
Journal Pre-proof

Hydrocarbon expulsion model and resource potential evaluation of high-maturity
marine source rocks in deep basins: Example from the Ediacaran microbial dolomite
in the Sichuan Basin, China

Wenyang Wang, Xiongqi Pang, Yaping Wang, Zhangxin Chen, Changrong Li, Xinhua
Ma

PII: S1995-8226(22)00304-1

DOI: https://doi.org/10.1016/j.petsci.2022.11.018

Reference: PETSCI 410

To appear in: Petroleum Science

Received Date: 13 September 2022

Revised Date: 17 November 2022

Accepted Date: 22 November 2022

Please cite this article as: Wang, W., Pang, X., Wang, Y., Chen, Z., Li, C., Ma, X., Hydrocarbon
expulsion model and resource potential evaluation of high-maturity marine source rocks in deep basins:
Example from the Ediacaran microbial dolomite in the Sichuan Basin, China, Petroleum Science (2022),
doi: https://doi.org/10.1016/j.petsci.2022.11.018.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

https://doi.org/10.1016/j.petsci.2022.11.018
https://doi.org/10.1016/j.petsci.2022.11.018


Hydrocarbon expulsion model and resource potential evaluation of 

high-maturity marine source rocks in deep basins: Example from the 

Ediacaran microbial dolomite in the Sichuan Basin, China 

Wenyang Wanga, Xiongqi Pangb,c, Yaping Wangc,f, Zhangxin Chend, Changrong Lie,  

Xinhua Mag  

 

a State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese  

Academy of Sciences, Beijing 100029, China 
b State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum 

(Beijing), Beijing 102249, China 
c College of Geosciences, China University of Petroleum (Beijing), Beijing 102249, China 
d Chemical and Petroleum Engineering, Schulich School of Engineering, University of Calgary, 

Calgary T2N 1N4, Canada 
e School of Earth and Space Sciences, Peking University, Beijing 100871, China  
f Research Institute of Exploration and Development, PetroChina Southwest Oil & Gas Field 

Company, Sichuan, Chengdu, 610041, China 
g Research Institute of Petroleum Exploration and Development (RIPED), PetroChina, Beijing, 

100083, China 

 

Corresponding authors. Wenyang Wang (wywang@mail.iggcas.ac.cn); Xiongqi Pang 

(pangxq@cup.edu.cn) 

 

Jo
urn

al 
Pre-

pro
of



1 

 

Hydrocarbon expulsion model and resource potential evaluation of 

high-maturity marine source rocks in deep basins: Example from the 

Ediacaran microbial dolomite in the Sichuan Basin, China 

 

ABSTRACT 

Hydrocarbon expulsion features and resource potential evaluation of source rocks are 

crucial for the petroleum exploration. High-maturity marine source rocks have not 

exhibited a hydrocarbon expulsion mode owing to the lack of low-maturity source rocks 

in deep petroliferous basins. We considered the Ediacaran microbial dolomite in the 

Sichuan Basin, the largest high-maturity marine gas layer in China, to exhibit a method 

that quantitatively characterizes the hydrocarbon expulsion of high-maturity marine 

source rocks. The experiment of fluid inclusion, rock pyrolysis, and vitrinite reflectance 

(Ro) of 119 microbial dolomite core samples obtained from the Dengying Formation 

were performed. A hydrocarbon expulsion model of high-maturity source rock was 

established, and its resource potential was evaluated. The results showed that the 

Ediacaran microbial dolomite in the Sichuan Basin is a good source rock showing vast 

resource potential. The hydrocarbon expulsion threshold is determined to be vitrinite 

reflectance at 0.92%. The hydrocarbon expulsion intensities in the geologic history is 

high with maximum of 1.6 × 107 t/km2. The Ediacaran microbial dolomite expelled 

approximately 1.008 × 1012 t of hydrocarbons, and the recoverable resource was 1.5 × 

1012 m3. The region can be categorized into areas I, II, III, and IV, in decreasing order 

of hydrocarbon expulsion intensity. Areas with a higher hydrocarbon expulsion 
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intensity have a lower drilling risk and should be prioritized for exploration in the order 

I > II > III > IV. Two areas, northern and central parts of Ediacaran in the Sichuan Basin, 

were selected as prospects which had the drilling priority in the future gas exploration. 

The production data of 55 drilled wells verified the high reliability of this method. This 

model in this study does not require low-maturity samples and can be used for 

evaluating high-maturity marine source rocks, which has broad applicability in deep 

basins worldwide. 

 

Keywords: Deep petroliferous basin; Overmatured source rocks; Hydrocarbon 

expulsion model; Resource evaluation; Sichuan Basin 

 

1 INTRODUCTION 

Carbonates are widely distributed in the petroliferous basin (Sun and Turchyn, 

2014; Wang et al., 2021). Moreover, more than 40% hydrocarbon comes from 

carbonates layers (Xia et al., 2019). Deep marine reservoirs have substantial reserves 

and are considered key exploration resources for the petroleum industry globally (Hu 

et al., 2020; Ma et al., 2020; Wang et al., 2021). Deep oil and gas drilling depth typically 

exceeds 4500 m which requires a large investment associated with high drilling risk 

(Guo et al., 2019; Geng and Wang, 2020; Chen et al., 2022a). Therefore, resource 

potential assessment (Athens and Caers, 2019; Wang et al., 2022) and oil exploration 

strategy determination before drilling is critical (Abimbola et al., 2014). Analyzing 

hydrocarbon expulsion characteristics is the basis for evaluating resource potential 
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(Chen et al., 2021), which is useful for optimizing oil exploration strategies (Berntsen 

et al., 2018; Epelle and Gerogiorgis, 2020; Wang et al., 2020a). 

