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Abstract: Evaluating residual hydrocarbons is crucial for assessing shale oil and gas reservoirs,
significantly impacting resource evaluation and exploration prospects. Previously regarded as lacking
hydrocarbon generation potential, the Ediacaran Dengying Formation (Fm) microbial dolomite in the
Sichuan Basin has been re-evaluated for its hydrocarbon generation capabilities. While understanding
source rock characteristics is vital for petroleum resource assessment, a comprehensive analysis of
the dolomite’s source rocks, encompassing hydrocarbon generation and residual features, remains
undocumented. In this study, we thoroughly analyze the total organic carbon and vitrinite reflectance
and extensively utilize pyrolysis analysis, gas chromatography and isotopic analysis of the organic
kerogen from the Ediacaran Dengying Fm dolomite samples. The findings affirm that the Ediacaran
Dengying Fm dolomite indeed serves as a source rock with moderate hydrocarbon generation and
residue capabilities. This microbial dolomite was formed in a reducing marine environment with
high salinity. Characterized by an averaging TOC of 0.82%, the kerogen is primarily identified as type
I, with a minor presence of type II, and underwent thermal maturation up to the post-maturity stage.
Throughout its geological history, the maximum intensities for hydrocarbon generation and residues
were 4.5 × 107 t/km2 and 3.2 × 107 t/km2, respectively. Additionally, cumulatively generated
and residual hydrocarbon quantities amounted to 2.7 × 1012 t and 1.67 × 1012 t, respectively. This
study indicates significant exploration potential for the Ediacaran Dengying Fm microbial dolomite.
Consequently, the central region in the Sichuan Basin has been identified as a promising area for
future exploration endeavors. Our study provides valuable insights for the understanding of shale
gas exploration in high-maturity source rock areas.

Keywords: sichuan basin; precambrian petroleum system; high-maturity source rock; hydrocarbon
residues; shale gas

1. Introduction

Interest in studying the petroleum systems of the Precambrian has grown significantly
over the past decade [1–6]. These areas garnered attention as prospective exploration sites
after the discovery of a multitude of vast oil and gas fields in China, Africa, eastern Europe,
Russia, Arabia, and Oman [7–12]. Significant natural gas accumulation has been recently
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discovered within the dolomite units in the Ediacaran Dengying Fm in the Sichuan Basin,
which represents a new and important supplement to the worldwide ancient Precambrian
petroleum systems. These systems are known for their extensive reserves and production,
at 4.0 × 1011 m3 [4,12–14].

Significant quantities of shale gas are found within high-maturity source rocks [15].
The potential of shale oil and gas resources within these rocks is determined via residual
hydrocarbons [16]. The assessment of residual hydrocarbons plays a crucial role in eval-
uating shale oil and gas resources and selecting exploration prospects [17–19]. Previous
studies suggest that the Ediacaran Dengying Fm acted as a reservoir in the Sichuan Basin.
The overlying Cambrian formation contains the source rock of mud shale [20–22], from
which the Ediacaran gas was derived. However, extensive research and drilling activities
conducted in the Ediacaran Dengying Fm microbial dolomite in recent years have provided
novel insights. First, the proven gas reserves that currently occur in Ediacaran rock [4,12,14]
are more than twice the size of the predicted gas resources (1.7 × 1011 m3) of the third
resource assessment conducted by PetroChina Southwest Oil and Gas Fields. This indicates
a contribution from other sources in addition to the Cambrian Qiongzhusi Formation source
rock of mud shale. Second, studies on trace elements, carbon and oxygen isotopes, and
pyrite have proved that the paleo–sedimentary environment and preservation conditions
were sufficiently favorable to enable the Dengying microbial dolomite to form a good
source rock [23,24]. The co-existence of native bitumen in this dolomite facies proves that
hydrocarbon generation occurred during its geologic history [22,25,26]. Third, the natural
gas geochemistry and source correlation indicate that the microbial dolomite provides the
most important source contribution to the Dengying gas accumulation [1].

There is growing research pointing to the potential of dolomite as a source rock for
hydrocarbons around the world. Peters et al. (1995) highlighted the possibility of substantial
petroleum generation from the marine algal-laminated dolomites of the Infracambrian
Bilara Formation in the Bikaner-Nagaur basin in India [27]. These dolomites were found to
be marginally mature (with Tmax values of 436 ◦C or less), containing moderate to high
total organic carbon (TOC) levels, and exhibiting hydrogen indices typical of oil-prone
organic material, reaching up to 400 mg hydrocarbon per gram of TOC. Słowakiewicz
and Mikołajewski (2011) discussed the potential of dolomite microbialites as a source
of hydrocarbons within the Zechstein (Upper Permian) Main Dolomite carbonates in
the western part of the Polish sector of the Southern Permian Basin [28]. Calculations
suggested original TOC values ranging from 0.8 to 2.0 weight percent, with type II kerogen
present and varying thermal maturities between 0.85% and 3.2% Ro. Pan et al. (2020)
presented findings on the hydrocarbon generation potential of dolomite within the Permian
Lucaogou Formation in the Malang Sag, Santanghu Basin, Western China [29]. These
dolomites exhibited total organic carbon (TOC) values ranging from 0.8 to 7.3% (averaging
2.7%), they contained Type I and II1 kerogen, were in the early mature to mature stage of
thermal maturity, and had hydrogen index (HI) values spanning from 142 to 975 mg/g.

These discoveries have prompted more scientists to redefine the Ediacaran Dengying
microbial dolomite as a set of potential source rocks in the Sichuan Basin [1,4,12,13,30,31].
A thorough assessment of these source rocks, focusing on hydrocarbon generation and
residual potential, captured the attention of oil explorers. In the investigation conducted by
Zou et al. [1], an analysis of microbial dolomite source rock quality was conducted utilizing
data from outcrops, core samples, drilling cuttings, and seismic data. In the research
of Shi et al. [4], they preliminarily addressed the hydrocarbon generation capability of
Ediacaran source rocks according to TOC, pyrobitumen reflectance, and kerogen carbon
isotope analyses. However, the quantitative analysis of the hydrocarbon generation and
residue features of the Ediacaran Dengying Fm source rocks during the geologic history is
absent from the literature.

