ/ 

(ββ+αα) 

Diasterane/regular 

sterane 
C27 (%) C28 (%) C29 (%) Gammacerane/C30H52αβhopane 

Leikoupo 

Formation  

(n = 48) 

(0.32–0.59)/0.39 (0.40–0.51)/0.43 (0.34–0.39)/0.36 (0.05–0.18)/0.09 
(32–

36)/34 

(26–

31)/29 

(34–

40)/37 
(0.08–0.41)/0.32 

Maantang 

Formation  

(n = 5) 

(0.40–0.44)/0.42 (0.40–0.44)/0.42 (0.36–0.39)/0.37 (0.20–0.24)/0.22 
(32–

35)/34 

(27–

28)/28 

(37–

40)/38 
(0.14–0.20)/0.18 

Xiaotangzi 

Formation  

(n = 20) 

(0.38–0.57)/0.45 (0.41–0.46)/0.43 (0.34–0.44)/0.38 (0.10–0.21)/0.15 
(30–

35)/33 

(24–

29)/27 

(38–

43)/40 
(0.10–0.21)/0.15 

Note: The ratio of (0.38–0.57)/0.45 is defined as (min–max)/average. 
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The GC-MS analyses of the saturated hydrocarbons from the rock cuttings extracts detected n-alkane, 

terpane, hopane, and sterane in all of the samples. The biomarker ratios were calculated from the results of 
the organic geochemical analyses and were used to interpret the paleo-depositional environment and 
thermal maturity of the organic matter. The samples (Table 2) contained n-alkanes in the ranging from nC14 
to nC39 with a maximum concentration at nC18–nC20. The (C21+C22)/(C28+C29) ratios of the Leikoupo, 
Maantang, and Xiaotangzi formations vary between 3.11 and 32.44 with an average of 16.61, between 3.01 
and 17.06 with an average of 11.58, and between 3.01 and 28.78 with an average of 12.72, respectively. 
The ∑C21-/∑C22+ ratios of the Leikoupo, Maantang, and Xiaotangzi formations vary between 0.78 and 3.17 
with an average of 2.10, between 0.93 and 2.07 with an average of 1.64, and between 0.93 and 3.03 with an 
average of 2.02, respectively (Appendix 3). The biomarker is dominated by lower molecular n-alkane. 
There is a clear dominance of the medium chain n-alkanes (nC15–nC19) relative to the long chain n-alkanes 
(nC27–nC31). The terrigenous/aquatic ratios (TAR = 

nc27+nc29+nc31

nc15+nc17+nc19
) (Dasher et al., 2014) of the Leikoupo, 

Maantang, and Xiaotangzi formations vary from 0.04 to 0.48 with an average of 0.09, from 0.07 to 0.51 
with an average of 0.20, and from 0.03 to 0.53 with an average of 0.13, respectively, with only four 
samples having TAR ratios greater than 0.2. The carbon preference index (CPI) varies from 0.82 to 1.32 
with an average of about 1.13. The odd and even predominance index (OEP) ranges from 0.91 to 1.07. The 
amount of pristine is less than that of phytane, and the Pr/Ph ratios vary between 0.33 and 0.94. For most 
samples, there is a slight dominance of nC17 and nC18 over pristine and phytane. A visual examination of 
the saturated chromatograms indicates a slight heavy loss of n-alkanes with more prominent unresolved 
complex mixtures (UCM) (Fig. 4). 

Fig. 4 n-Alkane distributions of samples from the Middle Triassic Leikoupo Formation and the Late Triassic Maantang 

and Xiaotangzi formations in well CK1. 
(a) (T2l

2
): 6613–6616 m, argillaceous dolomite with marine algal parent organic matter; (b) (T2l

4
): 5731–5733 m, grey dolomite with marine 

algal parent organic matters; (c) (T3m): 5632–5634 m, grey limestone with marine algal parent organic matter; (d) (T3xt): 5528–5532 m, grey 

dark shale with OM mainly originating from marine algal mixed with small amounts of terrestrial higher plant material. 

 

 

 

 

 

 
This article is protected by copyright. All rights reserved. 



13 
 

Fig. 5 Terpane, hopane distribution and sterane distribution for representative samples from the Late Leikoupo, 

Xiaotangzi, and Maantang formations. 
(a1, a2): (T2l

2
) 6530–6533 m, hypersaline sedimentary and marine algal inputs with advanced thermal maturity; (b1, b2): (T2l

4
) 5711–5713 m, 

dolomite, saline water setting, marine algal input; (c1, c2) (T3m): grey limestone, 5624–5626 m, saline water setting and primarily marine algal 

input; (d1, d2) (T3xt): grey black shale, 5543–5546 m, sub-hypersaline marine setting, increased input of terrestrial organic matter. 

 
The tricyclic terpanes in the range of C19 to C29 are widespread, and all of the samples lack tetracyclic 

terpane or have concentrations below the detection limit (Fig. 5). The Ts/(Ts+Tm) ratios are relatively 
stable and range from 0.32 to 0.59 (Table 3). The gammacerane/C30hopane ratios are higher, ranging from 
0.08 to 0.41. Pregane and homopregane are also widespread. The C27, C28, and C29 regular steranes are C29> 
C27>C28 in all of the samples. The C27, C28, and C29 regular stertanes vary from 31.78 to 36.17% with an 
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average of 33.96%, 26.45 to 31.03% with an average of 29.16%, and 34.75 to 40.80% with an average of 
36.87% in the Leikoupo Formation, respectively. The C27, C28, and C29 regular stertanes vary from 32 to 35% 
with an average of 34%, 27 to 28% with an average of 28%, and 37 to 40% with an average of 38% in the 
Maantang Formation, respectively. The C27, C28, and C29 regular stertanes vary from 30 to 35% with 
average of 34%, 24 to 29% with an average of 27%, 38 to 43% with an average of 40% in the Xiaotangzi 
Formation, respectively (Appendix 4). The C29 sterane 20S/(20S+20R) isomerization ratios vary between 
0.40 and 0.51, the C29 Sterne αββ／(ββ+αα) ratios vary between 0.34 and 0.44, and the diasterane/regular 
sterane ratio range from 0.05 to 0.21 in all of the samples. Table 3 summarizes the sterane, hopane ratios of 
all of the samples. 
 