Owing to the old depositional age and considerable burial depth of deep-marine 

highly evolved source rocks (Chen et al., 2012; Fang et al., 2017; Liu, 2019), the 

organic matter is in high thermal evolution stage whose vitrinite reflectance (Ro) 

exceeds 1.2% (Pang et al., 2022). Traditional research methods and theories associated 

with hydrocarbon expulsion characteristics of source rocks include natural evolution 

profiles, thermal simulation experiments, and basin simulation methods (Behar et al., 

1992, 1995; Qiu et al., 2012; Pang et al., 2020). These methods are widely used in low-

maturity source rock research areas that require low-maturity source rock samples or 

pyrolysis data covering the entire thermal evolution process and have limited 

applications in high-maturity source rock research areas (Qiu et al., 2012; Pang et al., 

2020). Therefore, there is no suitable mode and method for quantitatively characterizing 

the hydrocarbon expulsion of high-maturity marine source rocks during geo-history, 

which is a challenging problem in petroleum geology (Chen and Jiang 2015). 

Many researchers have investigated the hydrocarbon expulsion of deep high-

maturity marine source rocks (Rippen et al., 2013; Liu et al., 2022). Several researchers 

have established the statistical relationship of the hydrocarbon generation of source 

rock samples in low-maturity and their total organic carbon (TOC) to estimate the 

potential of high-maturity source rocks (Jarvie et al., 2007; Chen et al., 2012, 2016; 

Chen and Jiang 2015; Wu et al., 2022). Other researchers have used the kinetic 

parameters of kerogen–hydrocarbon generation from thermal simulation experiments 
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of low-maturity source rock samples to establish the evolution of hydrocarbon 

expulsion characteristics (Banerjee et al., 2000; Jarvie et al., 2007; Chen and Jiang 2015; 

Burnham, 2019). Furthermore, others have used the pyrolysis results obtained from 

low-maturity source rock samples using material balance principle to simulate the 

hydrocarbon generation and expulsion evolution process and amount during geological 

history (Chen et al., 2021). 

These methods use low-maturity samples from different basins, younger ages, and 

shallow strata to conduct comparative studies. The sedimentary environment, 

lithofacies, organic matter types, organic matter enrichment, and preservation 

conditions of source rocks in various basins or strata are different, causing variations in 

the kinetic parameters of kerogen–hydrocarbon generation and expulsion, resulting in 

high uncertainty (Katz et al., 2000; Zhang and Shuai, 2015; Makeen et al., 2015; Chen 

et al., 2021; Cichon-Pupienis et al., 2021). Moreover, low-maturity source rock samples 

rarely occur globally in deep Lower Paleozoic marine strata (Klemme and Ulmishek, 

1991; Chen et al., 2012; Xia et al., 2019). Especially in the Lower Paleozoic and 

Precambrian marine strata of China, there are no low-mature source rocks found yet 

(Hanson et al., 2007; Chen et al., 2012; Xia et al., 2019; Li et al., 2021). Therefore, it is 

crucial to establish a model for quantitatively characterizing the high-maturity source 

rocks hydrocarbon expulsion during geological history without depending on immature 

samples. 

During decades of oil and gas exploration in the Sichuan Basin, Ediacaran 

microbial dolomite was previously identified as a reservoir with no hydrocarbon 
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generation during geological history (Liu et al., 2010; Xu et al., 2012). However, 

increased study and wells drilled for Ediacaran microbial dolomite in these years have 

yielded new information. These evidences, carbon and oxygen isotopes (Liu et al., 

2013), co-existence of native bitumen (Liu et al., 2014), gas geochemistry (Zou et al., 

2014a), indicate that the Ediacaran microbial dolomite is a potential source rock and 

contribute to natural gas accumulation. Because of the high maturity of Ediacaran 

microbial dolomite, it is challenging to characterizes their hydrocarbon generation and 

expulsion in geological history (Shi et al., 2020; Li et al., 2022). The breakthrough in 

the discovery of huge gas reserves in the Ediacaran in Sichuan Basin has attracted 

researchers. Thus, academic and oil industries wish to develop a good understanding of 

the Ediacaran microbial dolomite source rock to determine future gas exploration 

strategies (Zou et al., 2020). 

Ediacaran microbial dolomite in the Sichuan Basin, the largest high-maturity 

marine gas layer in China, was considered in this study to establish a hydrocarbon 

expulsion model associated with high-maturity source rocks. The proved gas reserves 

in Ediacaran in Sichuan Basin ranked first in China and it was the first time a giant field 

discovered in Ediacaran globally. Combining the results obtained via experimental 

analysis and numerical simulation revealed that the evolution of high-maturity source 

rock hydrocarbon expulsion was inverted, and based on this a model was established. 

The resource potential of the Ediacaran microbial dolomite was assessed, and a strategy 

for future drilling in the Sichuan Basin was determined. 

