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The evolution mechanism of hydrocarbons in ultra-deeply-buried and ultra-old

strata is the core issue of petroleum geology moving towards Deep Earth.

Reconstructing the evolutionary history of ultra-deeply-buried hydrocarbons is

the key to shedding light on deep hydrocarbon accumulation and evolution

mechanisms. Furthermore, it can help point out directions for oil and gas

exploration in Deep Earth. Anyue gas field in the central Sichuan Basin is the

Frontier of deep natural gas exploration inChina. This study selected the natural gas

reservoirs of the Upper Sinian Dengying Formation in the central Sichuan Basin as

the research object. By integrating analysis of natural gas geochemical

characteristics, source rock evaluation, reservoir bitumen-source correlation,

inclusion analysis, one-dimensional and two-dimensional hydrocarbon

accumulation simulations, the generation and evolution of hydrocarbons in

different structural regions, namely the inherited paleo-uplift and slope area in

central Sichuan Basin, have been dynamically restored and compared. The results

show that: 1) The natural gas of the ultra-deeply-buried Sinian Dengying formation

in central Sichuan is typical oil-cracking gas from the paleo-oil reservoir. The Sinian

gas is mainly sourced from the Qiongzhusi/Maidiping Formation. 2) The formation

of Sinian gas reservoirs includes three stages: the formation of paleo-oil-reservoirs;

the cracking of paleo-oil-reservoirs into paleo-gas-reservoirs; the adjustment of

the paleo-gas-reservoirs. 3) Source rock and reservoir evaluation, quantitative solid

bitumen analysis, and hydrocarbon accumulation simulation show that the natural

gas accumulation conditions in the slope area are better than in the inherited uplift

area. The scale of the paleo-oil-reservoirs in the slope areamaybegreater than that

in the inherited uplift area.
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Introduction

According to China Drilling Regulations, the deeply-buried

strata refers to strata with a burial depth of 4,500–6,000 m, while

the ultra-deeply-buried refers to a depth greater than 6,000 m (Zhao

et al., 2014; Cao et al., 2022). China has made significant

breakthroughs in deep and ultra-deep hydrocarbon exploration

in recent years. By the end of 2019, PetroChina’s proven deep

and ultra-deep natural gas geological reserves had reached

2.86 trillion cubic meters; however, the proven resource rate only

reached 13%, indicating an overall low exploration degree (Li et al.,

2020). Deep and ultra-deep marine oil and gas exploration has

become the Frontier of China’s oil and gas exploration.

The classical kerogen thermal-degraded theory proposed by

(Tissot and Welte, 1978) postulates that oil generation from

sedimentary organic matter mainly occurs in the so-called “oil

window” with a formation temperature of no more than 160°C.

Thus, it is generally accepted that oil can not stably exist in deep

strata. However, in recent years, China has found many

industrial oil reservoirs in ultra-deeply-buried strata (Zhu G.

et al., 2017b; Zhu et al., 2021), dramatically challenging Tissot’s

theory. Therefore, the phase evolution of hydrocarbon in deeply-

buried and ultra-deeply-buried strata has become the research

hotspots of petroleum geology.

China’s deep, ultra-deep oil and gas exploration mainly

concentrates on the Tarim and Sichuan Basins. As typical

superimposed basins, the ultra-deeply-buried strata of the

Tarim and Sichuan Basins have a complex thermal and

tectonic evolutionary history, and the research on the

hydrocarbon phase evolution and accumulation process is still

not in-depth (Ren et al., 2020). In sharp contrast to the Tarim

Basin, natural gas reservoirs dominate deeply-buried and ultra-

deeply-buried strata of the central Sichuan Basin. The Sinian

Dengying and Cambrian Longwangmiao Formations are the

main exploration targets of the Anyue gas field in the central

Sichuan Basin. By the end of 2020, the proven geological reserves

of natural gas in the Anyue gas field (the Gaoshiti-Moxi area)

have exceeded 1 × 1012 m3, with an annual production capacity of

about 170 × 108 m3 (Wei et al., 2022). Gas reservoirs of the

Dengying and Longwangmiao Formations experienced multi-

stage tectonic movements during their long evolutionary history

and are characterized by considerable burial depth (more than

4,500 m), high evolutionary degree (typical dry gas) (Dai et al.,

2018), oil-cracking origin (Wei et al., 2015a; Wu et al., 2016a). A

typical evolutionary mode of hydrocarbon in the deep and ultra-

deeply-buried strata of the central Sichuan Basin is: paleo-oil-

reservoir → paleo-gas-reservoir → today’s gas reservoir (Zhu

et al., 2015). However, it is worth noting that this mode was

established primarily based on fluid inclusion analysis (Yang

et al., 2022). The detailed evolution process of the hydrocarbon

phase and its main controlling factors remain unclear (Li et al.,

2021). Therefore, in recent years, the deep gas research in the

Sichuan Basin has been greatly concentrated on reconstructing

the hydrocarbon accumulation history and clarifying its phase

evolution mechanism.