4.6 Natural gas components and δD and δ

13
C isotopic compositions 

 
The basic molecular geochemical data of the four gas samples from the carbonate reservoir in well CK1 

is presented in Table 4. The gas is composed of 87.24–98.79% methane, 0.24–0.39% ethane, and 0.01–0.73% 
propane. The heavy hydrocarbon contents (C4+) range from 0.01 to 0.49%. The δ

13
CCH4 and δD1 values 

range from −32.0 to −32.8‰ and −140 to −145‰, respectively. The δ
13

C2H6 values vary from −30.0 to 
−34.2‰, only one of the δ

13
C3H8 values was −26.5‰. The non-methane hydrocarbon concentrations were 

low with values ranging from 0.26 to 5.38%. The carbon dioxide (CO2), nitrogen (N2), and hydrogen 
sulfide (H2S) concentrations range from 0.44 to 4.40%, 0.44 to 12.06%, and 0 to 0.67%, respectively. 
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Table 4 Chemical composition and isotopic ratios of the gas samples from the Permian Changxing Formation, the Middle Triassic Feixianguan and Leikoupo formations, 
and the Late Triassic Maantang and Xujiahe formations in the western Sichuan depression 

Gas 

field 
Well Strata Depth (m) 

Main compositions 
 

δ
13

C (VPDB, ‰) 
δD (V-

SMOW, ‰) Origin of 

data CO2 

(%) 

N2  

(%) 

H2S 

(%) 

CH4 

(%) 

C2H6 

(%) 

C3H8 

(%) 

C4+ 

(%) 

C1/∑
(C1+) 

C1/(C2+C3) 
 

δ
13

CH4 δ
13

C2H6 δ
13

C3H8 δ D1 

Zhong 

ba 

Zhong2 T3x
2
 2578.50 0.54 0.46 0.00 90.53 5.75 1.46 0.9 0.92 12.56  −35.3 −24.3 −23.0 −171 

(Dai et al., 

2012) 

Zhong2 T3x
2
 2400.00 0.47 0.27 0.00 90.82 5.77 1.44 0.88 0.92 12.60  −35.5 −24.3 −22.9 −170 

Zhong16 T3x
2
 2446.00 0.56 0.49 0.00 89.80 6.10 1.65 1.06 0.91 11.59  −35.6 −24.3 −22.8 −171 

Zhong19 T3x
2
 2602.00 0.45 0.63 0.00 90.36 5.81 1.53 0.88 0.92 12.31  −35.0 −24.0 −22.5 −170 

Zhong29 T3x
2
 

2269.00–

2361.00 
0.39 0.28 0.00 87.86 6.53 2.1 1.43 0.90 10.18 

 
−34.8 −24.8 −23.7 −171 

Zhong34 T3x
2
 2408.00 0.48 0.53 0.00 90.80 5.70 1.43 0.83 0.92 12.73  −35.4 −24.5 −22.8 −170 

Zhong36 T3x
2
 2628.00 0.52 0.21 0.00 90.90 5.75 1.49 0.85 0.92 12.56  −35.4 −24.4 −22.9 −171 

Zhong39 T3x
2
 2422.90 0.32 0.03 0.00 87.82 6.36 2.7 2.32 0.89 9.69  −36.9 −25.6 −23.2 −173 

Zhong44 T3x
2
 2510.00 0.47 0.91 0.00 90.19 5.79 1.55 0.87 0.92 12.29  −35.0 −24.0 −22.7 −171 

Zhong63 T3x
2
 2366.00 0.46 0.28 0.00 91.00 5.75 1.43 0.85 0.92 12.67  −35.5 −24.4 −23.0 −170 

Zhong21 T2l
3
 3303.00 4.85 2.46 7.77 81.72 1.59 0.49 0.44 0.97 39.29  −33.7 −28.0 −26.5 −140 

(Liao et al., 

2013) 

Zhong23 T2l
3
 3100.00 4.28 2.28 7.28 82.91 1.62 0.49 0.39 0.97 39.29  −35.1 −28.0 −26.7 −141 

Zhong40 T2l
3
 3121.70 5.22 2.02 7.57 82.33 1.51 0.47 0.37 0.97 41.58  −34.5 −28.1 −26.9 −140 

Zhong81 T2l
3
 3231.70 5.37 1.62 7.63 82.38 1.56 0.48 0.38 0.97 40.38  −34.2 −28.6 −26.8 −141 

Xiao 

quan 

CK1 T3m 
5623.00–

5635.00 
4.40 0.44 0.67 94.02 0.39 0.02 0.41 0.99 229.32 

 
−32.0 −34.2 n.d. −143 

This study 

CK1 T3m-T2l
4
 

5655.00–

5660.00 
0.77 0.54 0.00 93.29 4.16 0.73 0.49 0.95 19.08 

 
n.d. n.d. n.d. n.d. 

CK1 T2l
4
 

5680.00–

5686.00 
0.00 0.74 0.00 98.79 0.37 0.02 0.39 0.99 253.31 

 
−32.8 −30.0 −26.5 −140 

CK1 T2l
4
 

5700.00–

5766.50 
0.44 12.06 0.00 87.24 0.24 0.01 0.01 1.00 348.96 

 
−32.5 −32.20 n.d. −145 

CK1 T3m 

5623.00–

5635.00 

4.46 0.39 0.26 94.47 0.36 0.02 0.00 0.99 248.61  n.d. n.d. n.d. n.d. 

(Xie, 2015) 

CK1 T3m 4.47 0.43 0.72 93.94 0.36 0.02 0.00 0.99 247.21  n.d. n.d. n.d. n.d. 

CK1 T3m 4.62 0.41 0.00 94.53 0.36 0.02 0.00 0.99 248.76  n.d. n.d. n.d. n.d. 

CK1 T3m 4.78 0.30 0.02 94.57 0.33 0.00 0.00 0.99 286.58  −33.2 −34.8 −32.6 −147 

CK1 T2l
4
 

5680.00–

5686.00 
0.00 1.64 0.00 97.98 0.28 0.01 0.00 0.99 337.86 

 
n.d. n.d. n.d. n.d. 

He 

wan 

chang 

He7 T1f
3
 n.d. 0.27 3.27 0.00 95.84 0.36 0.02 0.44 0.99 252.21  −31.2 n.d. n.d. n.d. 

(Huang et 

al., 2011) 
He14 T1f

2–3
 n.d. 0.45 0.94 0.00 97.76 0.66 0.05 0.02 0.99 137.69  −31.5 −31.3 n.d. n.d. 

He1 P2ch n.d. 0.35 1.15 0.05 97.85 0.54 0.05 0.02 0.99 165.84  −35.4 −35.4 n.d. n.d. 