 

Jo
urn

al 
Pre-

pro
of



6 

 

2 GEOLOGICAL SETTING 

2.1 Tectonic setting 

Sichuan Basin, with an area of 1.9 × 105 km2, is located in central China (Hu et al., 

2018; Yan et al., 2019). There are six structural units in the Sichuan Basin (Fig. 1a; Hao 

et al., 2008; Wang et al., 2019). Five major tectonic movements occurred in the Sichuan 

Basin formation and evolution corresponding to the major evolutionary stages from the 

Precambrian to the present (Shi et al., 2018), i.e., 1) Tongwan tectonism, with 

continuous subsidence during the Ediacaran and uplift from the Late Ediacaran to the 

Early Cambrian, formed high quality Ediacaran reservoir (Wang et al., 2014); 2) 

Kwangsian tectonism, referred to as Qilian and Wuyi–Yunkai in South China (Shi et 

al., 2018), the geo-history was during the Late Ordovician to the end of the Silurian, 

developing Leshan–Longnvsi paleouplift, the large-scale uplifts in Sichuan Basin 

(Chen et al., 2014); 3) Indosinian tectonism, which occurred from the Permian to the 

Middle Triassic and corresponded to paleouplift adjustment and reshaping (Shi et al., 

2018); 4) Yanshanian and Himalayan tectonism that occurred from the Late Jurassic to 

the Neogene, forming an uplift in the central part (Xu et al., 2012). 

2.2 Stratigraphy 

The stratigraphy of the Sichuan Basin is divided in two by the upper Triassic rocks, 

marine carbonate strata from the Ediacaran to the lower Triassic and continental clastic 

sequences deposited from the lower Triassic to the present (Chen et al., 2018; Wang et 

al., 2019). Two sets of strata were developed in Ediacaran, including the upper 

Dengying and lower Doushantuo Formations (Wang et al., 2019). Ediacaran microbial 
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dolomite mainly refers to Dengying Formation which is the focus of this study, this 

stratum can be further divided into four members, Zd1–Zd4 (Fig. 1b). Dolomite without 

fungi or algae dominated Zd1, and Zd3 consisted of mudstones with regional clastics at 

the bottom (Zou et al., 2014a; Shi et al., 2018). Microbial dolomite, including dolomites 

and thinly bedded blue-gray and ashy black dolomite mudstones, dominated Zd2 and 

Zd4 (Fig. 2). 

2.3 Natural gas resources 

Sichuan Basin is the most abundant natural gas basin in China. Ediacaran is 

currently the most important gas producing layer (Yao et al., 2021; Zhu et al., 2022). In 

2013, the famous gas field in China, Anyue gas field, discovered in Ediacaran in 

Sichuan Basin, is currently the largest natural gas field in China (Fig. 1c). By the end 

of 2020, the proven nature gas reserve in Ediacaran was huge and the value was 5.9 × 

1011 m3 (Zou et al., 2020). Worldwide, there are few reports of giant gas reservoirs 

discovered in the Ediacaran (Zou et al., 2014b). The proved gas reserve scale in 

Ediacaran in Sichuan Basin ranked first in China and it is the first discovery in which 

natural gas can be mainly attributed to the Precambrian strata (Zou et al., 2014b; Wang 

et al., 2019). The rich petroleum resources in Ediacaran making Sichuan Basin as the 

focus and hot spot of petroleum geological studies. 

 

 

Fig. 1. (a) Location of the Sichuan Basin and sampling distribution (Wang et al., 2019). 

(b) Stratigraphy of the Ediacaran and Lower Paleozoic (Wang et al., 2019). (c) An 
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important cross-section (NNE) of Ediacaran gas accumulation in Anyue gas field (Shi 

et al., 2018). Green wells were used for sampling. SRCA: source–reservoir–cap rock 

assemblage. 

 

Fig. 2. Cores and microphotograph of Ediacaran microbial dolomite in Sichuan Basin 

(a) Well Moxi13, 5032.53 m, Zd4, the microbial laminite is generally dark gray in color, 

illustrated by the alternation of filamentous and micro-peloidal laminae (red arrows). 

(b) Well Moxi132, 5043.05 m, Zd2, planar laminae dominate (red arrows), represented 

by cm scale lamination. The alternation of dark and light dolomite intervals most likely 

reflects changes of organic content. (c) Well Gaoshi1, 5549 m, Zd2, plane-polarized 

light, the clotted fabric (red arrows) reflects the calcification of microbial mats and 

trapped micrite. (d) Well Moxi9, 5350.5 m, Zd4, plane-polarized light, major 

components include microbial peloids (red arrows) and muddy dolomicrites. 

 

3 METHODS 

3.1 Data and experiments 

We observed and selected 19 drilling wells (e.g., Moxi 8, Gaoshi1, and Anping1) 

in Anyue gas field, and a total of 119 Ediacaran microbial dolomite cores were obtained. 

The data of TOC, Ro, and Rock-Eval were studied (Table S1). Furthermore, results of 

previous reference were used (Shi et al., 2018). 36 core samples with captured 

inclusions from 9 drilling wells in Ediacaran microbial dolomite were subjected to 

temperature measurement analysis of fluid inclusions at 277 measuring points. 
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Measurements were Completed by the Testing Center of the Beijing Research Institute 

of Uranium Geology. 

The study had carried out several geochemical experiments including pyrolysis, 

TOC, and vitrinite reflectance analyses. Before measuring TOC, Ediacaran microbial 

dolomite cores need to be treated by hydrochloric to eliminate inorganic carbon. After 

that, the organic matter was burned and converted to CO2 at 900 °C. All the operations 

were completed in combustion instrument of LECO CS-230. 

Pyrolysis experiment of Ediacaran microbial dolomite cores was conducted based 

on Rock-Eval analyzer, and high-purity nitrogen was used as the carrier gas. Two 

parameters of the free hydrocarbons (S1) and pyrolysis hydrocarbons (S2) were obtained 

by the experiment. S1 is the amount of hydrocarbon measured from rock sample in 

analyzer when the temperature reaches to 300 °C and remains unchanged in 3 mins. S2 

is the amount of hydrocarbon measured from rock sample in analyzer when the 

temperature reaches to 600 °C and remains unchanged in 1 min. The temperature trace 

was nonisothermal at 25 °C/min from 300 °C to 600 °C. Maximum pyrolysis peak 

temperature (Tmax) (Espitalié et al., 1987; Peters, 1986) was not recorded in pyrolysis 

experiment due to that it is meaningless for overmature samples (Yang and Horsfield, 

2020; Bai et al., 2022). The vitrinite reflectance were obtained by MPV-SP 

microphotometer. To ensure the accuracy of the results of Ro value, this study measured 

10-20 points for each rock sample (Table S2).  