From the exploration’s perspective, the PetroChina

Southwest Oil and Gas Field Company has made significant

exploration breakthroughs on the North Slope of the Anyue Gas

Field during the past several years. The exploration wells PT1 and

JT1 obtained industrial gas flow in the second and the fourth

members of the Dengying Formation, respectively (Xu et al.,

2020). The exploration breakthroughs of the North Slope have

aroused some scientific questions. 1) Tectonic simulation shows

that after the oil generation peak, the Anyue gas area was

inherited in the high-part of paleo-uplift, while the North

Slope gradually evolved into a structural slope area (Ma et al.,

2020). For the slope area, the formation of “traps” is crucial to the

large-scale hydrocarbon accumulation. Have some structural

traps favorable for oil and gas accumulation ever been formed

in the slope area during the process of hydrocarbon

accumulation and evolution? 2) (Xie et al., 2021a) found that

the gas isotopic characteristics in the slope area are different from

that in the uplift area, and he speculated that it was partly due to

different thermal maturity. However, it lacks evidence from the

thermal simulation of source rocks in the slope and inherited

uplift areas. 3) How the matching between tectonic evolution and

thermal evolution of source rocks controls the hydrocarbon

accumulation in the slope area and in the uplift area? 4) Can

the hydrocarbon evolution and accumulation processes in the

slope and uplift regions be compared under an entirely consistent

thermal background? The key to solving these questions is

simultaneously reconstructing the two regions’ hydrocarbon

generation, accumulation, and evolution history.

In this study, based on the geochemical analysis of natural

gas, source rocks and reservoir solid bitumen, gas/bitumen-

source correlation, reservoir characterization, one-dimensional

and two-dimensional simulations of hydrocarbon accumulation,

we completed the restoration of hydrocarbon generation,

accumulation, and evolution simulation on the North Slope

and the Gaoshiti-Moxi area simultaneously, so as to

dynamically compare the evolution process of hydrocarbon in

different structural positions for ultra-deep marine carbonate

reservoirs.

Geological background

Sichuan Basin contains six first-ordered tectonic units

(Figure 1A), and the research area (the North Slope of central

Sichuan Basin) is located in the Central Gentle Tectonic Belt. The

Gaoshiti-Moxi area is a large-scaled uplift shaped in the

Caledonian movement at the end of Silurian and preserved to

date (Zou et al., 2014; Wei et al., 2015c). The North Slope mainly

refers to the large-scaled monoclinic structure adjacent to the

north of the Gaoshiti-Moxi area. The north side of the North

Slope is bounded by Jiulong Mountain (longti1 well location),
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and its west side is close to the Deyang-Anyue rift trough

(Figure 1A). Like the Gaoshiti-Moxi area, the North Slope

used to be part of the paleo-central-Sichuan-uplift formed in

the Caledonian movement and preserved by the Indosinian

movement. Subsidence of the North Slope began in the

Indosinian movement and gradually transformed into a

sloped shape (Ma et al., 2019). Therefore, the Gaoshiti-Moxi

area is also called the inherited uplift, while the North Slope is the

non-inherited structural area (Yang et al., 2020).

The Upper Sinian Dengying Formation is one of the main

targets of the Anyue Gas Field. It is deeply buried, with the

deepest elevation reaching -8,300 m. Four members make up the

Dengying Formation, the second and fourth members of which

are high-quality reservoirs (Figure 1B). While well maintained in

the Gaoshiti-Moxi area, the Dengying Formation is severely

eroded in the North Slope. Only the Dengying Formation’s

first and second members are unconformably in contact with

overlying strata (Figure 1B). Thus, the Dengying Formation is

FIGURE 1
An overview of the geologic background of the research area. (A) The sedimentary facies of the Dengying Formation overlaying on the
structuralmap of the Dengying top surface. (B) Stratigraphic columnof the Dengying Formation and its source rocks. (C) Typical gas reservoir profiles
showing the gas-water relationships in the Gaoshiti-Moxi area (D-4), the North Slope (the Zhongjiang (D-2), and the Penglai Blocks (D-2)).
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distributed in steps from the North Slope to Gaoshiti-Moxi area.

The platform margin reef-flat facies dominate the high-quality

reservoir (Feng et al., 2021). The sedimentary facies change

gradually from west to east to inner platform facies. The

reservoir rock is primarily microbial dolomite.

The natural gas in Dengying Formation is mainly sourced from

the overlying black shale of the CambrianQiongzhusi andMaidiping

Formations, with a small contribution from the third member of the

Dengying Formation (Wei et al., 2022). The thickness of the

Qiongzhusi and Maidiping Formations is thinner from the North

Slope to the Gaoshiti-Moxi area, and the Maidiping Formations are

barely deposited in the Gaoshiti-Moxi area.

A typical gas reservoir profile (Figure 1C) shows that the

Gaoshiti-Moxi area is dominated by anticlinal structural gas

reservoirs with a uniform gas-water contact (−5230 m). In

contrast, the gas-water relationship in the North Slope is more

complicated, dominated by stratigraphic-lithologic gas reservoirs

(Zhao et al., 2020). As shown in Figure 1, the gas-water contact in the

Zhongjiang Block (ZJ2) and the Penglai Block (PT1) are different,

showing that they are different gas reservoirs.

Sampling and experiments

In this study, to dynamically reconstruct the hydrocarbon

generation, accumulation, and evolution history in ultra-deeply-

buried strata, natural gas analysis, source rock analysis, and fluid

inclusion analysis were performed in the Analysis Experiment

Center of the Exploration and Development Research Institute of

PetroChina Southwest Oil and Gas Field Company. The gas

samples are obtained from the main exploration wells. Also, we

calculated the content of solid bitumen of the Dengying reservoir

rocks with the help of the casting thin section images.

Gas analysis

First, the gas components were analyzed utilizing Agilent

6890 gas chromatography (GC–IRMS). After that, the carbon

isotope experiment on methane and ethane was carried out

following the standard SY/T 5238-2019 by using Isochrom II

Stable isotope ratio mass spectrometer at 23°C and 60% RH. The

carbon isotope (δ13C) is reported as per mil (‰) deviations from

the carbon isotope composition of the VPDB (Vienna Pee Dee

Belemnite) standard. Similarly, the deuterium isotope was also

analyzed for the methane and ethane according to standard SY/T

5238-2019.