Note: T1f
2–3

 = Early Triassic second to third member of the Feixianguan Formation, T1f
3
 = Early Triassic third member of the Feixianguan Formation, T2l

3
 = Middle Triassic third member of the Leikoupo Formation, 

T2l
4
 = Middle Triassic fourth member of the Leikoupo Formation, T3m = Late Triassic Maantang Formation, T3x = Late Triassic Xujiahe Formation, n.d. = No data.  
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4.7 He–Ne–Ar isotopic compositions 

 
Three noble gas samples from the study area were analyzed. The results obtained in this paper are similar 

to those of previous studies on the western Sichuan depression (Table 5). Low 
4
He concentrations (24.70 × 

10
−6

 to 179.00 × 10
−6

) and low 
3
He/

4
He (Ra) ratios (0.01–0.02) were determined for all of the samples. The 

20
Ne values of the samples range from 0.13 × 10

−6
 to 3.05 × 10

−6
, and the 

4
He/

20
Ne ratios range from 60.75 

to 745.20. The 
40

Ar values range from 106.50 × 10
−6

 to 1429.00 × 10
−6

. The 
38

Ar/
36

Ar, 
40

Ar/
36

Ar, and 
4
He/

20
Ar ratios range from 0.17 to 0.19, 296.80 to 326.10, and 0.13 to 1.68, respectively. 

 
Table 5 He–Ar–Ne isotopic compositions of the natural gas samples obtained from the western Sichuan 

depression 

Gas field Well Strata Depth (m) 
3
He/

4
He (1 × 10

−6
) 

4
He/

20
Ne 

4
He/

40
Ar 

40
Ar/

36
Ar Origin of data 

Xiaoquan 

CK1 T3m 5623.00–5635.00 0.0090 745.20 1.68 317.30 

This study CK1 T2l
4
 5680.00–5686.00 0.0100 197.80 0.19 326.10 

CK1 T2l
4
 5700.00–5766.50 0.0140 60.75 0.13 296.80 

Xin22 T3x
4
 3884.01 0.0206 878.00 6.34 360.00 

(Wang et al., 2013a) 

Xin101 T3x
4
 – 0.0248 1618.00 6.04 342.00 

Lian116 T3x
4
 3959.90 0.0299 2602.00 6.95 405.00 

Chuanfeng563 T3x
4
 3742.50 0.0304 1254.00 6.57 343.00 

Xin856 T3x
2
 4592.00 0.0343 2783.00 6.69 427.00 

Xin10 T3x
2
 4908.00 0.0428 1350.00 8.99 471.00 

Chuanhe127 T3x
2
 4581.50 0.0434 1595.00 5.94 491.00 

 
5 Discussions 

 
5.1 Paleo-depositional setting and origin of parent organic matter 

 
The organic matter structures can be linked to biological and geological processes, so we can use 

biomarkers to evaluate the sedimentary environment and types of organic matter (Peters and Cassa, 1994). 
The pristane/phytane (Pr/Ph) ratio is an indicator of the depositional environment, but it has low specificity 
due to the interference of thermal maturity and source inputs (Peters et al., 2005; Idris et al., 2008). 
Pr/Ph >1 and Pr/Ph<1 are generally considered to be representative of oxic and anoxic depositional settings, 
respectively (Didyk, 1978; Damsté et al., 1987; Peters et al., 2005; Kashirtsev et al., 2008). All of the 
samples from the Middle to Late Triassic marine source rocks have Pr/Ph<1 (0.33–0.94) (Table 2) (Fig. 3), 
suggesting a low energy environment and a reducing to transitional depositional environment. On the plot 
of Pr/n-C17 vs. Pr/n-C18, most of the samples plot in the marine to transitional field (Fig. 6).  

 

 
This article is protected by copyright. All rights reserved. 

file:///C:/Users/Administrator/Desktop/SCI%20I%20Switch%20journal/换期刊-其他/Tables.rtf%23_ENREF_40


17 
 

Fig. 6 Isoprenoids and n-alkanes suggest the organic matter was deposited in a low energy environment under anoxic to 

transitional conditions during a high maturity evolutionary stage. The organic matter originated from a marine algal 

material mixed with terrestrial material (Shanmugam, 1985; Słowakiewicz and Mikołajewski, 2011; Ribeiro et al., 

2013). 

 
Hopane and gammacerane are generally considered to be bacterial in origin (Liang et al., 2015). The 

gammacerane/C30hopane ratios of the samples indicate a stratified water column associated with 
hypersalinity (Permanyer et al., 2005; Gao et al., 2015; Liang et al., 2015). The gammacerane/C30hopane 
ratios of the samples range from 0.15 to 0.32 (Table 3) (Fig. 5), suggesting that the depositional setting had 
a high hypersalinity in the Middle to Late Triassic. Usually, the hydrogen isotopic composition of the 
kerogen primarily reflects the salinity of the depositional medium in which the source rocks were deposited. 
The hydrogen isotopic values of the kerogen are −132‰ to −58‰ with the average value of −99‰ (Fig. 3). 
They are higher than −130‰, indicating a hypersalitnity environment for the source rocks (Wang et al., 
1997). 

The n-alkanes range from nC14 to nC39 with maximum concentrations of nC18, nC19, and nC20. There is a 
predominance of medium carbon range (C20) n-alkanes, and the (C21+C22)/(C28+C29) ratios vary from 3.01 
to 32.44 with an average of 11.58–16.61. The ∑C21−/∑C22+ ratios vary from 0.78 to 3.03 with an average of 
1.64–2.10. The distributions and variation trends display a predominance of lower molecular n-alkanes, 
which indicates algal/phytoplankton-derived OM (Ribeiro et al., 2013).  

The terrigenous/aquatic ratio (TAR) can be used to estimate the relative contribution of terrigenous and 
marine source sediments. Ratios of less than 0.2 indicate organic matter dominated by marine material, 
whereas ratios of greater than 0.2 indicate organic matter dominated by terrestrial material (Peters et al., 
2005; Kucuksezgin et al., 2012). The TAR values vary between 0.03 and 0.53 with an average of 0.09, 
which is less than 0.2, which suggests a high contribution from marine OM. This interpretation of a marine 
organic matter source is consistent with the Pr/n-C17 vs. Ph/n-C18 diagram (Fig. 6). If the CPI and OEP 
indices are significantly greater than 1, the organic matter was derived from terrestrial plants, while marine 
algal sources are indicated by CPI and OEP indices of ~1 (Sachse et al., 2012). All of the samples in this 
paper have CPI values of 1.04–1.15 and OEP values of 0.91–1.07, indicating that the organic matter had a 
marine algal origin. Pregane and homopregnane are widespread and the tricyclic terpanes are distributed 
between C19 and C29, which also indicates contributions from algal material (Tissot and Welte, 1984; 
Sachse et al., 2012). 

