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A B S T R A C T   

Replacing coal with cleaner hydrocarbon resources is a viable solution to reach carbon neutrality goals over time, 
especially given the current lack of growth in green energy resources (e.g., hydro, solar, wind, geothermal) 
globally. Hydrocarbon resources offer a low-carbon, low-waste, large-scale, rapid solution. Dynamic continuous 
hydrocarbon accumulation (DCHA) exists widely in sandstone and shale reservoirs and has enormous resource 
potential. However, understanding the accumulation mechanisms and models of DCHAs in different structural 
locations is highly challenging. In this study, we first extensively review hydrocarbon resources derived from 
hydrocarbon accumulation and identify key scientific issues and theories. We then take the well-known typical 
DCHA in the Bohai Bay Basin in eastern China as a case, and combine multiple analytical methods, such as 
biomarker analysis, petroleum and aqueous inclusion analysis, quantitative fluorescence analysis, microscopic 
thin section observations, and basin modeling, to investigate petroleum sources, charging times, and charging 
forces. The results of our study show that the DCHA is a superimposed accumulation of multiple petroleum 
reservoir types with multiple petroleum sources, charging times, charging forces, and modes. Petroleum reser
voirs at high structural locations are conventional trap reservoirs accumulated by buoyancy in the early stage, 
with long migration distances. Petroleum reservoirs at the sag location are deep unconventional petroleum 
reservoirs accumulated by the petroleum generation pressurization force in the middle stage, with short 
migration distances. Petroleum reservoirs at the slope location are superpositions of conventional traps and deep 
unconventional petroleum reservoirs in the middle and late stages, with moderate migration distances.   

1. Introduction 

Petroleum is the most important primary energy source on Earth. Its 
proportion in the global primary energy supply is expected to remain at 
>50% by 2040 (EIA, 2019; Exxon, 2018). The world's carbon emissions 
are set to peak in the next few decades. To achieve China's carbon peak 
and carbon neutrality goals by 2030 and 2060, respectively (Liu, 2015b; 
Zhang et al., 2021), replacing coal with hydrocarbons as soon as possible 
to replenish weak growth in clean energy is one of the most viable ap
proaches. However, this approach requires further strengthening of 

petroleum exploration and development. 
Since the world's first industrial oil well was successfully drilled in 

1859 (Jia, 2017), the global petroleum industry has experienced >160 
years of development. During this period, corresponding to three sig
nificant petroleum exploration discoveries, three important petroleum 
geological theories were established. White (1885) proposed the 
“Anticlinal Theory for Petroleum Accumulation” which stated that 
buoyancy is the driving force for petroleum accumulation, and oil, gas 
and water are differentiated according to their densities. Low-density oil 
and gas occupy the top of the anticline, while high-density water is at the 
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bottom. Therefore, the top of the anticline is considered to be the best 
area for petroleum exploration. Guided by this theory, a large number of 
anticlinal hydrocarbon resources have been discovered. Mccollough 
(1934) discovered that petroleum accumulation requires traps, 
including reservoirs, caprocks and blocking conditions, which have 
uniform oil, gas and water interfaces and proposed the “Trap Theory for 
Petroleum Accumulation”. Guided by this theory, a large number of 
lithologic, stratigraphic and fault petroleum reservoirs located in 
structural slopes have been discovered. More recently, “Continuous 
Petroleum Accumulation Theory” (Schmoker, 1995) and “Unconven
tional Petroleum Theory” (Law and Curtis, 2002a) have promoted the 
large-scale discovery of tight and shale petroleum reservoirs, 
respectively. 

Dynamic continuous hydrocarbon accumulation (DCHA) refers to 
extensive petroleum accumulation in both sandstone and shale reser
voirs, which is a dynamic process that exists continuously in different 
structural locations (highs, slopes, and sags) within a single layer or 
multiple layers in a petroliferous basin (Schmoker, 1995; Li et al., 2017; 
Pang et al., 2014b). In addition to the petroleum accumulated in un
conventional tight reservoirs, DCHAs include genetically related petro
leum accumulated in conventional reservoirs. DCHAs exist in large areas 
with no obvious oil-gas-water interface boundaries (Zou et al., 2013, 
2019), and have unusual mechanisms for petroleum accumulation and 
interstitial flow (Etherington and McDonald, 2004; Guo et al., 2017; Law 
and Curtis, 2002b; Rose, 1981; Spencer and Mast, 1986). 