Evaluation of the hydrocarbon generation and residue quantities in source rocks has
previously been experimentally conducted [32–35]. However, the simulation results of
hydrocarbon generation differ significantly because the parameters differ according to the
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kerogen types [36–38]. Therefore, the simulation of the hydrocarbon generation of a sample
cannot accurately reflect the hydrocarbon generation capacity of the source rock that is
distributed across the entire basin [38]. In addition, accurately measuring the hydrocarbon
generation quantities and residue quantities in source rocks throughout geological history
for experimental simulations becomes complex when multiple phases of hydrocarbon
generation have occurred [39].

This study intends to quantify the hydrocarbon generation and residue features of the
Ediacaran Dengying Fm dolomite in the Sichuan Basin. The goals of this study encompass
(1) systemically evaluation of the geological features of this facies including the sedimentary
environment, areal distribution, as well as the characteristics of organic matter abundance,
organic matter type, and organic matter thermal maturity; (2) quantitative analysis of
the hydrocarbon generation and residue features of this dolomite that occurred during
its geologic history and (3) computation of the quantities of hydrocarbon generation and
residues of the Ediacaran Dengying Fm dolomite, and forecasts of promising zones for
targeted exploration strategies.

2. Geological Setting

The Sichuan Basin, located in the Sichuan province of Western China, encompassing
an area of approximately 1.9 × 105 km2, is a prominent gas-rich petroliferous basin formed
atop the Upper Yangtze Craton [40]. Situated in a tectonically intricate region, the northwest
border of the basin is adjacent to the Longmenshan fault zone, while the northeast border
of the basin abuts the Dabashan fault zone. The basin’s location at the convergence of
multiple plates contributes to its complex tectonic dynamics. The Sichuan Basin, with
respect to tectonic movement, is partitioned into six distinct structural units, namely the
western, northern, central, southwestern, southern, and eastern districts (Figure 1) [12,41,42].
Over different geological periods, the Sichuan Basin has undergone five major tectonic
movements corresponding to significant evolutionary stages [4]. The regional tectonic
stress has experienced two distinct stages: the initial stage from Ediacaran to Early Triassic,
characterized by a tensile stress environment, and the subsequent stage from Middle
Triassic to Quaternary, dominated by compressive stress [43].
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Figure 1. Location and structural map of the Sichuan Basin (Revised from Ref. [12]). The blue wells 
are the sampling wells in this study. 
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mation and the Lower Doushantuo Formation [12,44]. This study primarily focuses on the 
Dengying Formation, characterized by a sedimentary environment, mostly comprising a 
carbonate platform. The dominant lithology is dolomite, categorized as Zd1 to Zd4 from 
bottom to top (Figure 2). Zd1 primarily consists of microbial dolomite with a minor pres-
ence of crystal powder dolomite. Zd2 is predominantly microbial dolomite, followed by 
powder dolomite, and contains a small amount of dolomite mudstone. Zd3 is composed 
of shale with thin siliceous dolomite, while Zd4 is dominated by powder crystal dolomite, 
with microbial dolomite also present [1,4]. The Ediacaran System in the Sichuan Basin 
holds substantial natural gas resources and presents promising exploration prospects. Ac-
cording to Du et al. [45], the estimated gas reserves of the Ediacaran Dengying Formation 
range from 0.66 to 1.37 × 1012 m3. 

Figure 1. Location and structural map of the Sichuan Basin (Revised from Ref. [12]). The blue wells
are the sampling wells in this study.

The Ediacaran strata found in the Sichuan Basin consist of the Upper Dengying
Formation and the Lower Doushantuo Formation [12,44]. This study primarily focuses on
the Dengying Formation, characterized by a sedimentary environment, mostly comprising
a carbonate platform. The dominant lithology is dolomite, categorized as Zd1 to Zd4

from bottom to top (Figure 2). Zd1 primarily consists of microbial dolomite with a minor
presence of crystal powder dolomite. Zd2 is predominantly microbial dolomite, followed
by powder dolomite, and contains a small amount of dolomite mudstone. Zd3 is composed
of shale with thin siliceous dolomite, while Zd4 is dominated by powder crystal dolomite,
with microbial dolomite also present [1,4]. The Ediacaran System in the Sichuan Basin holds
substantial natural gas resources and presents promising exploration prospects. According
to Du et al. [45], the estimated gas reserves of the Ediacaran Dengying Formation range
from 0.66 to 1.37 × 1012 m3.
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pyrolysis analysis, gas chromatography, and isotopic analysis of organic kerogen. Some 
of the data utilized in this study originate from previous studies [4,46,47]. 

  

Figure 2. Precambrian geochemical profile of well W117 in the central area of the Sichuan basin. The
location of well W117 is shown in Figure 1.

3. Data and Methods
3.1. Data

Various geological and geochemical data were amassed in this study. On the geolog-
ical front, the information includes the burial and thermal evolution history, the density,
residual thickness and range of distribution of the Ediacaran Dengying Formation microbial
dolomite of the Sichuan basin. For geochemical data, these encompass experimental data
such as the total organic carbon (TOC) and vitrinite reflectance, and the results of pyrolysis
analysis, gas chromatography, and isotopic analysis of organic kerogen. Some of the data
utilized in this study originate from previous studies [4,46,47].
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3.2. Sample Preparation and Experiments

The samples were collected from the PetroChina Southwest Oil and Gas Field Com-
pany. The process for preparing samples for TOC analyses adhered to established proce-
dures as outlined in Stüeken et al. (2017) [48]. Approximately 0.2 g of powdered rock was
carefully measured and placed into glass centrifuge tubes, which had been pre-treated in a
muffle furnace at 900 ◦C for 2 h. Subsequently, 10 mL of 6N HCl was added to the tubes,
and the mixture was stirred using a glass rod, followed by a 10-min sonication. The samples
were allowed to react overnight at a temperature of 60 ◦C. To ensure complete dissolution
of the soluble carbonate phases, the HCl solution was replaced three times. After this, the
samples were centrifuged, the acidic solution was poured off, and the powdered residue
was washed four times with deionized water (DI-H2O) to eliminate any remaining chloride.
The decarbonated samples were then dried via baking at 60 ◦C for 4 h [49].