Due to the close relationship between the sterane and source rocks deposited in a lacustrine setting, the 
relative abundances of the C27, C28, and C29 steranes can be used to interpret the depositional setting of the 
original source material (Obaje et al., 2004; Hakimi et al., 2015) (Fig. 5). A predominance of C27 and C28 
steranes indicates a marine-derived source while C29 sterane is derived from a terrigenous source (Huang 
and Meinschein, 1979). All of the samples have regular sterane abundances with C29>C27>C28 (Table 3). 
The three of regular steranes create a V-shaped pattern on the m/z 217 ion chromatogram (Fig. 5). The 
ternary plot of the C27, C28, and C29 steranes from the Middle to Late Triassic source rocks shows a very 
tight grouping closer to the C29 steranes, suggesting that phytoplankton and zooplankton are the main 
parent organic matter source, but that higher plants also contributed (Fig. 7). In summary, all of the 
investigated samples appear to be predominantly marine-derived OM mixed with terrestrial higher plant 
contributions. 
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Fig. 7 Regular sterane ternary diagram for samples from the Middle Triassic Leikoupo Formation and the Late Triassic 

Maantang and Xiaotangzi formations (n = 73), suggesting that the organic matter was primarily from phytoplankton 

and zooplankton, but was mixed with small amounts of higher plants (Peters et al., 2005). 

 
The restricted-evaporative platform environment had a great potential for organic material productivity 

(Yang, 2016). Massive amounts of various organisms died during the evaporate-forming period 
(salinization period) due to an increase in the mixing of waters with various salinities and water stagnation 
near the bottom of the quiescent depositional sight (Li et al., 2006). In addition, the bottom layer of water 
was weakly reducing, with few marine algal aquatic organisms (Schaeffer et al., 1995; Chen et al., 2006). 
Under such conditions, only marine algal and anaerobic bacteria could survive. Dead organisms sank into 
the salt water at the bottom of the evaporative basin, where anoxic restricted benthic biota, herbivores, and 
scavengers were present. 

In summary, the paleo-depositional setting had high biological productivity, was quiescent, and was an 
anoxic depositional setting with restricted seawater circulation and brackish salinity during the Middle to 
Late Triassic. This was conducive to producing and preserving organic matter, providing abundant 
biological material sources, and providing the foundations for hydrocarbon generation and accumulation in 
the study area (Katz, 1995; Song et al., 2013). 
 
5.2 Organic matter quality and source rock thickness 

 
Organic matter richness is determined by the total organic carbon (TOC), pyrolysis parameters (S1+S2 

value), chloroform bitumen A, HC, and the HI index (Li et al., 2006; Xue et al., 2006; Liu et al., 2013; Xu 
et al., 2013). According to Akande (2012), a TOC value of 0.5 wt.% is considered the minimum value for 
an effective source rock (Sfidari et al., 2016). Katz et al. (2000) concluded that the abundance of 
hydrocarbons in shale and limestone are similar, but the organic carbon contents of carbonate rocks are 
significantly lower than those of shale. While 0.5%, 0.2%, and even 0.1% have been proposed as the 
standard for the organic abundance of carbonate source rocks by different researchers. Consequently, a 
lower TOC threshold value of 0.20% has be widely recognized for the highly-evolved advanced thermal 
maturity carbonate source rocks in the western Sichuan depression (Palacas, 1983; Magoon, 1988; Qin et 
al., 2004; Liu et al., 2006; Huo et al., 2013; Yang, 2016; Hu et al., 2018). The S1+S2 threshold value is 0.50 
mg/g, the chloroform bitumen ―A‖ threshold value is <0.01%, the ―HC‖ threshold value is <50 ug/g 
(Huang and lv, 2011; Huo et al., 2013), and the HI threshold value is <100 mgHC/gTOC (Neville et al., 
2015). The previously mentioned multiple parameters, i.e., TOC, S1+S2, chloroform bitumen ―A‖, HC, and 
the HI index, and the plot of TOC vs. HI (Fig. 8) were used to comprehensively identify the quality and 
quantity of the source rock. The changes in the depositional environment and biological processes caused 
vast variability in these parameters within individual layers (Fig. 3). These parameters are summarized in 
Table 1. 

 

Fig. 8 Plot of TOC versus HI for samples from the Middle Triassic Leikoupo Formation and the Late Triassic Maantang 

and Xiaotangzi formations (Sfidari et al., 2016). 

 
All of these parameters suggest a promising hydrocarbon producing potential for the grey argillaceous 

dolomite and grey algae-rich dolomite source rocks of the Leikoupo Formation (Fig. 8). With 60% of the 
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samples being fair to good source rocks. The source rock thickness is 384 m and the first, second, third, and 
fourth members of the Leikoupo Formation are 34 m, 220 m, 56 m, and 74 m thick, respectively (Fig. 3). 
The 10 m thick poor-to-fair grey limestone gas source rocks of the Maantang Formation have been proven. 
In addition, although they were organic-rich (TOC of 0.53 to 0.95 wt.% with an average of 0.76 wt.%), 
they yielded little hydrocarbons after pyrilysis (S1+S2 of 0.04 to 0.25 mg/g with an average of 0.12 mg/g). 
This appears to be the result of an advanced level of thermal maturity rather than a characteristic of the 
initial kerogen, suggesting that the shale, mud, black silty shale, and grey shale rocks of the Xiaotangzi 
Formation have reached the criteria for moderate siliciclastic source rocks with a thickness of 82 m (Fig. 3). 
 
5.3 Types of organic matter 

 
The type of organic matter is an important parameter for evaluating the potential of source rocks and has 

an important influence on hydrocarbon production (Akande, 2012). The results of the maceral observations 
indicate type II kerogen in the carbonate source rocks of the Leikoupo and Maantang formations. The 
sapropelinite contents decrease in the siliciclastic source rocks of the Xiaotangzi Formation, while the 
vitrinite contents increased and the TI index decreased. The organic matter was heavily influenced by the 
input of terrestrial higher plants, and thus, it gradually transited from type II to type III (Fig. 9). Since other 
parameters, such as the HI vs. T-max diagram, are affected by maturity. therefore, this method cannot be 
used to determine the original material type of highly evolved samples (Alsharhan, 2003; Ye et al., 2007; 
Pernia et al., 2015). 

 

Fig. 9 Ternary diagram of the maceral distribution of samples from the Middle Triassic Leikoupo Formation to the Late 

Triassic Maantang and Xiaotangzi formations (n = 73). The source rocks are mainly composed of sapropelinite, 

vitrinite, and inertinite with a small amount of exinite. The sapropelinite content is larger than the vitrinite and inertinite 

contents in the Leikoupo Formation. The maceral is located in the transitional zone in the Maantang Formation. The 

vitrinite and inertinite contents are larger than the sapropelinite content in the Xiaotangzi Formation. 