The fluid inclusion experiment was conducted based on the temperature 

determination of fluid inclusions in minerals. The collected fluid inclusion samples 
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were thinly sliced and polished on both sides. Fluid inclusions were observed under a 

microscope to obtain and categorize the expected inclusions based on their types and 

stages. The uniform temperature of the inclusions was measured using a LINKAM 

THMS600 hot and cold stage. The experimental conditions were 20 °C and 30% 

humidity under atmospheric conditions. During the temperature measurement, the 

operating temperature of the instrument was −196 to 600 °C (±0.1 ℃), the temperature 

trace was nonisothermal at 10 °C/min and 1 °C/min near the phase transition 

temperature. 

 

3.2 Hydrocarbon expulsion conceptual model     

The process of hydrocarbon generation and expulsion follows material balance 

(Jiang et al., 2016; Peng et al., 2016), i.e., the total expelled hydrocarbon from source 

rock in the geo-history and residual hydrocarbon is equal to the amount of total 

generated hydrocarbon in the geo-history. (S1 + S2)/TOC is a generation potential index 

(Ig; Zhou and Pang 2002) reflecting the hydrocarbon generation potential. Ig decreases 

when source rock beginning to expel hydrocarbon with an increase of the depth or 

maturity. The geological condition (depth or maturity) when Ig of source rock beginning 

decreasing is corresponding to threshold of source rock expelling hydrocarbon, called 

hydrocarbon expulsion threshold (Roe, Pang et al., 2005). Ig of source rock 

corresponding to Roe is the original hydrocarbon generation potential (Iog, Jiang et al., 

2016). Iog is the hydrocarbon generation capacity before expulsion (Fig. 3a). 

The difference between Iog and Ig (Equation 1) is an index indicating the 
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hydrocarbons released per unit of organic carbon below Roe, called hydrocarbon 

expulsion ratio (qe) (Fig. 3b). The rate of change of Iog of source rock with the degree 

of maturity, called hydrocarbon expulsion rate (re), is an index indicating the rate at 

which the source rocks expel hydrocarbons, which increases continuously with 

increasing burial depth and gradually decreases to the minimum until it reaches its peak 

(Pang et al., 2005) (Fig. 3c). The re decrease to the minimum corresponds to the 

geological condition of the lower limit of hydrocarbon expulsion (Rol), where the 

source rocks no longer expel hydrocarbons (Pang et al., 2020). re is calculated using 

Equation 2 as follows: 

(Ro) (Ro) (Ro)e og gq I I= −                               (1) 

    
d

(Ro)
dRo

e
e

q
r =                                   (2) 

However, as the measured TOC represents residual organic carbon (Espitalié et al., 

1987), the original TOC should be restored based on TOC measured using Equations 3 

and 4 and the mass balance principle. 

           oTOC TOC k=                                (3)

k (1 0.83 ) / (1 0.83 )
1000 1000

g ogI I
= −  −                      (4) 

Hydrocarbon expulsion intensity was obtained using Equation 5, and hydrocarbon 

expulsion amount was obtained using Equation 6: 

t

Ro
3

Ro
10 (Ro) TOC (Ro) d(Ro)e e oI q H −=                (5) 

t

Ro
3

Ro
10 (Ro) TOC (Ro) d(Ro)e e oQ q H A −=              (6) 
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where qe represents the hydrocarbon expulsion ratio (mgHC/gTOC), H represents 

the thickness of the source rock (m), ρ represents the density (g/cm3), A represents the 

area (m2), TOCo represents the original TOC (%), Ie represents the hydrocarbon 

expulsion intensity (104 t/km2), and Qe represents the amount of hydrocarbon expulsion 

(108 t). 

Vitrinite is not widely developed in the Ediacaran (Chen et al., 2021). In this study, 

pyrobitumen reflectance was measured and the equivalent vitrinite reflectance was 

obtained based on equation proposed by Jacob (1985). Thermal and burial history of 

basin is a good data to determine the relationship between source rock thermal maturity 

and depth (Liu et al., 2021, 2022; Li et al., 2021). Based on the burial and thermal 

histories of source rock of Ediacaran Dengying Formation (details showed in Fig. 7, 

Zou al., 2014a), the vitrinite reflectance of Ediacaran microbial dolomite source rock 

in the Sichuan Basin was obtained using Equation 7: 

             Ro 0.31 exp(0.0004 )Z=                          (7) 

where Ro represents the vitrinite reflectance of kerogen in the source rock (%), Z 

represents the depth of source rock (m). 

 

 

Fig. 3. Conceptual model of hydrocarbon expulsion of high-maturity source rocks.  

3.3 Workflow 

Four steps are required to establish a model of hydrocarbon expulsion of source 

rocks in high-maturity and evaluate their resource potential. First, the critical conditions 
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associated with hydrocarbon expulsion from highly evolved source rocks were 

determined, the Iog of source rocks was inverted, and a hydrocarbon expulsion model 

for highly evolved source rocks was established. The method for determining the 

critical conditions associated with hydrocarbon expulsion (Roe) was as follows. We 

obtained a homogeneous temperature distribution map of fluid inclusions based on the 

experiment and determined the main peak value of the homogeneous temperature of 

the first-phase inclusions using the homogeneous temperature distribution map. Many 

isotherms were present in the profile of the sedimentary burial history and thermal 

evolution of the well. The main peak value of the homogeneous temperature of the first-

phase inclusions corresponded to an isotherm, and the minimum Ro for this isotherm 

is the critical condition for Roe.  