Prior to the isolation of kerogen, the powdered samples underwent a chloroform
extraction in a Soxhlet extractor at 80 ◦C for 48 h to extract soluble organic materials.
The isolation of kerogen followed the methodologies described by Durand (1980) and
Vandenbroucke and Largeau (2007) [50,51]. Approximately 10 g of the previously extracted
sample powder was subjected to a treatment with 6 N HCl to eliminate carbonate, sulfide,
sulfate, and hydroxides. Subsequently, the samples were treated with a mixture of 40% HF
and 6 N HCl to dissolve clay minerals and silicates, followed by a second treatment with
6 N HCl. Following these treatments, the samples were rinsed until they reached a neutral
state and then dried at a temperature of 100 ◦C [49]. Once the samples were completely dry,
the concentrate was homogenized through grinding in preparation for the isotopic analysis
of organic kerogen.

The TOC of all samples was evaluated using a carbon/sulfur analyzer (Series CS230;
LECO, St. Joseph, MO, USA), and the organic matter was burned and converted to CO2
at 900 ◦C [47,52]. Using Rock-Eval pyrolysis, the samples were placed in a crucible, with
N2 as the carrier gas; using a specific heating program, the rock was heated at 300 ◦C for
3 min, and the free hydrocarbon content (S1) was obtained. In the temperature range of
300–600 ◦C, the pyrolysis hydrocarbon content (S2) was obtained by heating at 25 ◦C/min,
the data was from Ref. [47] (Table 1). The test instrument of the gas chromatography was
the thermoelectric TRACE 1300 gas chromatograph. Test conditions: carrier gas 99.999%
N2 (flow rate 1 mL/min), combustion gas H2, injection port and FID detector temperature
of 300 ◦C. The Ro was measured using an MPV-SP microphotometer (Table 2), the data was
from Ref. [47]. The isotopic analysis of organic kerogen was conducted using a Thermo
Scientific FLASH 2000 elemental analyzer coupled to a MAT 253 continuous-flow isotope-
ratio mass spectrometer (IRMS) via a Conflo IV interface.

Table 1. TOC and Rock-Eval pyrolysis data of the Ediacaran microbial dolomite.

Sample Depth (m) S1
(mg/g) S2 (mg/g) S1 + S2

(mg/g) TOC (%) HI
(mg HC/g TOC)

#1 5030 0.57 0.13 0.7 3.04 4
#2 5042 0.49 0.11 0.6 3.42 3
#3 5295 0.76 0.9 1.66 1.68 54
#4 5029 0.71 0.71 1.42 5.23 14
#5 5070 1.28 0.69 1.97 3.11 22
#6 5163 0.1 0.08 0.18 3.03 3
#7 5095 0.75 0.7 1.45 3.84 18
#8 5175 1.65 1.23 2.88 1.6 77
#9 5215 1.35 0.69 2.04 1.54 45
#10 5352 0.22 0.2 0.42 1.01 20
#11 5485 0.25 0.45 0.7 1.35 33
#12 5525 0.67 0.27 0.94 1.48 18
#13 5394 0.04 0.04 0.08 1.08 4
#14 3169 0.16 0.12 0.28 1.27 9
#15 3193 0.12 0.17 0.29 1.04 16
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Table 1. Cont.

Sample Depth (m) S1
(mg/g) S2 (mg/g) S1 + S2

(mg/g) TOC (%) HI
(mg HC/g TOC)

#16 3218 0.15 0.19 0.34 1.06 18
#17 4427 0.67 1.88 2.55 1.12 168
#18 4439 1.42 1.36 2.78 1.41 96
#19 4458 0.24 0.2 0.44 1.81 11
#20 4470 1.1 0.79 1.89 1.92 41
#21 4481 0.88 2.01 2.89 1.78 113
#22 4490 1.2 2.24 3.44 0.75 299
#23 4509 0.98 0.9 1.88 1.66 54
#24 4626 0.61 0.35 0.96 0.58 60
#25 4679 0.62 0.27 0.89 0.22 123
#26 4710 0.21 0.15 0.36 0.55 27
#27 4735 0.14 0.11 0.25 0.57 19
#28 4770 0.12 0.09 0.21 0.53 17
#29 4805 0.14 0.18 0.32 0.55 33
#30 4840 0.26 0.3 0.56 0.49 61
#31 4875 0.87 0.36 1.23 0.41 88
#32 4901 0.07 0.05 0.12 0.38 13
#33 4921 0.08 0.07 0.15 0.35 20
#34 5137 0.7 0.72 1.42 2.54 28
#35 5237 0.37 0.61 0.98 3.35 18
#36 5287 0.35 0.25 0.6 2.22 11
#37 5337 0.35 0.28 0.63 1.8 16
#38 5387 0.67 0.46 1.13 5.49 8
#39 5537 0.12 0.07 0.19 1.04 7
#40 5150 0.8 1.09 1.89 2.09 52
#41 5200 0.38 0.45 0.83 1.81 25
#42 5250 0.34 0.54 0.88 2.74 20
#43 5350 0.24 0.09 0.33 0.93 10
#44 5400 0.47 0.62 1.09 0.8 78
#45 5450 0.44 0.25 0.69 1.02 25
#46 5101 0.55 0.4 0.95 2.36 17
#47 5301 1 0.87 1.87 1.64 53
#48 5085 0.21 0.29 0.5 1.52 19
#49 5001 1.48 0.79 2.27 3.02 26
#50 5035 1.73 1.69 3.42 2.26 75
#51 5141 0.37 0.31 0.68 1.36 23
#52 5241 0.4 0.38 0.78 1.76 22
#53 5341 0.32 0.24 0.56 0.84 29
#54 5129 0.5 0.39 0.89 1.79 22
#55 5229 0.17 0.43 0.6 1.85 23
#56 5329 0.54 0.24 0.78 1.06 23
#57 5429 0.18 0.37 0.55 0.96 39
#58 5451 0.39 0.31 0.7 1.18 26
#59 5631 0.28 0.29 0.57 1.04 28
#60 5681 0.33 0.33 0.66 1.14 29
#61 5112 1 1.32 2.32 2.54 52
#62 5132 0.99 1.57 2.56 2.67 59
#63 5162 0.75 0.64 1.39 2.63 24
#64 5192 0.26 0.41 0.67 2.23 18
#65 5222 0.51 1.03 1.54 2.85 36
#66 5426 0.04 0.04 0.08 1.88 2
#67 5442 0.16 0.24 0.4 1.83 13
#68 5502 0.1 0.1 0.2 2.07 5
#69 5532 0.21 0.44 0.65 2.27 19
#70 5562 0.06 0.1 0.16 1.72 6
#71 5592 0.31 0.17 0.48 1.55 11
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Table 1. Cont.