Geochemical analysis of source rock

The pyrolysis experiment and TOC analysis were conducted

on the Qiongzhusi source rocks (Є1q) formations utilizing Rock-

Eval and C/S analyzer to clarify the quality of the primary source

rocks.

Fluid inclusion

The fluid inclusion homogeneous temperature test was

conducted in the Analytical Laboratory of Beijing Research

Institute of Uranium Geology via LINKAM THMS600 (7035)

heating and cooling stage, following standard EJ/T1105-1999

(Determination of temperature for fluid inclusion in minerals).

Also, the features of fluid inclusions, like distribution, size, and

liquid-to-vapor ratio, were described.

The volumetric content of solid bitumen

Core samples of the D-2 and D-4 members were taken from

exploration wells to calculate the volumetric solid bitumen

content in the reservoir rock. According to standard SY/T

5368–2016, casting thin sections specimens were made, and

the pore structure was observed using a Transmission

reflection polarizing microscope. After that, the volumetric

content of reservoir solid bitumen was calculated by image

processing through the following steps:

a. For every depth with casting thin section specimen, we

selected five images for quantitative analysis of solid bitumen. b.

We accurately identified and extracted the solid bitumen through

color mode conversion (from RGB to YCbCr), K-means

clustering, and binarization. c. The plane porosity of the solid

bitumen was calculated on the binarized image, and the average

plane porosity of the five selected images was taken as the

volumetric content of solid bitumen in this depth.

Results and discussion

Natural gas characterization

The natural gas component analysis on 61 gas sample from

key exploration wells shows that: ① the CH4 content of gas

reservoirs in the Penglai block (D-2) is mainly distributed in the

range of 94%–96%, and that in the Zhongjiang block (D-2) is less

than 90%, while that in the Gaoshiti-Moxi area (D-4) is between

the two (Figure 2A);② The C2H6 content of gas reservoirs in the

three regions is very low (less than 0.1%) (Figure 2B), but the

humidity coefficient (C2+/C1+) slightly varies—the humidity

coefficient of gas reservoirs in the Penglai block is mainly

distributed between 0.05% and 0.1%; that in the Zhongjiang

block is mainly less than 0.05%; while that in the Gaoshiti-Moxi

area (D-4) is a bit higher, mainly 0.025%–0.075% (Figure 2C);

however, they are all typical dry gas (humidity coefficient is less

than 5%);③ Gas reservoirs in the three regions are all Medium-
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FIGURE 2
Histograms show the comparison of natural gas composition from the Gaoshiti-Moxi area (the Moxi and Gaoshiti areas) and the North Slope
(the Penglai and Zhongjiang Blocks). The frequency histograms showing the distribution of the CH4 content (A), C2H6 content (B), C2+/C1+ (C), CO2

content (D), N2 content (E), H2S content (F), He content (G) and H2 content (H) in different blocks in the central Uplift and the North Slope of the
Sichuan Basin.
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CO2-Bearing-gas-reservoirs–the CO2 content in Gaoshiti-Moxi

area, Penglai and Zhongjiang blocks are 4%–8%, 2%–4%

and >8%, respectively (Figure 2D); ④ Gas reservoirs in the

three regions all belong to Slightly-N2-Bearing-gas-reservoirs

(Figure 2E); ⑤ The H2S content in the Gaoshiti-Moxi area

and the North Slope differs significantly—greater than 30 g/m3

in the Penglai and Zhongjiang blocks, belonging to High-sulfur-

bearing-gas-reservoir; while less than 30 g/m3 in the Gaoshiti-

Moxi area, belonging to Medium-sulfur-bearing-gas-reservoir

(Figure 2F).

From the natural gas component’s perspective, though

natural gases in different Dengying reservoirs are typical dry

gas, they differ in the gas component. Remarkably, the gas

component of gas reservoirs in the North Slope differs

significantly from that of the Gaoshiti-Moxi area—abundant

in the H2S content, which may result from a more

complicated TSR affection (Zhu et al., 2021).

Moreover, the natural gases of Dengying reservoirs in the

North Slope and the Gaoshiti-Moxi area fall within the range

of oil-cracking gas (Figure 3), indicating that the natural gases

of Dengying reservoirs have the same genetic type.

Noteworthy, they differ in maturity—attributing to the

increase in burial depth, the maturity of natural gas

gradually increases from south to north. Generally, the

equivalent maturity of natural gas of the Dengying

reservoirs in the North Slope is located in an interval

greater than 2%.

Source rock evaluation

The source rocks of the Lower Cambrian (the Qiongzhusi and

theMaidiping Formations) and theUpper Sinian (the thirdmember

of the Dengying Formation) in central Sichuan are mainly marine

black shale, containing a small amount of carbonaceous shale and

riching in algae. The thickness of the third member of the Dengying

Formation varies from 0 to 60 m,mainly distributed in the Gaoshiti-

Moxi area and almost eroded in the platform margin on the North

Slope. In contrast, the Maidiping Formation is mainly distributed in

the North Slope. The lower Cambrian Qiongzhusi Formation is the

thickest and most widely distributed source rock in the North Slope

and theGaoshiti-Moxi area, ranging in thickness from 300 to 700 m.

In the Gaoshiti-Moxi area, the TOC of the Qiongzhusi

Formation is concentrated in the range of 0.51%–11.34%, with

1.41% and 1.86% on average and median. On the North Slope, the

TOC of theQiongzhusi Formation ranges from0.50% to 5.94%, with

medians and averages of 1.49% and 1.59%, respectively. FromTOC’s

perspective, the quality of the Qiongzhusi source rock in the North

Slope does not differ significantly from that in the Gaoshiti-Moxi

area. Moreover, we can see from Figure 4 that the quality of the

Maidiping Formation matches the Qiongzhusi in terms of TOC

(median:1.64%; aver.:1.86%). However, unlike TOC, there is a

distinct difference in pyrolysis. The S1+S2 (hydrocarbon

generation potential) on the North Slope is significantly lower

than that in the Gaoshiti-Moxi area, which may attribute to a

greater maturity led by a more substantial burial depth.