The hydrocarbon expulsion evolution profile inverted the Iog of the source rock. 

The Ig envelope was drawn on the evolution profile of (S1 + S2)/TOC, and the 

mathematical relationship between Ro and Ig was obtained by Matlab software, 

Equation 8. 

   
(b Ro c)

a
d

1
gI

e  +
= +

+
                         (8) 

where Ig is the hydrocarbon generation potential (mg HC/g TOC), and a, b, c, and 

d are constants. 

Based on the Roe and Equation 8, the Iog was obtained as follows: 

(b Roe c)

a
d

1
ogI

e  +
= +

+
                         (9) 

where Iog is the original hydrocarbon generation potential (mg HC/g TOC), Roe is 

the critical condition of hydrocarbon expulsion (%), and a, b, c, and d are the constants 
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obtained in Equation 8. 

Based on Roe and Iog, a hydrocarbon expulsion model for high-maturity marine 

source rocks can be established. 

Then the hydrocarbon expulsion ratio (qe) and rate (re) of the source rock are 

determined. Based on the established hydrocarbon expulsion model, two parameters of 

qe and re can be calculated based on Equations 1 and 2, respectively. After that, the 

lower limit of hydrocarbon expulsion of the source rock (Rol) was determined when re 

was minimized. 

Next, the hydrocarbon expulsion intensity (Ie) and expulsion amount (Qe) are 

determined. Based on the established hydrocarbon expulsion model, Ie and Qe were 

obtained using Equations 5 and 6, respectively. 

Finally, we evaluated the resource potential and determined oil exploration 

strategies for drilling. The amount of hydrocarbon expulsion is the basis for evaluating 

the resource potential. When the hydrocarbon expulsion is larger, the resource potential 

is as well. The hydrocarbon expulsion intensity can be used directly to predict favorable 

oil and gas drilling areas. Areas with higher hydrocarbon expulsion intensity have 

higher drilling success and lower drilling risk and should be prioritized for drilling in 

future explorations. 

4 RESULTS 

4.1 Bulk Geochemical Parameters 

Bulk geochemical analysis based on TOC and Rock-eval data is essential for 

source rock evaluation (Liu et al., 2019). The measured TOC for 119 microbial dolomite 
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samples ranged from 0.04% to 6.33% with an average of 1.41%. The S1 + S2 value of 

the microbial dolomite ranged from 0.03 to 4.96 mg/g with an average value of 0.81 

mg/g. The TOC value of 64% of the samples was higher than 1%. According to the 

TOC versus S1 + S2 diagrams (Fig. 4a) and the TOC histograms (Fig. 4b), most of the 

microbial dolomites are good source rocks. The cross-plot of dimensionless S2 and TOC 

shows that the Ediacaran microbial dolomite is type Ⅰ kerogen (Fig. 4c). 

 

Fig. 4. Bulk geochemical analysis of Ediacaran microbial dolomite in Sichuan Basin. 

(a) (S1 + S2) versus TOC. (b) TOC histograms. (c) Dimensionless S2 vs. TOC plot.  

 

4.2 Critical conditions of hydrocarbon expulsion and original hydrocarbon 

generation potential of Ediacaran microbial dolomite 

(1) Inclusion development stage and uniform temperature 

Based on the inclusions identified under a microscope and different inclusion 

development locations, three main inclusion stages occurred in the Ediacaran Dengying 

Formation, i.e., the first, second, and third stage inclusions developed during early 

dolomite grain formation (Fig. 5a and b), late dolomite and quartz filling (Fig. 5c and 

d), and late dolomite and quartz microfracture formation (Fig. 5e and f), respectively. 

The results of this study are consistent with those reported by Zhou et al. (2015), who 

showed that three main stages of inclusion occurred in the Ediacaran Dengying 

Formation. The differences in the formation order of the inclusions during the three 

periods yielded different main temperature peaks (Fig. 6). The peak temperature of the 
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inclusions in the first-stage dolomite grains was low, i.e., 120–130 °C, whereas that in 

the second-stage dolomite or quartz filling was 140–150 °C. The peak temperature of 

the inclusions in the third-stage dolomite or quartz microcracks was relatively high, i.e., 

150–160 °C. 

 

 

Fig. 5. The fluid inclusion identification and microscopic features in the Ediacaran 

Dengying Formation. (a) Well Gaoshi 102, 5156.4 m, single polarized light. The 

inclusions are distributed along the microcracks of microbial dolomite grains and pore 

fillings. Transparent and colorless gas–liquid hydrocarbon and dark-gray natural gas 

inclusions exhibiting blue fluorescence are present. (b) Well Gaoshi 102, 5156.4 m, 

single polarized light. The ultraviolet (UV)-excited fluorescence photo shows a 

distribution along the microcracks of the dolomite grains and pore fillings. Transparent 

and colorless gas–liquid hydrocarbon inclusions possessing dark-blue fluorescence and 

natural gas inclusions are present. (b) Well Gaoshi 102, 5033.3 m, single polarized light. 