Sample Depth (m) S1
(mg/g) S2 (mg/g) S1 + S2

(mg/g) TOC (%) HI
(mg HC/g TOC)

#72 5622 0.36 0.77 1.13 1.77 44
#73 5652 0.16 0.27 0.43 1.45 19
#74 5682 0.16 0.29 0.45 1.3 22
#75 5732 0.44 0.39 0.83 1.68 23
#76 5762 0.67 0.6 1.27 2.01 30
#77 5792 0.5 0.5 1 1.61 31
#78 5852 0.33 0.25 0.58 1.79 14
#79 5912 0.32 0.59 0.91 2.02 29
#80 5022 3.91 1.05 4.96 6.33 17
#81 5045 0.22 0.19 0.41 3.23 6
#82 5082 0.22 0.37 0.59 1.49 25
#83 5435 0.03 0.03 0.06 1.51 2
#84 5462 0.23 0.95 1.18 1.33 71
#85 3014 0.19 0.22 0.41 1.44 15
#86 2989 0.05 0.09 0.14 0.24 38
#87 3010 0.03 0.04 0.07 0.26 15
#88 3013 0.04 0.03 0.07 0.17 18
#89 3015 0.05 0.03 0.08 0.68 4
#90 3034 0.05 0.03 0.08 0.32 9
#91 3073 0.02 0.04 0.06 0.15 27
#92 3080 0.11 0.2 0.31 0.25 80
#93 3114 0.03 0.02 0.05 0.14 14
#94 3267 0.03 0.03 0.06 0.12 25
#95 3346 0.02 0.02 0.04 0.11 18
#96 3354 0.03 0.02 0.05 0.39 5
#97 3370 0.03 0.03 0.06 0.14 21
#98 3430 0.02 0.02 0.04 0.1 20
#99 3502 0.06 0.05 0.11 0.33 15

#100 3531 0.13 0.21 0.34 0.13 162
#101 3547 0.07 0.06 0.13 0.08 75
#102 3605 0.58 0.92 1.5 1.45 63
#103 3639 0.01 0.03 0.04 0.11 27
#104 3687 0.04 0.02 0.06 0.26 8
#105 3740 0.06 0.15 0.21 0.05 300
#106 3792 0.02 0.01 0.03 0.07 14
#107 3821 0.03 0.02 0.05 0.07 29
#108 3877 0.03 0.01 0.04 0.05 20
#109 3915 0.03 0.04 0.07 0.04 100
#110 3964 0.11 0.47 0.58 0.09 522
#111 3978 1.34 0.76 2.1 0.69 110
#112 4019 0.08 0.11 0.19 0.13 85
#113 4075 0.04 0.07 0.11 0.21 33
#114 3047 0.37 0.32 0.69 1.53 21
#115 5314 0.02 0.04 0.06 1.96 2
#116 5354 0.23 0.27 0.5 2.66 10
#117 5112 0.08 0.04 0.12 1.96 2
#118 5112 0.03 0.02 0.05 0.05 40
#119 5202 0.06 0.16 0.22 0.22 73

Table 2. Vitrinite reflectance data of Ediacaran source rocks in Sichuan basin [47].

Well Depth (m) Rmin (%) Rmax (%) Ro % Counts Well Depth (m) Rb (%) Req (%)

Ap1 5030.17 2.63 2.68 2.65 20 Mx9 4964.77 3.29 2.43
Gs1 5295.00 2.53 2.61 2.59 20 Gk1 5356.73 3.45 2.53

Gs102 5029.00 2.57 2.63 2.61 20 Gs17 4969.42 3.53 2.58
Gs102 5070.49 2.55 2.59 2.57 20 Gs17 4985.10 3.60 2.63
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Table 2. Cont.

Well Depth (m) Rmin (%) Rmax (%) Ro % Counts Well Depth (m) Rb (%) Req (%)

Gs7 5351.85 2.57 2.60 2.60 20 - - - -
Hs1 5394.10 2.55 2.62 2.59 20 - - - -
Hs1 5753.58 2.56 2.60 2.58 20 - - - -

Mx10 5387.00 2.55 2.65 2.60 20 - - - -
Mx11 5150.00 2.58 2.63 2.61 20 - - - -
Mx13 5341.00 2.65 2.75 2.70 10 - - - -
Mx17 5129.00 2.53 2.61 2.57 10 - - - -
Mx8 5425.68 2.70 2.85 2.78 20 - - - -
Mx9 5045.07 2.73 2.91 2.82 20 - - - -
Mx9 5435.20 2.59 2.64 2.61 20 - - - -
Zs1 5314.24 2.73 2.90 2.86 20 - - - -

The equivalent vitrinite reflectance (Req) transformed from pyrobitumen reflectance (Rb) was used in some
samples; Req = 0.618 × Rb + 0.4.