Gas-source correlation

The natural gas of the Dengying reservoirs is at a high-

mature stage and belongs to typical dry gas; therefore, it carries

very little geochemical information. Only limited parameters

such as the composition of light hydrocarbon and their

carbon isotope may still inherit the characteristics of the

source rock and can be used for the correlation to the source

(Dai et al., 2018).

In well PT1, the carbon isotopes of methane (Dengying

Formation) range between−33.95‰ and−33.90‰, with an

average value of—33.93‰. Ethane’s carbon isotope in

PT1 varies from−29.31‰ to−29.19‰, averaging−29.24‰.

Furthermore, CO2 in well PT1 has an average carbon isotope

of −0.48‰ but a range of −0.98‰ to −0.14‰. In contrast, a

much smaller tendency can be seen in well ZJ2, where the average

carbon isotope values for methane, ethane, and CO2

are−34.88‰,−33.18‰, and−17.88‰, respectively (Table 1).

The isotopic sequence of methane and ethane in Dengying

reservoirs on the North Slope shows a normal pattern

(δ13C1 < δ13C2), but we observe differences in different

reservoirs. The difference could be caused by different thermal

maturities (Xie et al., 2021a) and TSR alteration (Xie et al., 2021a;

Zhu et al., 2022).

FIGURE 3
Discrimination plot demonstrating the natural gas genesis
andmaturity based on the identification chart created by (Xie et al.,
2021a).
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Generally, the carbon isotope of methane (δ13C1) becomes

heavier with increasing thermal maturity. In contrast, the carbon

isotope of C2+, such as ethane (δ
13C2), varies little with increasing

thermal maturity but primarily varies with the type of parent

material (kerogen) (Xie et al., 1999). Thus, the carbon isotope of

C2+ is a better indicator for gas-source correlation than that of

methane (Yanhua et al., 2006; Wei et al., 2015c; Wu et al., 2016b).

However, as shown in Figure 5, neither the carbon isotopes of

methane nor ethane from Dengying reservoirs can be correlated

effectively with those fromQiongzhusi. As shown in Figure 5, the

mean value of δ13C1 and δ
13C2 of Dengying reservoirs are −34.4‰

and −29.0‰, respectively. It differs from the carbon isotope in

Qiongzhusi shale (-35.3‰). The δ13C2 of natural gas in the

Dengying reservoirs is relatively heavy—heavier than source

rock (Qiongzhusi Formation and D-3 Member) (Zhang et al.,

2019). It may be contributed by a mixed source (Wei et al.,

2015b) or apparent alterations by TSR. To conclude, using the

carbon isotope of methane or ethane for gas-source correlation is

insufficient to identify the sources of natural gas.

Compared with natural gas, another product of oil-cracking,

the reservoir solid bitumen, carries more geochemical

information and shows apparent advantages in correlation

with the source for highly mature to over-mature natural gas

reservoirs (Cai et al., 2017). The latest research even carried out

the bitumen-source correlation with the help of trace and rare

elements (Zhu et al., 2022). We can see from Figure 5 that the

carbon isotope of the bitumen in the Dengying reservoirs in the

North Slope ranges from −38.2‰ to −33.7‰, showing similar

characteristics to the Qiongzhusi shale (from −37.2‰

to −33.9‰). Furthermore, the carbon isotope of reservoir

solid bitumen is distinct from that of the D-3 mudstone

(Figure 5), demonstrating that the Qiongzhusi shale is the

primary source of the Dengying reservoirs in the North

Slope area.

Geological features of sinian gas reservoirs

On the North Slope, typical cores from the main exploration

wells (Figures 6A–E) show that: 1) Algal dolomite (microbial

dolomite) dominates the Dengying reservoir rocks (D-2 and D-4

FIGURE 4
A comprehensive comparison of Lower Cambrian source rocks on the North Slope and in Gaoshiti-Moxi. (A)Comparing the qualities of Lower
Cambrian source rocks (the Qiongzhusi and Maidiping Formations) on the North Slope and in the Gaoshiti-Moxi area. (B) Source rocks in Taihe and
Gaoshiti-Moxi are primarily good-excellent, but Taihe’s average quality is better than those in Gaoshiti-Moxi, according to TOC and S1+S2.

TABLE 1 Carbon isotopic values (δ13CPDB) of the natural gas from the
Dengying Formation.

Wells Strata Depth/m Isotope δ13CPDB/‰

δ13C1 δ13C2 δ13CCO2

PT1 D-2 5726.0-5817.0 −33.94 −29.24 −0.16

−33.95 −29.19 −0.98

−33.92 −29.31 −0.14

−33.90 −29.20 −0.63

ZJ2 D-2 6577.5-6723.0 −34.67 −33.23 −19.38

−35.09 −33.13 −16.38
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members), which can be categorized into three types–algal sandy

dolomite, algal stromatolitic dolomite, and microcrystalline

dolomite. 2) In algal stromatolitic dolomite and algal sandy

dolomite, pores and caves are more developed than in

microcrystalline dolomite. 3) Bitumen partially fills the porous

spaces of almost all reservoir rocks.

Images of casting thin sections (Figures 6F–I) show: 1) The

pore space of the algal dolomite is composed of intergranular

dissolution pores, intragranular dissolution pores, and inter-

crystalline pores, with developed dissolution caves and few

micro-fractures. 2) The solid bitumen is widely distributed in

the pore network and primarily distributed in the inter-crystalline

and dissolution pores. 3) The wide distribution of the solid

bitumen indicates that most gas reservoirs in the Dengying

Formation resulted from the cracking of paleo-oil-accumulation.