Microbial dolomite pores and quartz fillings are distributed in clusters with dark-brown 

liquid hydrocarbon inclusions. (d) Well Wei 77, 3115.5 m, single polarized light. Fine-

grained dolomite and cave dolomite fillings are clustered. Colorless-to-gray 

hydrocarbons containing brine and dark-gray natural gas inclusions are present. (e) 

Well Gaoke 1, 5028.4 m, single polarized light. The distribution is along the 

microcracks of the quartz fillings of the algal-stacked dolomite cave, with colorless-to-

gray hydrocarbons containing brine and dark-gray natural gas inclusions. (f) Well 
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Anping 1, 5057.2 m, single polarized light. The distribution is along the microcracks of 

the quartz fillings in the dolomite cavity, with colorless-to-gray hydrocarbons. 

 

Fig. 6. Distribution and features of homogenization temperature of fluid inclusions in 

the Ediacaran Dengying Formation. 

 

(2) Critical conditions for hydrocarbon expulsion 

The peak temperature of the first-stage inclusion homogenization was between 

120 °C and 130 °C. For quantitative characterization, the median value was 125 °C (the 

main peak of the first-stage inclusion homogenization temperature), representing the 

beginning of Ediacaran microbial dolomite source rocks expelling hydrocarbon at this 

palaeogeotemperature. Fig. 7 is the sedimentary burial history and thermal evolution 

profile, Roe of the Ediacaran microbial dolomite source rocks was inverted. At 125 °C, 

as shown in Fig. 7, the minimum Ro was 0.92% (Roe = 0.92%), indicating that when 

the maturity of the Ediacaran microbial dolomite exceeded 0.92%, they expelled 

hydrocarbons. 

 

Fig. 7. Thermal evolution and burial history of the Ediacaran microbial dolomite source 

rocks, Well Moxi 8 in Sichuan Basin (Zou al., 2014a). 

 

(3) Original hydrocarbon generation potential 

The evolution profile of Ig of Ediacaran microbial dolomite source rocks based on 
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the experimental results of rock pyrolysis is shown in Fig. 8a. The Ig envelope was 

drawn on the evolution profile, and the mathematical relationship between Ro and Ig 

was obtained using MATLAB as follows: 

𝐼g =
699.6

1+e (3.6Ro−7.1) + 61.4                                      (10) 

In the evolution profile, the hydrocarbon generation potential corresponding to 

Roe was the Iog of the source rock. Using Equation 10, the Iog of Ediacaran microbial 

dolomite source rocks of Sichuan Basin is 756 mg HC/g TOC. 

4.3 Hydrocarbon expulsion model of Ediacaran microbial dolomite 

The hydrocarbon expulsion model of Ediacaran microbial dolomite was 

established based on the pyrolysis data, hydrocarbon expulsion threshold, and Iog of 

Ediacaran microbial dolomite source rocks of Sichuan Basin. The model shows that 

Ediacaran microbial dolomite enters the threshold when Ro is 0.92% and Ig decreases, 

i.e., Roe of Ediacaran microbial dolomite is 0.92% (Fig. 8a). Below 0.92%, the re of 

Ediacaran microbial dolomite increased (Fig. 8b). When Ro was 2.1%, the re was to the 

top (Fig. 8c). When Ro was 3.5%, re decreased to the minimum and remained 

unchanged, indicating that Ediacaran microbial dolomite source rocks reached to Rol, 

and the process ended. 

 

 

Fig. 8. The quantitative model of the hydrocarbon expulsion of the Ediacaran microbial 

dolomite source rocks in Sichuan Basin. Green circle is the hydrocarbon expulsion 

threshold (Roe) and red circle is the lower limit of hydrocarbon expulsion (Rol). 
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4.4 Hydrocarbon expulsion intensities and amounts of Ediacaran microbial 

dolomite source rocks 

By the hydrocarbon expulsion model of Ediacaran microbial dolomite source 

rocks of Sichuan Basin and burial and thermal evolution histories, the hydrocarbon 

expulsion characteristics of Ediacaran microbial dolomite source rocks in the geo-

history was quantitatively characterized. The hydrocarbon expulsion intensities and 

amounts of Ediacaran microbial dolomite source rocks of Sichuan Basin corresponding 

to different geological periods were calculated using Equations 5 and 6, respectively. 

The Ediacaran microbial dolomite source rocks have undergone multiple burial 

and uplift evolutionary processes. During the Silurian, Ro was 0.92%, reaching Roe, 

and the dolomite source rocks expelled hydrocarbon. However, during the Silurian, the 

Caledonian movement (Ma et al., 2019) uplifted and eroded the Sichuan Basin until 

140 Ma, after which microbial dolomite hydrocarbon expulsion ceased. Few 

hydrocarbon expulsions occurred during the Silurian period. Fig. 9 depicts the 

hydrocarbon expulsion intensity of microbial dolomites at the end of the Silurian. There 

was one center with intensity of 5.0 × 105 t/km2 (Fig. 9a). The total expelled amount of 

the Ediacaran microbial dolomite source rocks at the end of the Silurian was 7.76 × 109 

t. During the Permian, the Ediacaran Dengying Formation underwent rapid subsidence 

of 60 m/Ma, and the microbial dolomite source rocks re-expelled hydrocarbons. In the 

Triassic, the microbial dolomite hydrocarbon expulsion range was relatively wide. 

There was one center with intensity of 1.0 × 107 t/km2 (Fig. 9b). The total expulsion 
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amount of Ediacaran microbial dolomite between the end of the Silurian and Triassic 

was 5.7752 × 1011 t. At the end of the Jurassic, there was one center with intensity of 

1.6 × 107 t/km2 (Fig. 9c), and the total expulsion amount between Triassic and the end 

of the Jurassic was 3.9584 × 1011 t. The Himalayan movement (Ma et al., 2019) in the 

Late Cretaceous caused considerable uplift in the basin, and hydrocarbon expulsion 

ceased. Therefore, the hydrocarbon expulsion intensities have been consistent since the 

end of the Cretaceous. There was one center (Fig. 9d), and the total expulsion amounts 

between the end of the Jurassic and the end of the Cretaceous was 2.716 × 1010 t. Fig. 