3.3. Conceptual Model

The hydrocarbon generation process in source rocks upholds the principle of mass
conservation. The overall material quantity remains constant during the conversion of
organic materials, which are transformed to be hydrocarbons within source rocks. The
organic materials transformed to be hydrocarbons, i.e., hydrocarbon generation, consist
of two parts: the hydrocarbons remaining within the source rock, referred to as residual
hydrocarbons, and the hydrocarbons that have migrated out of the source rock, known as
hydrocarbon expulsion. A traditional model is that suggested by Pang et al. [53], which
quantitatively characterizes the generation and expulsion of hydrocarbons from source
rocks, and has been widely applied in previous research [54,55]. However, this model
is only applicable for assessing source rocks with low levels of maturity. Based on the
traditional model, an improved model was established and used in the present study, as
shown in Figure 3. In this new model, no pyrolysis data from low-maturity source rocks
were required.
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Figure 3. Conceptual model to compute the hydrocarbon generation and residue potential. HGT
represents the threshold for hydrocarbon generation, while HET stands for the threshold for hydro-
carbon expulsion. (a) The hydrocarbon generation potential index and the hydrogen index change
with depth. (b) The hydrocarbon generation ratio and hydrocarbon residue ratio change with depth.
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As source rocks mature, the organic matter within them gradually transforms into
hydrocarbons. In this study, the hydrocarbon generation potential index (Ig, calculated as
(S1 + S2)/TOC [56]) reflects the potential for hydrocarbon generation per unit of organic
carbon in source rocks. It encompasses both residual hydrocarbons and hydrocarbons that
can further evolve with increasing maturity [53]. The hydrogen index (HI, calculated as
S2/TOC) represents the potential for additional hydrocarbon transformation per unit of
organic carbon in source rocks. HGT refers to the maturity at which source rocks commence
hydrocarbon generation. HET refers to the maturity at which point source rocks begin to
expel hydrocarbons.

The hydrocarbon generation potential index corresponding to HET is denoted as
Iog. Iog remains constant before reaching HET. After the release of hydrocarbons from
source rocks, Iog begins to decrease. The difference between Iog and HI is defined as the
hydrocarbon generation ratio (qg), representing the hydrocarbons produced for each unit
of organic carbon below the HGT (Equation (1)). Similarly, the disparity between Iog and Ig
is referred to as the hydrocarbon expulsion ratio (qe), signifying the hydrocarbons expelled
for each unit of organic carbon below the HET (Equation (2)). Lastly, the difference between
qg and qe yields the hydrocarbon residue ratio (qr), illustrating the residual hydrocarbons
for each unit of organic carbon below the HGT (Equation (3)).

qg(Ro) = Iog − HI(Ro) (1)

qe(Ro) = Iog − Ig(Ro) (2)

qr(Ro) = qg(Ro)− qe(Ro) (3)

In the above equations, qg is the hydrocarbon generation ratio, measured in mg/g; qe
is the hydrocarbon expulsion ratio, measured in mg/g; qr is the hydrocarbon residue ratio,
measured in mg/g; Iog is the original hydrocarbon generation potential index, measured
in mg/g; HI is the hydrogen index, measured in mg/g; Ig is the hydrocarbon generation
potential index, measured in mg/g; Ro is the vitrinite reflectance, measured in %.

All calculation processes are completed in Doublefox Software. The input parameters
consist of the values of qg and qr, total organic carbon (TOC), source rock thickness,
source rock density, hydrocarbon generation ratio, and hydrocarbon residue ratio. As
per Equations (4) and (5), the outputs are hydrocarbon generation intensity and residual
hydrocarbon intensity, respectively. When the input parameters encompass the values of
qg and qr, total organic carbon (TOC), source rock thickness, source rock density, source
rock area data, hydrocarbon generation ratio, and hydrocarbon residue ratio, as described
in Equations (6) and (7), the results are hydrocarbon generation amount and hydrocarbon
residue amount.

Hg =
∫ Ro

Ro
t

10−3 × qg(Ro)× H × ρ × TOCo(Ro)× d(Ro) (4)

Hr =
∫ Ro

Ro
t

10−3 × qr(Ro)× H × ρ × TOCo(Ro)× d(Ro) (5)

Qg =
∫ Ro

Ro
t

10−13 × qg(Ro)× H × A × ρ × TOCo(Ro)× d(Ro) (6)

Qr =
∫ Ro

Ro
t

10−3 × qr(Ro)× H × A × ρ × TOCo(Ro)× d(Ro) (7)

In the above equations, Hg is the hydrocarbon generation intensity, measured in
104 t/km2; Hr is the hydrocarbon residue intensity, measured in 104 t/km2; H is the
thickness of the source rock, measured in m; ρ is the density of the source rock, measured in
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g/cm3; A is the area of source rocks, measured in km2; TOCo is the original TOC, measured
in %; Qg is the amount of hydrocarbon generation, measured in 108 t; Qr is the amount of
hydrocarbon residue, measured in 108 t.

To accurately reflect the original TOC [57], restoration is required, utilizing Equa-
tions (8) and (9).

TOCo = TOC × k (8)

k = (1 − 0.83 ×
Ig

1000
)/
(
1 − 0.83 × Iog/1000

)
(9)

The study employed the Easy%Ro chemical kinetic model to establish the correlation
between source rock thermal maturity and depth within the Sichuan Basin. This correlation
was achieved through the utilization of basin simulation software, such as PetroMod and
Basinmod. The burial and thermal histories of the source rock of the Ediacaran Dengying
Formation were shown in Zou et al. [1]. The vitrinite reflectance data for the Ediacaran
microbial dolomite source rock in the Sichuan Basin were determined using Equation (10)
presented by Wang et al. [47] and was based on the findings discussed in Zou et al. [1].

Ro = 0.31 × exp (0.0004 × Z) (10)

In the above equation, Ro is the vitrinite reflectance, measured in %; Z is the depth of
source rock, measured in m.