With the help of core routine physical properties analysis of

several typical wells (DB1, PT1, and ZJ2 wells in the North Slope;

GS2 and MX10 wells in the Gaoshiti-Moxi area) (Figure 7), this

study compared the Dengying reservoir’s physical properties in

the uplift and the slope areas. The result shows that: 1) The

Dengying reservoirs in the North Slope and the Gaoshiti-Moxi

area are typical tight carbonate with low porosity and low

permeability (air permeability <1 mD). 2) On the North

Slope, the maximum and minimum porosity of the Dengying

reservoirs is around 5% and 2%, respectively, with a median value

of about 3.00%. In contrast, the median porosity of the Dengying

reservoirs in the Gaoshiti-Moxi area is merely 2.34%,

demonstrating a more dense nature of the reservoir.

Noteworthy, the gas permeability of the Dengying reservoirs

in the North Slope is also better than that of the Gaoshiti-Moxi

area (Figure 7A). Therefore, though the burial depth of the

Dengying reservoirs on the North Slope is greater than that of

the Gaoshiti-Moxi area, the physical properties of the Dengying

reservoirs seem better. 3) The permeability of the Dengying

reservoirs in the North Slope is more concentrated, mainly in

the range of 0.01–1 mD, while that in the Gaoshiti-Moxi area is

more scattered. A better correlation relationship between

porosity and the logarithmic permeability (Figure 7B)

indicates that the heterogeneity of the Dengying reservoirs on

the North Slope is lower than that in the Gaoshiti-Moxi area.

In addition, as shown in Figure 8, a thin section image

processing procedure was used to determine the amount of

solid bitumen in the reservoir pore network (Table. 2) of

Dengying reservoirs. The results show that: 1) The solid

bitumen content (plane porosity of solid bitumen) of the

Dengying reservoirs on the North Slope (12.75%) is greater

than that in the Gaoshiti-Moxi area (2.52%). 2) On the North

Slope, the solid bitumen fills the pore space more severely than in

the Gaoshiti-Moxi area. The filling degree of solid bitumen in the

pore space varies from 16.97% to 87.88%, with an average value of

63.40%, demonstrating an average half-filling to full-filling status.

In contrast, the filling degree of solid bitumen in the Gaoshiti-Moxi

area ranges from 1.92% to 67.11%, averaging 36.08%, indicating a

half-filling status. 3) The effective residual porosity of the

Dengying reservoirs on the North Slope is distributed in the

range of 1.75% to 14.19% with an average value of 4.41%. It is

slightly smaller than that in the Gaoshiti-Moxi area (0.98%–

12.34%, averaging:5.38%). However, it is worth noting that the

Gross Plane Porosity of the Dengying reservoirs on the North

Slope (averaging: 17.60%) is greater than that in the Gaoshiti-Moxi

area (7.9%), indicating that during burial history, the pore space on

the North Slope was ever more developed than that in the

Gaoshiti-Moxi area. However, the later oil accumulation and

oil-cracking resulted in a more severe solid bitumen filing

status, which led to a lower residual porosity. On the other

hand, it also illustrates that more oil was cracked to generate

gas on the North Slope than in the Gaoshiti-Moxi area during the

evolution history.

FIGURE 5
The gas/bitumen-source correlation on the North Slope. * Methane, ethane, and solid bitumen are from the Dengying reservoirs of ZJ2 and
PT1 wells.
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Fluid inclusion analysis

We found three types of hydrocarbon inclusions in the

Dengying reservoirs (Figure 9), distributed in groups in

dolomites and quartz. Type I hydrocarbon inclusions

(Figure 9A) are mainly one-phase (all liquid, oil)

inclusions. Type II hydrocarbon inclusions (Figure 9B) are

primarily two-phase gas-liquid aqueous fluid inclusions.

These two types of inclusions are all distributed in

dolomite. In contrast, type III hydrocarbon inclusions

(Figure 9C) are found in quartz and are one-phase gas

inclusions. Moreover, we investigated the homogenization

temperatures of two-phase gas-liquid brine inclusions

accompanied by these three types of hydrocarbon

inclusions. The homogenization temperatures show an

increasing trend from brine inclusions accompanied by the

type I hydrocarbon inclusions (homogenization temperatures:

130–140°C) to type II (homogenization temperatures:

170–190°C) and type III (homogenization temperatures:

210–220°C) (Figure 10). Fluid inclusion investigation

indicates three hydrocarbon accumulation stages during the

evolution of the Dengying reservoirs of the Penglai block. The

first two stages were dominated by liquid hydrocarbons,

whereas the third stage was dominated by dry gas.

FIGURE 6
Typical cores and casting thin section photomicrographs illustrating themain lithologic types of the Dengying Reservoir on the North Slope and
the occurrence of solid bitumen in cores and pore space. (A) PT1, 5785.72-5785.82 m, D-2, algal sandy dolomite, with solid bitumen filling in the
dissolution pores and caves; (B) PT1, 5729 m, D-2, algal sandy dolomite, with developed cracksa and dissolution pores filled with solid bitumen; (C)
ZJ2, 6546.27 m, D-2, algal dolomite, with solid bitumen filling in the dissolved pores and cracks; (D) PS1, 7260.28-7260.36 m, D-4, algal
stromatolitic dolomite; (E) PS1, 7256.90-7257.16 m, D-4, microcrystalline dolomite, with solid bitumen filling in the dissolved cracks; (F) PT1,
5729.44 m, D-2, algal sandy dolomite, coarse-grained dolomite, bitumen partialy filling in the inter-crystalline pores of coarse-crystalline-dolomite;
(G) ZJ2, 6553.56 m, D-2, algal dolomite, medium-grained dolomite, bitumen partialy filling in the inter-crystalline dissolved caves; (H) PS1,
7260.28 m, D-4, algal stromatolitic dolomite, inter-crystalline and intragranular pores partially filled by the solid bitumen after fine-grained
authigenic dolomite formed; (I) PS1, 7262.41-7262.54 m, D-4, microcrystalline dolomite, bitumen filling in the intragranular pores after fine-grained
authigenic dolomite formed.
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1D and 2D simulation on hydrocarbon
generation, accumulation, and evolution