 
The results of the chloroform bitumen ―A‖ extraction indicate that the rock samples from the Leikoupo 

and Maantang formations have higher saturated and aromatic hydrocarbon contents, while the asphaltenes 
and non-hydrocarbon contents are much higher in the Xiaotangzi Formation. These results indicate that the 
OM contains significant sapropel–humic. The OM produced in the Leikoupo and Maantang formations has 
better hydrocarbon generation than that produced in the Xiaotangzi Formation (Fig. 10). 
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Fig. 10 Ternary diagram of the chloroform bitumen ―A‖ fractionation of samples from the Middle Triassic Leikoupo 

Formation and the Late Triassic Maantang and Xiaotangzi formations (n = 73), suggesting that the Leikoupo Formation 

is mainly composed of saturated hydrocarbons and non-hydrocarbons, while the Xiaotangzi Formation has a higher 

content of asphaltenes and aromatics. The hydrocarbon generation capability of the OM in the Xiaotangzi Formation is 

lower than those of the Leikoupo and Maantang formations. 

 
The kerogen carbon isotopes, which can be used to distinguish the type of parent material, are believed 

to be a heterogeneous carbon mixture and are mainly influenced by the organic matter type and 
sedimentary environment. The carbon isotope values of marine sapropel organic matter (type I) are less 
than −28‰, the carbon isotope values of humic-type organic matter (type III) are greater than −24‰, and 
the carbon isotope values of the sapropel-humic organic matter (type II) range from −28 to −24‰. The 
δ

13
Corg values of the samples varies between −26.6‰ and −23.6‰ with an average of −25.5‰. Except for 

one isolated sample from the top of the Leikoupo Formation, which is close to being a type III, the majority 
of the samples are type II organic matter (Wang et al., 1997). 

In summary, although the kerogen does exhibit some variability, the organic matter type indices 
generally demonstrate that the carbonates of the Maantang and Leikoupo formations are type II and the 
siliceous source rocks of the Xiaotangzi Formation are type II–III based on the reference curve. 
 
5.4 Maturity of the organic matter 

 
Vitrinite reflectance (Ro) is a key diagnostic tool for assessing maturity. As maturity increases, the ability 

of the vitrinite to reflect light increases. A vitrinite reflectance scale that correlates with the degree of 
reflectance maturity has been developed. A reflectance of 1.3%< Ro <2.0% indicates a mature stage II 
(degradation period) in which the main products are wet gas. A reflectance of Ro>2.0% suggests an over-
mature stage (metamorphic period) in which the main product is dry gas (mainly CO2) (He et al., 2010; 
McCarthy et al., 2011; Tissot and Welte, 2012). The Ro values of the samples range from 1.30% to 2.09% 
and Ro increases with depth (exclude a few Ro values that did not increase or even decreased with 
increasing depth due to the different analysis methods used and measurement errors). This trend indicates 
that the source rocks are mature to over-mature, and the main product is wet-dry gas (Figs. 3, 11A and 11B). 
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Fig. 11 (A) One-dimensional model showing the burial history of the strata in well CK1 since the Middle Triassic. (B) 

Calculated (line) and measured (dots) vitrinite reflectance profiles for well CK1. (C) Heat flow (mW/m2) variations for 

the strata in well CK1. (D) Temperature history for the strata in well CK1. (E) Maturity history for the strata in well 

CK1. (F) Bulk hydrocarbon generation rate and evolution over time. 

 
These results are supported by others geochemical parameters. A T-max of less than 435°C generally 
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indicates immature organic matter; a T-max between 430°C and 460°C indicates that the organic matter is 
mature and is oil-producing; and a T-max greater than 475°C is commonly associated with wet-gas 
production (Peters, 1986; Peters and Cassa, 1994). The average T-max values of the samples range from 
480°C to 539°C, indicating that the organic matter has reached a highly mature stage for producing gas. 
This suggests that the samples have been influenced by advanced degrees of thermal maturity and lithology 
(Fig. 3). 

In addition, a minimum production index (PI) of 0.10–0.25 is required for early oil generation and a PI of 
0.25–0.40 is required for peak generation. A value larger than 0.40 is on the cusp of the wet-gas zone 
(Peters, 1986; Magoon and Dow, 1991; Nady and Harb, 2010). The PI values of the samples range from 
0.33 to 0.46, suggesting that they have reached the wet-gas zone and have entered the maximum gas 
generation stage. 

The biomarker-based thermal maturity parameters, i.e., the 20S/(20S+20R) and αββ/ (ααα+αββ) ratios 
for the C29 steranes, were calculated to analyze the thermal maturity of the source rocks. The C29 steranes 
are thermally dependent and the 20S/(20S+20R) ratios increase to an equilibrium value of ~0.55, while the 
αββ/ (ααα+αββ) ratio reached an equilibrium value of ~0.70 around the peak oil generation. In this study, 
the 20S/(20S+20R) and αββ/ (ααα+αββ) ratios are 0.40–0.51 and 0.34–0.44, respectively, indicating that 
the source rocks are mature (Seifert and Moldowan, 1986; Luo et al., 2006). The C29 diasterane/C29 sterane 
ratios exhibit low concentrations (0.05 to 0.21), in which is typical of carbonate-rich rocks of advanced 
maturity (Whittaker et al., 2009). Another maturity related parameter is the Ts/(Ts+Tm) ratio, which is 
controlled to some degree by the lithology or oxidizability of the depositional environment. The Ts value is 
more stable with respect to thermal maturation than the Tm value, so the Ts/(Ts+Tm) ratio increases from 
nearly 0 to ~1 with maturity (Waseda and Nishita, 1998). The Ts/(Ts+Tm) ratios of the samples range from 
0.32 to 0.59, further supporting the mature characteristic of the organic matter (Ribeiro et al., 2013). 

In summary, all of the maturity parameters indicate that the wet–dry gas generation zone has been 
reached by the organic matter of the Middle to Late Triassic source rocks. The OM has already generated 
bulk liquid hydrocarbon and gases, which supplies abundant material for hydrocarbon accumulation. 
 