Global petroleum exploration practices have shown that DCHAs 
widely exist in deep strata adjacent to source rocks in petroliferous ba
sins and have great resource potential (Brown et al., 1982; Zhang et al., 
2015; Zhao, 2012; Zou et al., 2013, 2015; Craig et al., 2018; Cao et al., 
2020; Li et al., 2021) (Fig. 1). Studies on the genetic mechanisms and 
distribution of individual DCHA reservoirs (Jin and Zhang, 1999; Law 
and Curtis, 2002a; Zhang, 2003; Zhang et al., 2003) have achieved 
considerable progress. They include conventional anticline (high 

structural locations), lithological-stratigraphic and fault (structural 
slopes and high locations), and tight (structural slopes and sag locations) 
petroleum reservoirs (Ayers Jr, 2002; Law and Curtis, 2002b; Mont
gomery et al., 2002; Schmoker, 2002). However, these separate studies 
on individual DCHA reservoirs have failed to systematically uncover 
intrinsic and substantial relationships among different types of petro
leum reservoirs in different structural locations, resulting in a lack of 
systematic and coherent understandings of some key issues in petroleum 
geology theory. For example, the petroleum properties in DCHAs in 
different structural locations show clear progressive changes. 
Specifically, as the structural locations change from high to slope to sag, 
1) the petroleum phases change from heavy oil to light oil, to condensate 
oil, and finally to dry gas, 2) the oil-gas-water interfaces change from a 
normal interface (gas at the top, oil at the middle, and water at the 
bottom) to an inverted oil-water interface (water at the top and oil at the 
bottom) to an inverted oil-gas interface (oil at the top and gas at the 
bottom) and finally to no gas-water interface (gas and water completely 
mixed), 3) the density and viscosity of oil decrease gradually, and 4), the 
gas-oil ratio (GOR) and thermal maturity increase gradually. This phe
nomenon is common in the Bohai Bay Basin (Cheng et al., 2015; Hu, 
2019; Jin and Zhang, 1999; Zhang, 2003), Songliao Basin (Wu et al., 
2007), Sichuan Basin (Wu et al., 2007), Ordos Basin (Zhao, 2012; Zhao 
et al., 2013; Zhao et al., 2016; Zou et al., 2013), Tuha Basin (Zhang et al., 
2003), Junggar Basin (Hu et al., 2018; Zhi et al., 2021), and Tarim Basin 
(Pang et al., 2014b) in China, the Chu-Salesu Basin (Pang et al., 2014b) 
in Kazakhstan, and the Fort Worth Basin (Pollastro, 2007) and San 
Joaquin Valley (Larue et al., 2018) in the USA. Studies on the accu
mulation process for different types of petroleum reservoirs in 
DCHAs in different structural locations are derived only from hy
potheses about geological phenomena and are subjective. Specif
ically, understandings of DCHAs formed by superimposition with 
different types of petroleum reservoirs accumulated in different periods 
are mainly based on the characteristics of basin tectonic evolution and 

Fig. 1. Global tight sandstone oil and gas resources.  
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source rock-reservoir assemblages, but little effort has been made to 
clarify the accumulation history of DCHAs (Guo, 2014; Jiang et al., 
2006; Pang et al., 2014b; Pang et al., 2021; Pang et al., 2014b; Pang 
et al., 2000; Pang et al., 2021a; Schenk, 2005; Tao et al., 2011; Yang 
et al., 2022; Zhang et al., 2003). 

In the Dongpu Depression, Bohai Bay Basin, China, Paleogene pe
troleum exploration from anticline, lithological, stratigraphic, and fault 
hydrocarbon reservoirs in high structural locations has entered a highly 
mature stage (Duan et al., 2008), and the remaining exploration has 
gradually advanced to the structural slope and sag locations. Commer
cial oil and gas flows have been obtained from many wells targeting 
Paleogene tight sandstone reservoirs on the slope and sag. Furthermore, 
statistical oil test data of exploratory wells near the sag show that almost 
all wells drilled in the tight sandstone reservoirs have noticeable oil and 
gas shows although oil and gas yields are generally low, and commercial 
wells are limited. This fact indicates that the abundance of oil and gas in 
the slope and sag is low, but the distribution area is large. As the 
structural location deepens from high to slope to sag, the petroleum 
phase, oil-gas-water interface, density, viscosity, and GOR show clear 
continuous changes. The petroleum accumulated in the Paleogene 
Shahejie Formation of the Dongpu Depression is distributed from deep 
to shallow and from bottom to top and shows the basic geological 
characteristics of a DCHA. As a well explored area, the Dongpu 
Depression, especially the Shahejie Formation, together with its huge 
exploration data, provides a good opportunity for addressing issues 
related to the genetic mechanism and distribution patterns of DCHAs, 
including the intrinsic relationships among different types of petroleum 
reservoirs in DCHAs in different structural locations, progressive accu
mulation processes, and accumulation models. 