In this study, the dynamic reconstruction of the hydrocarbon

generation, accumulation, and evolution history in ultra-deeply-

buried strata was carried out with the help of the Schlumberger

PetroMod software. After deposition, the Sinian Dengying

Formation experienced a long evolutionary history, including

five crucial tectonic movements: the Tongwan movement, the

Caledonian movement of Early Paleozoic, the Indosinian

movement of Triassic, the Yanshan movement, and the

Himalayan movement (Wang et al., 2021). Based on previous

investigations, we obtained the plain distribution of the erosion

thickness in every key tectonic movement (Zhang et al., 2018).

Also, the heat flow is a crucial parameter for reconstructing the

thermal evolution history (Xu et al., 2018). This study referred to

the previous investigations on the thermal history of the Sichuan

Basin (Liu et al., 2014; Zhu et al., 2017a).

For 1D thermal simulation, this study utilized the

Vandenbroucke (1999)-TII-(NorthSea) model (Vandenbroucke

FIGURE 7
(A)Routine physical properties analysis for core samples from the North Slope and the Gaoshiti-Moxi area; (B) A scatter plot showing the
correlation between porosity and permeability. A comparison of the physical properties of Dengying reservoir rocks from the North Slope and
Gaoshiti-Moxi.

FIGURE 8
Workflow, explaining how casting thin section images can be used to determine the solid bitumen’s volumetric content.
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TABLE 2 The content of the solid bitumen in the pore space was obtained from casting thin sectionmicrographs using the image processingmethod.

Research
area

Sample id Gross
area
of image
studied
(pixel)

Area
of solid
bitumen
(pixel)

Area
of pore
space
(pixel)

Gross
plane
porosity
(%)

Plane
porosity
of solid
bitumen
(%)

Effective
residual
porosity**
(%)

Filling
degree
of solid
bitumen
(%)

Average
plane
porosity
of solid
bitumen
(%)

The North Slope DB1-6409.43-3 5002624 1135204 273014 28.15 22.69 5.46 80.61 12.75

DB1-6410.11-1 5002624 653448 187381 16.81 13.06 3.75 77.71

DB1-6411.01-2 5002624 515204 129158 12.88 10.30 2.58 79.96

PS1 7257.53-7257.73 6076416 28800 140947 2.79 0.47 2.32 16.97

PS1 7259.43-7259.63 6076416 29843 120472 2.47 0.49 1.98 19.85

PS1 7262.41-7262.54 6076416 547669 204369 12.38 9.01 3.37 72.82

PS1 7263.45-7263.55 6076416 230146 290735 8.57 3.79 4.78 44.18

PT1-Z-39-2-
5729.44-01

1392640 356847 55012 29.57 25.62 3.95 86.64

ZJ2-Z-5-6554.3-02 1392640 177119 24425 14.47 12.72 1.75 87.88

ZJ2-Z-6-6553.56-01 1392640 408538 197677 43.53 29.34 14.19 67.39

The Gaoshiti-Moxi
Area

MX9-5044.7-1* 4915200 146837 272647 8.53 2.99 5.54 35.05 2.52

MX9-5044.7-2* 4915200 47240 60834 2.20 0.96 1.24 43.64

MX9-5044.7-3* 4915200 7728 401865 8.33 0.16 8.17 1.92

MX9-5044.7-4* 4915200 269473 606183 17.82 5.48 12.34 30.75

MX9-5044.7-5* 4915200 331165 554422 18.02 6.74 11.28 37.40

MX9-5047.2-6* 4915200 30745 390122 8.56 0.63 7.93 7.36

MX9-5047.2-7* 4915200 188002 113634 6.14 3.82 2.32 62.21

MX9-5047.2-8* 4915200 42877 109933 3.11 0.87 2.24 27.97

MX9-5047.2-9* 4915200 76658 85288 3.29 1.56 1.73 47.42

MX9-5047.2-10* 4915200 98543 48038 2.98 2.00 0.98 67.11

*Data sourced from (Song et al., 2021).

**The Effective Residual Porosity = Gross Place Porosity—Plane Porosity of Solid Bitumen.

FIGURE 9
Photomicrographs demonstrating the fluid inclusions’ occurrence in the Dengying Formation (Well PT1) on the North Slope. (A) Grey
hydrocarbon inclusions. Mono-phase (all-liquid) oil inclusions, triangular, elliptical, or elongated in shape, with a size of 2–6 μm, are distributed in
groups in dolomite; polarized light. (B) Two-phase gas-liquid aqueous fluid inclusions with a gas-liquid ratio of less than 5%. Fluid inclusions are
distributed primarily in groups in dolomite; polarized light. (C) Grey gas inclusions, mono-phase all-gas, with a size of 2–10 μm, mainly
distributed in groups in quartz; polarized light.
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et al., 1999) to investigate the maturity evolution history of the