10 and Table S3 show the details of hydrocarbon expulsion amounts of the Ediacaran 

microbial dolomite in Sichuan Basin during different periods, as well as the cumulative 

amounts. 

 

Fig. 9. Hydrocarbon expulsion intensity of Ediacaran microbial dolomite. (a) And of 

the Silurian; (b) Triassic; (c) And of the Jurassic; (d) And of the Cretaceous. The unit 

of the intensity contour line is 104 t/km2. 

 

 

Fig. 10. Hydrocarbon expulsion amounts of Ediacaran microbial dolomite in Sichuan 

Basin in geo-history. 

 

5 DISCUSSION 

The hydrocarbon expulsion centers control favorable accumulation areas of 
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hydrocarbons (Peters, 2015; Hu et al., 2021). This section investigates the Ediacaran 

microbial dolomite accumulation period, resource potential, and hydrocarbon expulsion 

center that control areas favorable for hydrocarbon exploration. 

5.1 Hydrocarbon accumulation stage 

This study analyzed the Ediacaran microbial dolomite accumulation period based 

on the hydrocarbon expulsion in the geo-history. The primary hydrocarbon expulsion 

period in a hydrocarbon source can be considered the accumulation stage of 

hydrocarbon. Based on the histogram of microbial dolomite hydrocarbon expulsion in 

different periods (Fig. 10), there were two main hydrocarbon expulsion events in the 

geological history, which occurred in the Triassic and Jurassic. There are two periods 

with relatively low hydrocarbon expulsion, which can be ignored. 

5.2 Oil and gas prospects and future exploration strategies in Sichuan Basin 

The resource potential and favorable areas of the Dengying Formation can be 

evaluated using hydrocarbon expulsion amounts and intensities to determine oil 

exploration strategies for the future gas exploration in the Sichuan Basin. Gas 

exploration of the Dengying Formation has shown significant improvement. 

The oil test data of Well Gaoshi 1 displayed an enormous resource potential of 1.4 

× 106 m3/day. The gas source of the Dengying Formation was primarily microbial 

dolomite (Zou et al., 2014a), which has good hydrocarbon generation potential. As it 

was affected by the strong weathering crustal karstification of the Tongwan movement, 

dissolution pores dominated the microbial dolomite reservoir space in the Dengying 

Formation. In addition, intergranular pores, intercrystalline pores, and karst caves have 

Jo
urn

al 
Pre-

pro
of



22 

 

developed (Zou et al., 2014b; Wei et al., 2020). The mudstones of the Qiongzhusi 

Formation were widely distributed and were 80–150 m thick in the Gaoshiti–Moxi area, 

providing good cover for the Dengying Formation (Wei et al., 2020). Therefore, the 

Dengying Formation experienced favorable accumulation conditions (Ma et al., 2019). 

Based on the hydrocarbon expulsion model, the microbial dolomite of the 

Dengying Formation expelled approximately 1.008 × 1012 t of hydrocarbons (Table S3). 

Considering that this formation is a source rock and a reservoir with a deep burial depth, 

an aggregation coefficient of 1% (Zou et al., 2014a) was used to determine the resources 

of the Dengying Formation from microbial dolomite. The amount was 1.008 × 1010 t 

(1.26 × 1013 m3), exhibiting excellent exploration potential. Available resources only 

accounted for a portion of the accumulated resources and are defined as those other 

than dead oil and gas confined in the reservoirs (Theloy and Sonnenberg, 2013; Zou et 

al., 2014b). Recoverable resources can eventually be produced under current technical 

conditions and account for a portion of the available resources. Based on the results of 

several scholars and institutions, the average available ratio of tight gas is 32.4% (USGS, 

2009; Gao and Li, 2015), and the average tight gas recovery ratio is 37.0% (USGS, 

2009; Zou et al., 2012; C&C, 2015). Thus, the recoverable resource amount in the 

Sichuan Basin is estimated to be 1.5 × 1012 m3 from the microbial dolomite source rocks 

of the Dengying Formation. Based on the current natural gas production rate of 35.4 

billion cubic meters per year (2021 production, Zhang 2022), stable production can be 

ensured for 43 years, indicating an enormous potential for future production. 

Source rocks, particularly hydrocarbon expulsion centers, control the distribution 
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range of hydrocarbon resources (Jiang et al., 2016; Wu et al., 2022; Chen et al., 2022b). 

Wang et al. (2019) reported that hydrocarbon expulsion intensity has dominated oil and 

gas accumulation. For higher hydrocarbon expulsion intensity, the hydrocarbon 

accumulation probability is higher and drilling risk is lower (Fig. 11a and b). To 

quantitatively predict favorable oil and gas exploration areas and scientifically 

determine oil and gas exploration strategies, this study proposed a hydrocarbon 

accumulation probability index (PI) that reflected the probability of hydrocarbon 

accumulation. PI ranged from 0 to 1. Furthermore, when PI is greater, the probability 

of hydrocarbon accumulation is greater, the success rate of drilling is higher.  

The hydrocarbon accumulation probability index is relative. A target zone with PI 

=1 does not mean that the petroleum drilling success rate is 100%. The zone with bigger 

PI means better choice compared to others. Based on the PI, they were divided into 

areas I (0.75 < PI ≤ 1), II (0.5 < PI ≤ 0.75), III (0.25 < PI ≤ 0.5), and IV (0 ≤ PI ≤ 0.25). 