5.5 Hydrocarbon generation process and potential 
 

The kinetic parameters indicate that the kerogen decomposes within a narrow temperature interval due to 
the homogenous structure of algal-derived organic matter (Sachse et al., 2012). The kinetic parameters, 
vitrinite reflectance data, erosion thickness, paleo-heat flow (HF), paleo-water depth (PWD), and 
sedimentary water surface temperature (SWIT) were used to construct a one-dimensional model of the 
burial, thermal, and maturation histories of well CK1. This model suggests that the deepest burial (~8510 m) 
for the Middle Triassic Leikoupo Formation and Late Triassic Maantang and Xiaotangzi formations took 
place during the Cretaceous (~65 Ma). Hydrocarbon generation occurred from the Late Triassic to the Early 
Tertiary (~220–60 Ma). The source rocks gradually generated smaller amounts of hydrocarbons with time 
until they reached their deepest burial depth (Xie, 2015). 

This model is consistent with the geologic history described by Yang et al. (2010), Qin et al. (2016), and 
Hu et al. (2018). The measured vitrinite reflectance values reflect the maximum temperatures during burial 
and were used to calibrate the model (Fig. 11A and 11B). At the end of the Late Triassic (~220 Ma), the 
Middle Triassic Leikoupo Formation and the Late Triassic Maantang and Xiaotangzi formations attained 
depths of ~3000 m, burial temperatures of 90°C, and maturities of 0.5% VRf (Fig. 11A). From 180 to 65 
Ma, the rocks were buried deeper. The Middle Triassic Leikoupo Formation and Late Triassic Maantang 
and Xiaotangzi formations reached their maximum burial depth of ~8510 m in the Late Cretaceous (65 Ma).  

The study area has experienced three erosion events. ~50 m of material was eroded from the Leikoupo 
Formation at 240–230 Ma, ~100 m of material was eroded from the Xujiahe Formation at 225–216 Ma, and 
~1000 m of Cretaceous strata was eroded at 65–2.6 Ma. Maturity (Fig. 11E) of the samples increased from 
the Middle–Late Triassic (0.5% VRf) to the Late Cretaceous (2.3% VRf), and the maturity remained stable 
thereafter.  

The PWD ranged from 23.00 m to 10.00 m from the Triassic to the present. The highest SWIT 
temperatures for the Middle to Late Triassic were 25°C, whereas the SWIT temperatures gradually 
decreased from the Late Cretaceous to the present-day value of ~15°C. The heat flow history of the Middle 
to Late Triassic interval (Fig. 11D) has the highest values (55 mW/m

2
) for the Triassic, while deposition of 

the Cretaceous and Cenozoic sediments led to a slight decrease in heat flow (45 mW/m
2
) until the present 

(Zhu et al., 2015). 
In accordance with the other maturity parameters, i.e., T-max measured from Rock-Eval pyrolysis, 

vitrinite reflectance, and biomarker analysis, the OM in all of the samples was classified as post-mature and 
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contains type II–III kerogen. The measured pyrolysis product generation curves were used to calculate the 
kinetic parameter data set composed of a discrete activation energy distribution for first-order reactions 
with Arrhenius-type temperature dependence using a single pre-exponential (frequency) factor (Sachse et 
al., 2012). The activation energy is characterized by a narrow distribution, typical of type II and type III 
kerogens, which indicates a relatively homogeneous OM assemblage (Fig. 11A). Based on the bulk kinetic 
parameters, the mean activation energy of the OM ranges from 40 to 62 kcal/mol with a frequency factor of 
2.60 × 10

14
/s in the Leikoupo and Maantang formations and between 52 and 70 kcal/mol with a frequency 

factor of 3.20 × 10
14

/s in the Xiaotangzi Formation (Pu, 1998).  
The vitrinite reflectance evolution, generation rates, and transformation ratios (temperature and timing of 

petroleum generation) were calculated using a heating rate of ~2.2°C/Ma (Fig. 13B–C), which agrees with 
the average value for sedimentary basins (Zhu et al., 2015). The early liquid hydrocarbon generation 
occurred at temperatures of 90°C to 150°C from the Late Triassic to the Middle Jurassic (~220–170 Ma). 
Wet and dry gas generation occurred at temperatures of 150°C to 195°C from the Middle Jurassic to the 
Early Tertiary (~170–60 Ma). Secondary thermally cracking of the liquid hydrocarbons produced in the 
early stage into gases occurred as geothermal evolution progressed. This gas combines with the 
thermogenic gases from the advanced maturity stage generated from the kerogen of the OM. The two 
stages of hydrocarbon generation potential of the OM were developed during successive processes. This is 
consistent with published data for type II–III kerogens (Pu, 1998; Zhao et al., 2005; Hu et al., 2018) (Fig. 
11). The gas generation intensity of the source rocks is about 1–4 × 10

9
 m

3
/km

2
. According to TSM Basin 

modelling calculated by Xu et al., (2013), the natural gases resource volume of the Middle Triassic 
Leikoupo Formation is estimated to be 9839 × 10

8
 ~ 1.201 × 10

12
 m

3
, which is sufficient material for 

hydrocarbon potential (Xu et al., 2012; Xie, 2015; Hu et al., 2018). 
The temperature versus generation rate, calculated from the vitrinite reflectance curves for the Middle to 

Late Triassic samples, are presented in Figures 11B–C; and the data for the onset of hydrocarbon 
generation (100% TR) and the peak generation (geological T-max) temperature are presented in Figure 11F. 
 
5.6 Natural gas comparison and original analysis 

 
This study used four gas samples from well CK1 and data for twenty-two Triassic and Permian strata 

samples to identify the type and origin of the gases in well CK1 (Huang et al., 2011; Dai et al., 2012; Liao 
et al., 2013; Xie et al., 2015; Qin et al., 2016) (Table 4). The compositions and carbon and hydrogen 
isotopic compositions of the samples were compared with those of neighbouring gasfields, located in the 
western Sichuan depression, and with gases derived from the same or overlying and underlying strata of the 
Middle Triassic fourth member of the Leikoupo (T2l

4
) to the Late Triassic Maantang (T3m) reservoir 

formations in well CK1. Those strata include the Late Triassic third member of the Xujiahe Formation 
(T3x

3
) and the Middle Triassic third member of the Leikoupo reservoir Formation (T2l

3
) in the Zhongba gas 

field, and the Early Triassic third member of the Feixianguan (T1f
3
) to the Late Permian Changxing (P2ch) 

reservoir formations in the Hewanchang gas field (Fig. 1B) (Liao et al., 2013). 
 