4. Results
4.1. Geological and Geochemical Features of Source Rocks
4.1.1. Sedimentary Environment

The Ediacaran system contains the first stable cap rocks in the Yangtze Craton devel-
oped on the South China rift basin under a tensional regional tectonic background [58].
Owing to the influence of the basement fault, a north–south rifting trough developed
between Moxi Gaoshiti and Weiyuan Ziyang in the southwestern Sichuan Basin, which
controlled the deposition of the Dengying Formation; the deposition in the rifting trough
was relatively thin [13]. The Sichuan area was a carbonate platform with shallow water
conditions abundant in algae during the deposition of the Dengying Fm, ultimately leading
to the formation of microbial dolomite deposits [59].

Pristane (Pr)/n-C17 and phytane (Ph)/n-C18 ratios serve as comprehensive markers
utilized for identifying sedimentary environments, organic matter origin, and thermal
maturity [60–62]. Figure 4a displays the cross-plot for the dolomite within the Dengying
Fm. The cross-plot for the dolomite of the Dengying Fm is shown in Figure 4a. All samples
fell in the area of a reducing environment. The range of Ph/n-C18 was 0.08 to 0.97 with
an average of 0.68, and that of Pr/n-C17 was 0.12 to 0.96 with an average of 0.53, which
represents marine organic matter with a high thermal maturity [61,63]. The n-alkanes
of the microbial dolomite showed similar unimodal distribution patterns in the n-C13
to n-C33 interval, and the main carbon peak was between n-C17 and n-C24 (Figure 4b).
This suggests that the primary organic matter precursors for the microbial dolomite were
predominantly aquatic organisms [64]. The Pr/Ph ratio is a widely adopted biomarker
index, offering insights into the sedimentary environment [65,66]. Specifically, Pr/Ph ratios
below 1.0 suggest reducing environments, while ratios exceeding 1.0 indicate oxidizing
conditions [65]. Gammacerane develops in both saline and reducing environments [67].
The microbial dolomite within the Dengying Formation exhibited characteristics such as a
low Pr value, high Ph value, and elevated gammacerane content, with a Pr/Ph ratio below
1, collectively indicating a marine environment with high salinity and reducing conditions,
as shown in Figure 5. Additionally, the proportions of C27, C28, and C29 regular steranes
serve as indicators of the depositional environment and organic matter origin. Specifically,
C27 regular steranes are primarily derived from plankton, while C29 regular steranes are
predominantly derived from terrestrial higher plants [68]. However, C27 and C29 before
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the late Paleozoic may be derived from red algae and green algae [69]. In our study, the
C27/C29 sterane ratio was approximately 0.8. This implies that the proportion of green
algae in the organic matter source of the microbial dolomite was relatively high, which
indicates a reducing environment (Figure 5).
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Figure 5. The outcomes of the gas chromatography–mass spectrometry experiment of the microbial
dolomite in the Dengying Fm (Depth: 5047.2 m, Well Ap 2).

4.1.2. Geological Distribution

Beach facies rich in algae promote the development of dolomite abundant in algae,
whereas sedimentary facies, such as semi-confined platforms, are unfavorable to its develop-
ment. The central areas of the Sichuan basin are located in the dominant development area
of microbial dolomite. This area is separated by semi-confined platforms with relatively
undeveloped microbial dolomite [13], which control its thickness distribution. Figure 6
depicts the distribution of the microbial dolomite thickness within the Dengying strata.
The thickness of the microbial dolomite of Dengying Fm spans from 80 m to 450 m, with
an average of 251 m. Extensive development of microbial dolomite is observed in both
the central regions and margins of the Sichuan Basin, reaching a maximum sedimentary
thickness of 400 m. Because they are affected by differential denudation caused by tectonic
activity, the sediments in the northeastern areas and northwestern areas of the Sichuan
Basin are relatively thin, at only about 100 m in thickness.
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4.1.3. Organic Matter Abundance

Organic matter abundance is usually evaluated using the TOC [70]. The TOC of the
Ediacaran Dengying Fm microbial dolomite varies greatly, with a maximum value of 4.0%
and an average value of 0.82%. A total of 38.2% of the sample falls in the distribution
interval from 0.5% to 1.0%, and 35.6% of the sample falls in the distribution interval of
0.2~0.5%. The distribution of TOC is also uneven in various regions within the basin. TOC
in the central area of the basin is generally higher than in other areas, mainly in the range
of 0.5% to 1% (Figure 7). According to the assessment criteria for highly mature marine
carbonate source rocks established by Dai et al. [71], the Ediacaran Dengying Fm microbial
dolomites are good source rocks; additionally, non-source rocks and poor source rocks
are rare.
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4.1.4. Organic Matter Type

Kerogen types exhibit distinct compositions and structures, crucial in determining
the potential for hydrocarbon generation. The composition and structure of kerogen vary
based on kerogen types, directly influencing the potential for hydrocarbon generation and
the type of hydrocarbons produced. Thermal evolution has a small effect on organic carbon
isotopes and can also reflect the type of organic matter (SY/T 5735–1995) [72]. The carbon
isotope of organic kerogen in the microbial dolomite was between −26.9‰ and −33.3‰
with an average value of 29.6‰, of which 85% was less than −28‰ (Figure 8). The results
show that most of the microbial dolomites are type I kerogen (SY/T 5735–1995). This
result is similar to the previous studies of Shi et al. [4] and Wang et al. [47]. They found
that the microbial dolomite in the Dengying Fm predominantly consists of type I kerogen,
characterized by high hydrocarbon generation potential. Furthermore, the analysis revealed
that over 98% of the macerals in the microbial dolomite are sapropelic matter, reinforcing
its classification as primarily type I kerogen, with type II being a rare occurrence.
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4.1.5. Organic Matter Thermal Maturity