The descending order of PI for these areas was I, II, III, and IV; therefore, the drilling 

priority was I > II > III > IV. 

The Triassic and Jurassic were the two major accumulation periods for the 

Dengying Formation (Fig. 10). For the hydrocarbon expulsion intensity distribution in 

the two main expulsion periods (Fig. 9b and c), the hydrocarbon expulsion intensity 

was normalized. The PI at the highest hydrocarbon expulsion intensity was defined as 

1, and in other areas, it was the ratio of the hydrocarbon expulsion intensity at the 

location to the highest expulsion intensity. The accumulation index of all areas on the 

plane was distributed between 0 and 1. Therefore, Triassic and Jurassic accumulation 

Jo
urn

al 
Pre-

pro
of



24 

 

period PI distribution maps were obtained and divided into areas I, II, III, and IV. 

Because the current hydrocarbon accumulation area is the sum of the accumulation 

areas for the main accumulation periods throughout geological history (Wang et al., 

2019), the current hydrocarbon accumulation areas and the sum of hydrocarbon 

accumulation areas during the Triassic and Jurassic were obtained (Fig. 11c). As shown 

in Fig. 11c, to limit the drilling risk, area I was primarily distributed in the northern and 

central areas of the Sichuan Basin, which were selected as priority areas for future 

exploration of the Ediacaran Dengying Formation. 

 

 

Fig. 11. (a) The relationship between hydrocarbon expulsion intensity and PI (modified 

from Wang et al., 2019). (b) The relationship between PI and drilling risk (modified 

from Wang et al., 2020a). (c) The distribution of PI of Ediacaran Dengying Formation 

of Sichuan Basin and drilling priority. PI is the hydrocarbon accumulation probability 

index.  

 

5.3 Reliability verification 

In this study, the succeed drilling wells are industrial gas wells, and the failed wells 

refer to water wells and dry wells (Wang et al., 2019). The production results obtained 

from 55 drilling wells in the Ediacaran Dengying Formation showed that the drilling 

success rates in areas I, II, III, and IV were 90%, 75%, 60%, and 45.5%, respectively 

(Fig. 12), as shown in Table S4. The results exhibited a positive correlation between PI 
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and drilling success rate. A higher PI value correlates to a higher drilling success rate, 

verifying the reliability of the evaluation of favorable oil and gas exploration areas 

based on PI. 

 

 

Fig. 12. The drilling success rate in areas with different hydrocarbon accumulation 

indexes (PI) in the Dengying Formation. 

 

5.4 Improvement on the traditional hydrocarbon expulsion model 

The traditional hydrocarbon expulsion model, based on the mass balance, using 

Rock-Eval data covering low maturity and high maturity to quantify hydrocarbon 

expulsion and the petroleum resource potential (Thompson et al., 1986; Pang, et al., 

2005; Varma et al., 2015; Wang et al., 2020b). This method has been widely employed 

in global middle and shallow petroliferous basins with low-maturity source rocks (Peng 

et al., 2016; Jiang et al., 2016; Wu et al., 2022; Chen et al., 2022b). However, the 

traditional method relies on low-maturity source rocks, which have limited applications 

in high-maturity source rock research areas of deep petroliferous basins (Chen et al., 

2022b). Through a combination of experimental analysis and numerical simulation, the 

evolution process of hydrocarbon expulsion of high-maturity source rocks was inverted, 

and a hydrocarbon expulsion model was established in this study. This model does not 

require low maturity samples and is suitable for evaluating high maturity marine source 

rocks with broad applicability in deep petroliferous basins. 
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6 CONCLUSIONS 

The hydrocarbon expulsion model established in this study is suitable for 

evaluating high-maturity marine source rocks, solving the problem that traditional 

evaluation methods depend on low-maturity samples and are limited in application to 

the high-maturity source rock areas of deep petroliferous basins. Based on this model, 

hydrocarbon expulsion from high-maturity source rock can be quantitatively evaluated, 

and the resource potential of the study area can be predicted. Areas with a higher 

hydrocarbon expulsion intensity have a lower drilling risk and should be prioritized for 

drilling in the order of I > II > III > IV. 

The Ediacaran microbial dolomite in the Sichuan Basin is a good source rock and 

has a vast resource potential. The amount of hydrocarbon expulsion was 1.008 trillion 

tons, and the recoverable resource was 1.5 trillion m3, guaranteeing stable production 

for 43 years. The northern and central areas of the Sichuan Basin were selected as 

prospects and two priority areas for future exploration of the Ediacaran Dengying 

Formation. 
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the hydrocarbon expulsion model in this study.  

 

Nomenclature 

Symbols 

Ro Vitrinite reflectance (%) 

TOC Total Organic Carbon (%) 

S1 Free hydrocarbon (mg HC/g Rock) 

S2 Pyrolysis hydrocarbon (mg HC/g Rock) 

Ig Hydrocarbon generation potential (mgHC/gTOC) 

Iog Original hydrocarbon generation potential (mgHC/gTOC) 

Roe Hydrocarbon expulsion threshold (%) 

Rol Lower limit of hydrocarbon expulsion (%) 

qe Hydrocarbon expulsion ratio (mgHC/gTOC) 

re Hydrocarbon expulsion rate (mgHC/gTOC) 

Ie Hydrocarbon expulsion intensity (t/km2) 

Qe Amount of hydrocarbon expulsion (t) 

H Source rock thickness (m) 

ρ Source rock density (g/cm3) 

A Area (m2) 

Z Depth (m) 

Abbreviations 

Jo
urn

al 
Pre-

pro
of



28 

 

SRCA Source–reservoir–cap assemblage 

PI Hydrocarbon accumulation probability index 
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