5.6.1 Natural gas composition 

 
Compared with the natural gases from the Late Triassic Xujiahe Formation (T3x

2
) in the Zhongba gas 

field, the natural gas components in well CK1 are not the same at different depths and contain higher 
methane and hydrogen sulfide (H2S), and the ethane and propane contents are lower than those of the 
Xujiahe Formation (T3x

2
) (Table 4). The coal-derived gases from the third member of the Xujiahe 

Formation (T3x
2
) are moist, do not contain hydrogen sulfide (H2S), and contain less CO2, so the gases likely 

originated from different sources. Compared with the gases from the Zhongba Leikoupo Formation, the 
dryness coefficients were similar, the H2S content was lower than that of the gases from the Leikoupo 
Formation in well CK1, and the N2 and CO2 contents were similar, indicating that portions of the gas 
source were consistent. Compared with the oil-associated gases of the Hewanchang gas field, the dryness 
coefficients were the same, but the methane content of the Leikoupo Formation are lower and the CO2 and 
N2 contents were of the Leikoupo Formation are higher, suggesting that the natural gas type and parent 
organic material had similar marine source rocks (Xu et al., 2012; Feng et al., 2013; Gonzalez-Penagos et 
al., 2016) (Table 4). 
 
5.6.2 δD and δ

13
C of the natural gas 

 
Gases generated from humic organic matter have heavier δ

13
C than those generated from sapropelic 
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sources, especially in ethane generation (Dai et al., 2012). Based on previous studies and the geologic 
setting of the Sichuan Basin, SW China, a cutoff of δ

13
CC2H6 = −28‰ differentiate the coal-derived and oil-

associated gases of the Sichuan Basin. Heavier values indicate coal-derived gases, while lower values 
indicate oil-associated gases (Dai et al., 2012). Utilizing this criterion, the gases from the Middle Triassic 
fourth member of the Leikoupo (T2l

4
) Formation to the Late Triassic Maantang (T3m) Formation in well 

CK1 and the Late Permian Changxing (P2ch) Formation to the Early Triassic Feixianguan (T1f) Formation 
in the Hewanchang gas field are oil-associated gases. The gases from the Late Triassic Xujiahe Formation 
(T3x) in the Zhongba gas field are coal-derived gases, while those from the third member of the Middle 
Triassic Leikoupo Formation (T2l

3
) are oil-associated gases with coal-derived mixtures (Fig. 12). 

 

Fig. 12 Plot of the carbon isotopes of methane vs. ethane from the Permian to Triassic strata in the western Sichuan 

depression. 

 
The origins of gases and possible gas generation processes were initially investigated by plotting data on 

a Bernard diagram, which combines the molecular composition C1/(C2+C3) and the carbon isotopic 
information (δ

13
CCH4) (Bernard et al., 1978; Whiticar, 1999; Burruss and Laughrey, 2010). Almost all of the 

gases fell into the range of thermogenic gas, which indicates that the origin of the source rocks of the fourth 
member of the Middle Triassic Leikoupo (T2l

4
) Formation to the Late Triassic Maantang (T3m) Formation 

in well CK1 contain type II kerogen (Fig. 13); the source rocks of the Early Triassic Feixianguan (T1f
3
) 

Formation to the Late Permian Changxing (P2ch) Formation in the Hewanchang gas field contain type II 
kerogen (Fig. 13); the source rocks of the Middle Triassic Leikoupo (T2l

3
) Formation in the Zhongba gas 

field contain type II-III kerogen (Fig. 13); and the source rocks of the Late Triassic Xujiahe (T3x) 
Formation in the Zhongba gas field contain type III kerogen (Fig. 13). The maturity of the source rocks 
increases with increasing depth (Fig. 13). The thermogenic origin of the gases is also confirmed by the plot 
of δDCH4 versus δ

13
CCH4 (Schoell, 1983) (Fig. 14). There is no evidence of mixing with bacterial 

fermentation of biogenic gases. These characteristics further confirm a saporopelic-humic (II-III) origin 
(Fig. 13, 14). 
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Fig. 13 The ‗gas wetness‘ C1/C2+C3 vs. δ13CCH4 diagram for the gases listed in Table 4. The gases from the 

Hewanchang gas fields and well CK1 were sourced from type II organic matter, while the gases from the Late Triassic 

Xujiahe Formation (T3x) and the Middle Triassic third member of the Leikoupo Formation (T2l
3) in the Zhongba gas 

field were sourced from type II–III and type III organic matter, respectively. 

Fig. 14 Plot of δ13CCH4 vs. δDCH4, showing that all of the gases listed in Table 4 have a thermogenic origin (Schoell, 

1983; Dai et al., 2012). 

 
Dai et al. (2012) determined the normal carbon isotopic distribution among methane, ethane, and 

propane to be δ
13

CCH4<δ
13

CC2H6<δ
13

CC3H8. The C1–3 alkanes become enriched in δ
13

C with increasing 
molecular mass. The isotope reversal is related to various factors such as: differences in maturity, the 
origins of the source rocks, and gas escape via migration pathways or fault systems (Prinzhofer and Huc, 
1995; Dai et al., 2012). Reversals of partial δ

13
C values occur between the methane and ethane 

(δ
13

CCH4>δ
13

CC2H6) from the Late Triassic Maantang (T3m) Formation to the Middle Triassic fourth member 
of the Leikoupo (T2l

4
) Formation in well CK1 (Liu, 1993; Dai et al., 2012; Wang et al., 2013b) (Fig. 15), 

suggesting that the natural gas came from multiple sets of strata. In addition, the second most probable 
origin for the gases from well CK1 is the siliciclastic source rocks of the Xiaotangzi Formation (T3xt), 
which has type II–III kerogen. Based on previous studies conducted on the boundary of the Sichuan Basin 
and the Puguang giant gas fields, the locally underlying widely distributed Permian marine source rocks 
could generate large amounts of gas, so the gases from well CK1 probably mixed with gases from the 
underlying deeper high-quality Permian source rocks via migration pathways (Ma et al., 2007; Hao et al., 
2008; Qin et al., 2016; Hu et al., 2018). Since there no wells have reached the Permian strata in the central 
of western Sichuan depressions, more data is needed to further investigate any possible contributions from 
the Permian source rocks (Qin et al., 2016). 

Fig. 15 Comparison of the carbon isotopes of methane, ethane, and propane from the Permian to Triassic strata of the 

western Sichuan depression. 

 
5.6.3 He–Ne–Ar isotopes 
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Noble gases do not readily react with other materials, so helium, argon, and neon are sensitive tracers for 
determining the origin of natural gas (Du et al., 2006). Helium has two stable isotopes, i.e., 

3
He and 

4
He 

(Wei et al., 2014). The plot of 
3
He/

4
He versus 

4
He/

20
Ne (Fig. 16) suggests that the helium in the gases from 

well CK1 is typical of a crustal and organic origin (Du, 2006; Wei et al., 2014). In addition, this indicates 
that large-scale tectonics or deformation activities did not occur after gas accumulation in the inner part of 
the western Sichuan depression. 