The average vitrinite reflectance for the microbial dolomite within the Dengying Fm
is 2.62%. This suggests that the microbial dolomite has progressed into the post-maturity
stage. When considering regional variations, the thermal maturity in the central areas of
the Sichuan Basin is notably higher, showcasing average Ro values of 2.66%. In contrast,
the southwestern Sichuan Basin exhibits relatively lower thermal maturity, averaging 2.28%
(Figure 9).
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4.2. Hydrocarbon Generation and Residue Features of Source Rocks
4.2.1. Hydrocarbon Generation and Residue Model

Based on the Rock-Eval measurement data in conjunction with Iog, HGT, and HET, we
established a model for hydrocarbon generation and residues in the Ediacaran Dengying
Fm microbial dolomite source rocks. The observed pattern reveals that they enter the
HGT stage at a Ro of 0.51%, initiating hydrocarbon generation and resulting in a decline
in HI (Figure 10a). Subsequently, they enter the HET stage at a Ro of 0.92%, leading to a
decrease in Iog (Figure 10a). Beyond a Ro of 3.5%, they cease to generate hydrocarbons, rep-
resenting the lower limit of hydrocarbon generation (HLG). The Iog of Ediacaran Dengying
Fm microbial dolomite source rocks was determined to be 756 mg HC/g TOC by Wang
et al. [47].

Processes 2023, 11, x FOR PEER REVIEW 15 of 22 
 

 

 
Figure 9. Thermal maturity of organic matter characteristics among areas. Circles depict the average 
data, while bars illustrate the data range. Some of the data utilized in this study originate in previous 
studies [4,46]. 

4.2. Hydrocarbon Generation and Residue Features of Source Rocks 
4.2.1. Hydrocarbon Generation and Residue Model 

Based on the Rock-Eval measurement data in conjunction with Iog, HGT, and HET, 
we established a model for hydrocarbon generation and residues in the Ediacaran Dengy-
ing Fm microbial dolomite source rocks. The observed pattern reveals that they enter the 
HGT stage at a Ro of 0.51%, initiating hydrocarbon generation and resulting in a decline 
in HI (Figure 10a). Subsequently, they enter the HET stage at a Ro of 0.92%, leading to a 
decrease in Iog (Figure 10a). Beyond a Ro of 3.5%, they cease to generate hydrocarbons, 
representing the lower limit of hydrocarbon generation (HLG). The Iog of Ediacaran 
Dengying Fm microbial dolomite source rocks was determined to be 756 mg HC/g TOC 
by Wang et al. [47]. 

 
Figure 10. Model for quantifying hydrocarbon generation and residues of Dengying Fm microbial 
dolomite. 

Figure 10. Model for quantifying hydrocarbon generation and residues of Dengying Fm micro-
bial dolomite.



Processes 2023, 11, 3193 16 of 22

The qg and qr of source rocks exhibit a rapid increase during the initial phase of
surpassing the HGT and HET, respectively, followed by a stabilization in the later stages
(Figure 10b). Prior to crossing the HET, most of the petroleum is retained within the source
rocks, with only a small fraction of hydrocarbons being expelled. However, with increased
burial depth, a significant portion of the hydrocarbons previously held in the source rocks
are progressively liberated.

4.2.2. Hydrocarbon Generation Intensities and Amount of Source Rocks

The conceptual model provides insights into the hydrocarbon generation and residue
features under varying thermal conditions [53]. Integrating the burial history and thermal
evolution trajectory of the Sichuan Basin [1] allows us to comprehend the hydrocarbon
generation characteristics across different geological eras. The Ediacaran Dengying Fm
microbial dolomite in the Sichuan Basin experienced two periods of structural uplift in
the Ordovician and the Jurassic, respectively, and there are four main eras of hydrocarbon
generation. Using geological data on the thickness of source rocks and the geological data
of TOC, we can compute the hydrocarbon generation intensity and hydrocarbon generation
quantity in different geological periods through Equations (1), (4), and (6).

During the early Cambrian, the microbial dolomite entered the hydrocarbon genera-
tion threshold, and the corresponding thermal evolution Ro was 0.51%. The Caledonian
movement during the Silurian period caused the basin to be uplifted and eroded. The dura-
tion was as long as 140 Ma, after which time the microbial dolomite hydrocarbon generation
ceased. In Figure 11a, the hydrocarbon generation intensity for microbial dolomites at the
end of the Silurian is depicted. The central areas of the Sichuan Basin exhibited a prominent
hydrocarbon generation center, surpassing 1.8 × 107 t/km2, gradually diminishing towards
the basin’s periphery. Moving into the Permian period, during the rapid subsidence of the
Ediacaran, occurring at a speed of 60 m/Ma, microbial dolomites commenced hydrocarbon
regeneration. By the Triassic, two hydrocarbon-generating centers emerged in the central
and northern regions of the Sichuan Basin, with generation intensities of 1.7 × 107 t/km2

and 2.1 × 107 t/km2, respectively (Figure 11b).
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As illustrated in Figure 11c, towards the end of the Jurassic, only one hydrocarbon
generation center, referring to the area with the maximum hydrocarbon generation intensity,
was situated in the central areas of the Sichuan Basin, boasting a hydrocarbon generation
intensity of 4.4 × 107 t/km2. The Late Cretaceous Himalayan movement induced a sub-
stantial uplift in the basin, leading to a cessation of hydrocarbon generation. Consequently,
the hydrocarbon generation intensities remained consistent from the end of the Cretaceous
to the present day. The center, primarily located in the central areas of the Sichuan Basin,
maintained an intensity of 4.5 × 107 t/km2 (Figure 11d).

Using Equation (6), we computed the cumulative hydrocarbon generation amounts
of microbial dolomite in history, as presented in Table 3. The hydrocarbon generation
amounts from Ediacaran Dengying Fm microbial dolomite source rocks during various
time periods, along with the cumulative amounts, are illustrated in Figure 12. The findings
demonstrate three significant stages of hydrocarbon generation in the Ediacaran microbial
dolomite source rock in the Sichuan Basin: Silurian, Triassic, and Jurassic. The hydrocarbon
generation amounts for these separate stages are 1.05 × 1012 t, 9.5 × 1011 t, and 6.49 × 1011 t,
respectively.