source rocks on the North Slope (the Qiongzhusi shale for ZJ2 and

PT1wells) and inGaoshiti-Moxi area (theQiongzhusi shale andD-3

mudstone for MX8 well) (Figure 11). One-dimensional simulation

shows that: 1) After the deposition of the second member of the

Dengying Formation, the third and fourthmembers of theDengying

Formation were severely eroded on the North Slope during the

Tongwan movement. Therefore, the D-3 source rock only exists on

the North Slope (MX8 well). 2) After a rapid deposition in the early

Cambrian, the strata were severely uplifted (2000–2,500 m) during

the Caledonianmovement. TheQiongzhusi shale in ZJ2 and PT1 on

the North Slope started to generate oil in the late Silurian, similar to

the Qiongzhusi and D-3 source rocks in the Gaoshiti-Moxi area

(MX8well). Before the Late Carboniferous, due to the ongoing uplift

process, thematurity of the source rocks remained in a low stage (the

equivalent Ro was about 0.5%). 3) Since the late Carboniferous, the

source rocks continued to subside, and the thermal evolution

continued. Although there were slight uplifts during the

Hercynian movement (uplift occurred in the Middle-Late

Permian, 130–160 m) and the Indosinian movement (uplift

occurred in the Early Triassic, 10–120 m), the maturation of the

source rock continued. 4) Generally, the source rocks of the North

Slope and the Gaoshiti-Moxi area reached the oil generation peak

(equivalent Ro: 0.7%–1.0%) during the Indosinian movement, and

the paleo-oil-accumulation started to crack from the late Indosinian

to early Yanshan movement. It is worth noting that from north to

south (from the slope area to the uplift), the degree of the thermal

evolution of source rocks tends to decrease gradually. Thus, the

paleo-oil-accumulation started to crack at the end of the Triassic on

the North Slope while remaining almost uncracked at the early

Jurassic in the Gaoshiti-Moxi area. Also, the dry gas reservoirs

formed in the early Jurassic on the North Slope while in the late

Jurassic in the Gaoshiti-Moxi area.

Combining the 1D simulation results of PT1 with the fluid

inclusion analysis, we found that: Type I hydrocarbon inclusions

were formed when oil charged into the reservoir to form a paleo-

oil-reservoir during the Indosinian movement. Thus, these fluid

inclusions are all liquid inclusions. Type II hydrocarbon

inclusions were formed during the oil-cracking stage while the

paleo-oil-reservoir still remained, resulting in the two-phase

hydrocarbon inclusions. Type III hydrocarbon inclusions were

formed after the paleo-oil-reservoirs were entirely cracked,

leaving only gas in the reservoirs.

For comparison’s sake, we selected a typical seismic profile,

crossing typical blocks of the North Slope and the uplift area

(Zhongjiang-Penglai-Goshiti-Moxi section) for 2D simulation.

We obtained the 2D simulation results after several critical

tectonic movements to simultaneously compare the

hydrocarbon generation, accumulation, and evolution status in

different structural positions (the slope and uplift areas).

1) In the late Caledonian (306Ma), the Qiongzhusi/Maidiping

shale on the North Slope began to generate oil intensively. The

expulsed oil directly charged into the second member of the

Dengying Formation from the top and the side. At this time, we

can see several paleo-oil-reservoirs formed in low-amplitude uplifts

on the North Slope. In contrast, there was barely any oil

accumulation in the D-4 and the D-2 members in the Gaoshiti-

Moxi area. 2) In the late Indosinian (200 Ma), though paleo-oil-

reservoirs still dominated in the Dengying Formation on the North

Slope and in theGaoshiti-Moxi area (Feng et al., 2016), the paleo-oil-

reservoirs on the North Slope started to crack. Noteworthy, paleo-

oil-reservoirs also formed in the Canglangpu Formation on the

North Slope and the Longwangmiao Formation in the Gaoshiti-

Moxi area. 3) In the middle to late Yanshan movement (163Ma),

the burial depth of the Dengying Formation reached the maximum.

As a result, the paleo-oil-reservoirs of the Dengying Formation on

the North Slope and in the Gaoshiti-Moxi area entirely cracked, and

paleo-gas-reservoirs widely distributed in these two regions. Also,

abundant reservoir solid bitumen was retained as another typical

product of oil-cracking (Gao et al., 2018; Liu et al., 2021). 4) During

the Himalayan Movement, since the vertical tectonic movement

dominated the central Sichuan Basin, theNorth Slope, andGaoshiti-

Moxi area were relatively structurally stable. After dynamic

adjustment, paleo-gas-reservoirs were kept in situ and gradually

transformed into today’s gas reservoirs (Li et al., 2021).

Above all, the widely distributed hydrocarbon accumulation of

the Sinian Dengying Formation in the slope and the uplift areas of

the central Sichuan Basin is favored by the following factors

(Figure 12): 1) High-quality source rocks: The widely distributed

high-quality Qiongzhusi/Maidiping shale is the primary source of

the Sinian gas reservoirs.Moreover, the thickness of the source rocks

on the North Slope is larger than in the Gaoshiti-Moxi area. (2)