Fig. 16 Plot of 3He/4He versus 4He/20Ne for the western Sichuan depression (Kotarba and Nagao, 2008). 

 
There are three stable isotopes of argon, i.e., 

36
Ar, 

38
Ar, and 

40
Ar, of which 

36
Ar and 

38
Ar are the nuclides 

originally formed. 
40

Ar is mainly derived from the radioactive decay of K. The argon in the air has a stable 
isotopic composition of 

40
Ar/

36
Ar = 295.5 and 

38
Ar/

36
Ar = 0.188. 40K the parent isotope in the radioactive 

decay is unevenly distributed in the crust and mantle, and thus, the resulting argon daughter product is also 
unevenly distributed. The isotopic composition of argon varies greatly from 295 to 10000.0 (Wei et al., 
2014). The 

40
Ar/

36
Ar, 

38
Ar/

36
Ar, and 

3
He/

4
He ratios and isotopic composition diagram for the He and Ar of 

the natural gas samples from well CK1, indicate that the gases originated from the crust (Fig. 17). The 
3He/4He and 

40
Ar/

36
Ar ratios of the natural gases are lower than those of the Late Triassic Xujiahe 

Formation (Table 5). However, the values are close to the crustal end-member values, indicating an 
obviously crustal origin and excluding an abiogenic origin. These gases were derived from sedimentary 
organic matter and their characteristics also indicate oil-associated gases, which were produced in well 
CK1. These characteristics differ from those of the coal gases that originated from the Late Triassic Xujiahe 
Formation (Shen et al., 1995; Katz et al., 2008; Wang et al., 2013a) (Fig. 17). 

Fig. 17 Classification of the isotopic compositions of the He and Ar of the natural gases from well CK1 (Shen et al., 

1995; Wang et al., 2013a). 

 
In summary, the major gas component was methane with a hydrogen sulfide concentration of about 

0.68%, the natural gases have a thermogenic origin, and they are sourced from type II and type III organic 
matter in well CK1. The He−Ar−Ne isotopic compositions indicate that the gases originated from the crust. 
The proof gases in well CK1 were mainly derived from the carbonate source rocks of the Middle Triassic 
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Leikoupo and Late Triassic Maantang formations, and then, they were mixed with gas produced in the 
siliciclastic source rocks of the Late Triassic Xiaotangzi Formation. 
 
6 Conclusions 
 

(1) The seventy-three source rock samples analyzed in this study have a predominance of medium range 
normal alkanes (nC15–nC19), low pristane/phytane (< 1) ratios, terrigenous/aquatic ratios (TAR) of < 0.2, 
OEP and CPI indices of ~1, regular sterane distributions of C29 > C27 > C28, a full range of tricyclic terpanes 
and pregame, high gammacerane/C30hopane ratios (0.15–0.32), and δDorg values of −132‰ to −58‰, 
suggesting a reducing to transitional and hypersaline depositional setting and a primarily marine 
algal/phytoplankton source with a small input of terrestrial organic matter. 

(2) Multiples source rock evaluation parameters (including TOC, S1+S2, HI index, chloroform bitumen 
A‖, andHC) suggest that the 384 m of algal-rich dolomite in the Leikoupo Formation is a fair to good 
hydrocarbon source rocks, the 10 m of grey limestone in the Maantang Formation is a poor to fair source 
rock, and the 82 m of shale in the Xiaotangzi Formation is a moderately good source rock. 

(3) The maceral observations, carbon isotopic compositions of the kerogen (−26.56‰ to 23.57‰), and 
the rock extracts from the source rock samples demonstrate that the kerogen from the Maantang and 
Leikoupo formations is type II and the kerogen from the Xiaotangzi Formation is type II−III. The maturity 
parameters (Ro: 1.30%–2.09% and T-max: 480°C–539°Cand the hopane and sterane isomerization ratios 
suggest that the OM has been buried and has reached a sufficient degree of advanced maturity to generate 
and expel wet–dry gas. The 1D model of the burial history of well CK1 indicates that hydrocarbon 
generation occurred from the Late Triassic to the Early Tertiary (~220–60 Ma). Secondary thermal cracking 
of the liquid hydrocarbon from the early stage into gases occurred with increasing geothermal evolution. 
This combined with the advanced maturity stage generated directly from the kerogen of the OM suggests 
that the successive hydrocarbon generation process and the potential can supply an important material 
foundation for gas accumulation. 

(4) The major gas component is methane with a hydrogen sulfide concentration of about 0.68%. The 
carbon and hydrogen isotopes are indicative of oil associated gases, which have a mixed thermogenic 
origin and are primarily sourced from type II organic matter mixed with some type III organic matter. The 
He−Ar−Ne isotopic compositions suggest that the gases originated from the sedimentary crust. Combined 
with the source rocks characteristics and the hydrocarbon generation process, the natural gas components 
and isotope comparisons indicate that the proof gases probably originated from the carbonate source rocks 
of the Leikoupo and Maantang formations. Then these gases mixed with gases from the siliciclastic source 
rocks of the Xiaotangzi Formation. The underlay Permian marine source rocks contributed via migration 
pathways or fault systems, but more evidence is needed to clarify the role the Permian source rocks played 
in the gas generation of this area. 

(5) The Middle−Late Triassic deeply buried marine source rocks in the western Sichuan depression of 
Sichuan Basin and areas such as the Tarim and Ordos Basins in China should be studied in detail because 
they are significant to locating promising areas for resource exploration and production. Other basins 
worldwide with similar geologic backgrounds and organic geochemistry should also be highly valued due 
to their hydrocarbon potential. 
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Supplement 
Additional supporting information for this article is as follows: 

Appendix 1 Organic geochemical data (TOC, Pyrolysis, Organic lithological observations, Ro) for the Middle Triassic 

Leikoupo Formation and the Late Triassic Maantang and Xiaotangzi formations in well CK1, western Sichuan 

depression. 

Appendix 2 Carbon and hydrogen isotopic compositions of the kerogen, the chloroform bitumen A extracted 

fractionation, and the HC values for samples from the Middle Triassic Leikoupo Formation to the Late Triassic 

Maantang and Xiaotangzi formations in well CK1, western Sichuan depression. 

Appendix 3 Characteristics of the saturated hydrocarbon chromatography determined from the Middle Triassic 

Leikoupo Formation and the Late Triassic Maantang and Xiaotangzi formations in well CK1, western Sichuan 

depression. 

Appendix 4 Characteristics of the saturated hydrocarbon mass spectrometry results determined from the source rocks of 

the Middle Triassic Leikoupo Formation and the Late Triassic Xiaotangzi and Maantang formations in well CK1, 

western Sichuan depression. 
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