Table 3. Hydrocarbon generation amount of the microbial dolomite of the Dengying Formation in
different geological periods.

Hydrocarbon Generation Silurian Triassic Jurassic Present Day

Cumulative amount (108 t) 10,535.3 20,079.5 26,576.3 27,089.9
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4.2.3. Hydrocarbon Residue Intensities and Amount of Source Rocks

By using the TOC and thickness data, the hydrocarbon residue ratio, the hydrocarbon
residue intensity and amount can be calculated according to Equations (2) and (5). The
hydrocarbon residue intensity of the Ediacaran microbial dolomites is shown in Figure 13.
One hydrocarbon residue center was present, in the central areas of the Sichuan Basin, with
hydrocarbon residue intensities of 3.2 × 107 t/km2. The hydrocarbon residue amounts
of the Ediacaran Dengying Fm microbial dolomite are calculated based on Equation (7),
which is 1.66 × 1012 t.
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5. Discussion
5.1. Ediacaran Microbial Dolomite Resource Potential in the Sichuan Basin

The Dengying Fm in the Sichuan Basin boasts favorable petroleum geological con-
ditions, making it conducive to natural gas formation [13,73,74]. Based on the model
discussed in Section 4.2, the Ediacaran microbial dolomite in the Sichuan Basin has the
potential to generate approximately 2.7 × 1012 t of hydrocarbons (Table 1). Taking into
account an aggregation coefficient of 1% for hydrocarbon accumulation in the deep ma-
rine strata [1], we assessed the resources within the Ediacaran Dengying Fm microbial
dolomite in the Sichuan Basin. The estimated amount ranges from 270 × 108 t (equivalent
to 33.8 × 1012 m3), underscoring a significant resource potential. Shi et al. [4] believed that
the Ediacaran microbial dolomite in the Sichuan basin was a set of potential hydrocarbon
sources. The results of our study align with this perspective, portraying the Ediacaran
Dengying Fm microbial dolomite in the Sichuan Basin as robust source rocks that have
generated substantial hydrocarbons, thus holding promising exploration potential.

5.2. Prospects of Ediacaran Gas Exploration in the Sichuan Basin

Source rocks exert significant control over the distribution range of hydrocarbon accu-
mulation [34,75,76]. In conventional hydrocarbon accumulation scenarios, hydrocarbons
are expelled from source rocks and migrate to reservoirs, and the prospects are influenced
by the hydrocarbon generation intensity of these source rocks [54]. Favorable zones are
strategically located at an optimal distance from the source rocks exhibiting the highest
hydrocarbon generation intensity [54]. These geological conditions are conducive to the
formation of high-quality reservoirs [12].

However, for the source-reservoir assemblage type of resource [76,77], the prospects
are dictated by the hydrocarbon residue intensity within the source rocks [76]. Favor-
able zones are identified within the source rocks with the highest hydrocarbon residue
intensity [76]. In this context, the central district of the Sichuan Basin has been identified
as a potential area within the Ediacaran Dengying Formation, demonstrating favorable
conditions for future exploration (Figure 13).
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5.3. Insights for Gas Exploration in Areas with High-Maturity Source Rocks

In regions where source rocks have undergone significant thermal maturation, the
TOC in the rocks decreases due to hydrocarbon expulsion. This results in a ‘high in ancient
times and low today’ TOC scenario. Essentially, when these rocks were initially formed,
their TOC content was very high; however, the measured TOC today is considerably lower,
making it easy to misidentify them as ineffective source rocks. This is in stark contrast to
the ‘low in ancient times and low in present’ TOC characteristics, which pertain to rocks
that had a low initial TOC due to the absence of organic matter during their formation,
rendering them ineffective source rocks. Therefore, evaluating highly mature source rocks
solely based on TOC indices can lead to significant errors. It is essential to comprehensively
assess the residual hydrocarbon generation and expulsion throughout the historical process.
Effective evaluation should consider whether the historical hydrocarbon expulsion exceeds
zero and meets industrial accumulation standards. Rocks that meet these criteria are
considered effective hydrocarbon source rocks. Moreover, if the residual hydrocarbon
content surpasses zero and aligns with industrial accumulation standards, these rocks
become viable targets for shale oil and gas exploration, warranting special attention.

In addition, there is a worldwide lack of low-maturity source rocks in Precambrian
formations. It is a crucial challenge to locate ancient, low-maturity source rock samples,
conduct hydrocarbon generation thermal simulation experiments to ascertain their original
hydrocarbon generation potential and validate the abundance of organic matter and re-
source potential in ancient formations. Additionally, this article proposes the hydrocarbon
generation potential of microbial dolomite from the perspective of hydrocarbon generation
and expulsion. Traditionally, this type of rock has been regarded as a reservoir, so our pro-
posal represents a relatively recent viewpoint. In future research, efforts will be intensified
in the investigation of paleoenvironments, organic and inorganic isotopes, and residual
bitumen to further substantiate its classification as an effective source rock.

6. Conclusions

The Ediacaran microbial dolomite within the Sichuan Basin’s Dengying Formation
stands out as a favorable source rock, displaying significant hydrocarbon generation and
residue potential. Formed within a saline marine reducing environment, this dolomite is
extensively spread across the Sichuan Basin, averaging a thickness of 251 m. Characterized
by an average TOC of 0.82%, the kerogen is primarily identified as type I, with a minor
presence of type II. Its thermal evolution has progressed to the post-maturity stage.

Significant hydrocarbon generation and residues have transpired within the geological
history of the Ediacaran Dengying microbial dolomite in the Sichuan Basin. The maxi-
mum intensities for hydrocarbon generation and residues reached 4500 × 104 t/km2 and
3200 × 104 t/km2, respectively. Furthermore, the total amounts of generated and residual
hydrocarbons amounted to 2.7 × 1012 t and 1.67 × 1012 t, respectively. The Ediacaran
Dengying Formation holds substantial exploration potential, particularly within the central
district of the Sichuan Basin, identified as a promising area for future exploration.
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