High-quality reservoirs: Favored by the two episodes of the

Tongwan movement, the Sinian Dengying reservoirs (D-2 and

FIGURE 10
An illustration of the homogenization temperature of two-
phase gas-liquid brine inclusions found in the Dengying reservoirs,
Well PT1, and the Penglai Block of the North Slope.
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FIGURE 11
Burial and thermal evolution of the Upper Ediacaran Dengying reservoir and Lower Cambrian Qiongzhusi/Maidiping source rocks in the three
blocks (the Moxi, Penglai, and Zhongjiang Blocks) of the central Sichuan Basin. (A)One-dimensional simulation for well ZJ2 of the Zhongjiang Block
on the North Slope shows the burial history, the temperature evolution of Dengying reservoir, and the maturity of Qiongzhusi source rock. (B)One-
dimensional simulation for well PT1 of the Penglai Block on the North Slope. (C) One-dimensional simulation for well MX8 of Gaoshiti-Moxi
area.
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D-4) are well developed. Greater original porosity and solid bitumen

content of the reservoirs on the North Slope than in the Gaoshiti-

Moxi area indicates a greater paleo-oil accumulation on the North

Slope. 3) Good source-reservoir assemblage: The Dengying

reservoirs are directly covered by the Qiongzhusi/Maidiping

source rocks, forming an excellent source-reservoir assemblage,

enabling hydrocarbon to charge into the reservoirs efficiently. It

is worth mentioning that the source-reservoir assemblage in the

slope area is better than that in the uplift area, enabling hydrocarbon

to charge into the reservoirs from the top and the side. Besides, these

thick shales on the top of the reservoirs also serve as good caprocks,

which is also a controlling factor in the preservation of the ultra-

deeply-buried gas reservoirs after multi-stage tectonic evolution.

Favored by these factors, the typical evolution mode of the

ultra-deeply-buried Dengying gas reservoirs is: paleo-oil-

reservoir, paleo-gas-reservoir to the present gas reservoir

(Figure 13). Special attention should be paid to two issues: 1)

The thermal evolution of source rocks on the North Slope is

earlier than that in the uplift area. Therefore, the formation of

paleo-oil reservoirs and paleo-gas-reservoirs on the North Slope

is earlier than that in the uplift area. Combined with the tectonic

evolution, it is possible that a large amount of oil/gas ever

migrated from the slope area to the uplift area. This lateral

migration of hydrocarbon may also result in the complexity of

gas isotope and the mixture of gases of different thermal maturity

mentioned by (Wei et al., 2015a; Wei et al., 2015b; Xie et al.,

2021a; Xie et al., 2021b). 2) A more significant amount of solid

bitumen content and a better reservoir quality on the North Slope

may indicate that the scale of paleo-oil-reservoirs on the North

Slope may be greater than that in the inherited uplift area.

However, it still requires further verification.

Remained challenges and
improvements

Generally, when the PetroMod is utilized to simulate one-

dimensional and two-dimensional hydrocarbon accumulation,

the results reflect more on the source rocks’ thermal evolution

and hydrocarbon’s phase evolution in reservoirs. The specific

distribution of paleo oil and gas reservoirs also depends on the

distribution of reservoirs and traps. Therefore, it is worth

noting that there is a certain difference between the specific

location of paleo oil and gas accumulation reflected in the two-

dimensional hydrocarbon accumulation simulation and the

actual location, which needs further verification. It will be a

good improvement to understand the formation of lithologic

traps under the control of widely developed strike-slip faults in

Central Sichuan (Zhang et al., 2022) and apply them to two-

dimensional simulation. Other than this deficiency, an

improvement in this study is that we selected a more

suitable hydrocarbon evolution model for the research of

ultra-deeply-buried strata—a typical oil-cracking model in

the North Sea (Vandenbroucke et al., 1999). Thus, the

results seem satisfying in the aspects of the hydrocarbon

evolution. Also, the 2D simulation illustrates that before the

late Yanshan movement, the structural difference between the

North Slope and Gaoshiti-Moxi area was not as significant as

today, and there were also many low-amplitude uplifts on the

North Slope, which are favorable for paleo-oil/gas

accumulation. However, after the Yanshan movement, the

structural pattern of the North Slope changed significantly

and gradually evolved into the present slope area, which is

consistent with previous investigations (Ma et al., 2020).

FIGURE 12
The hydrocarbon accumulation mode of the Sinian Dengying gas reservoirs in Central Sichuan Basin.
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FIGURE 13
Two-dimensional simulation for the comparison of the formation and evolution of Sinian gas reservoirs in different blocks of the central Sichuan
Basin. (A) In late Caledonian, oil started to accumulate on the North Slope. The Dengying strata in all regions were relatively gentle. (B) In late
Indosinian, a large amount of oil was generated and migrated laterally and horizontally to reservoirs. Oil of the Dengying reservoirs in Zhongjiang
block cracked into gas due to a deeper burial depth. The Dengying strata in all regions remained relatively gentle. (C) In middle-late Yanshanian,
due to the rapid subsidence of the North Slope, the strata then dipped north. The Gaoshiti-Moxi area gradually became an uplift area. Almost all the
oil reservoirs cracked, and gas migrated upwards and laterally. (D) The present gas reservoir profile shows the gas reservoirs’ potential distribution.
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Conclusion

In summary, this study presented an integrated investigation

of the hydrocarbon generation, accumulation, and evolution in

the ultra-deeply-buried strata in the central Sichuan Basin based

on geochemical analysis of source rocks, gas and solid bitumen,

lithologic and physical analysis of reservoirs, gas/bitumen-source

correlation, 1D and 2D hydrocarbon accumulation simulation.

The following conclusions have been achieved:

(1) The geological conditions for hydrocarbon generation and

accumulation in the slope area are better than in the

uplift area.

(2) The gas in ultra-deeply-buried Sinian Dengying reservoirs in

central Sichuan is typical oil-cracking gas soured mainly

from the Qiongzhusi/Maidiping shale. The formation of

Sinian gas reservoirs includes three stages: the formation

of paleo-oil-reservoirs; the cracking of paleo-oil-reservoirs

into paleo-gas-reservoirs; the adjustment of the paleo-gas-

reservoirs.

(3) Source rock and reservoir evaluation, quantitative solid

bitumen analysis, and hydrocarbon accumulation

simulation indicate that the scale of paleo-oil-reservoirs

on the North Slope may be greater than that in the

inherited uplift area, which requires further verification.
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