In this study, we first reviewed DCHA theories, and highlighted key 
scientific issues that need to be solved. Then we considered a typical 
DCHA in the Dongpu Depression as a case study and used analytical data 
acquired from oil, shale and sandstone drill samples, such as biomarker 
analysis, petroleum and aqueous inclusion analysis (petrographic and 
homogenization temperature), quantitative fluorescence analysis, and 
microscopic thin section observations, to determine the oil sources, 
charging times, charging forces, and basin modeling for the DCHA at 
different structural locations. Finally, the above studies were combined 
with the structural and depositional settings to reconstruct the charging 
history and establish a new unified accumulation model for DCHA 
exploration. 

2. Review of DCHA theories 

2.1. Early period: 1910s - 1990 

DCHAs were noted in early studies; for example, such as the large 
amounts of natural gas in the Niobrara Formation when the Goodland 
No. 1 Well in eastern Colorado, US was drilled in 1912 (Brown et al., 
1982), the Rabachi Gas Field was identified in the Green River Basin in 
1924 and the Cretaceous Blanco Gas Field was identified in the San Juan 
Basin in 1927. Limited by the technology of the time, this type of natural 
gas was not economically exploited. Due to limited knowledge of its 
geological characteristics and accumulation, this natural gas was 
referred to as “subtle gas” (Zhang et al., 2007). 

Wilson (1934) classified petroleum reservoirs into “closed” and 
“open” reservoirs, and defined the former as having clear trap bound
aries, including structures, faults, lithology, and stratigraphic petroleum 
reservoirs, and the latter as having no clear trap boundaries, such as 
tight sandstone gas reservoirs. Therefore, Wilson successfully foresaw 
the existence of “open petroleum reservoirs” at that time and classified 
them into a single category, but he deemed that they had no industrial 
value for the time being (Wilson, 1934). Cretaceous tight sandstone gas 
reservoirs in the San Juan Basin began to be developed in the early 
1950s. Silver found that these reservoirs lacked edge water and bottom 
water and contained extensive gas (Jin et al., 1997). Hydraulic 

fracturing experiments conducted in the USA from the late 1960s to the 
early 1970s were also based on the assumption that strata are exten
sively gas-bearing (Law and Curtis, 2002a). In 1974, foam fracturing 
technology was first successfully applied to the exploitation of the 
Niobrara tight gas reservoir, confirming the existence of large natural 
gas resources in tight reservoirs (Brown et al., 1982). 

The Elmworth giant tight sandstone gas field was discovered in the 
Alberta Basin in western Canada in 1976. By analyzing the distribution 
characteristics of the Elmworth, Milk River, and Blanco Gas Fields in 
North America in 1979, Masters (1979) found that gas in tight sandstone 
gas reservoirs was mostly distributed in the central or deeper parts of 
basins, such as “deep basin gas”, and held that such basins have an 
obvious regional inverted gas-water interface. The relative permeability 
changes in gas and water provide obstacles for deep basin gas accu
mulation and, when the water saturation is ≥60%, the gas in the tight 
sandstone reservoir is almost completely blocked, forming a water 
blockage seal (Masters, 1979). Leythaeuser et al. (1980), Welte et al. 
(1984) and Gies (1984) later analyzed the geological and geochemical 
data of deep basin gas in the Alberta Basin and proposed the concept of a 
“dynamic trap” in which plugging conditions are not required; thus, gas 
migrates slowly in tight sandstone reservoirs (Silin et al., 1984). 
Continued gas diffusion leads to a continuous gas supply, which enables 
deep basin gas reservoirs to remain in a dynamic equilibrium state. Gies 
(1984) pointed out that gas migration in deep basin gas reservoirs is not 
controlled by buoyancy. Based on formation pressure analysis of the 
Cadomin Formation in the Alberta Basin, Gies (1984) conducted ex
periments on abnormal formation pressures in deep basin gas reservoirs 
and further found that such reservoirs show abnormally low formation 
pressures. Cant (1983, 1986) believed that the inverse gas-water inter
face in deep basin gas reservoirs is mainly due to rock diagenesis, which 
is termed a “bottleneck trap” (Masters, 1984). Because the concept of 
deep basin gas is not based on the origin or migration mechanism, it is 
often confused with other concepts such as “deep strata gas” and “deep 
source gas”. The mechanism cannot be distinguished from the hydro
dynamics, lithology and tight sandstone gas reservoirs (the accumula
tion process is unclear). Therefore, the deep basin gas concept is no 
longer frequently used. 

Walls (1982) and Spencer and Mast (1986) conducted studied gas 
reservoirs in the Spirit River Basin in Western Alberta and the Cotton 
Valley Basin in Eastern Texas and proposed the concept of “tight sand
stone gas”. However, this concept does not consider the gas accumula
tion mechanism and thus cannot provide effective guidance for tight 
sandstone gas exploration. In fact, the term tight sandstone gas comes 
from customary usage, which already includes the meaning of deep 
basin gas reservoirs (Law and Curtis, 2002b). Law and Dickinson (1985) 
and Spencer (1987) studied the Great Green River Basin in the USA and 
proposed that thermal generation and gas accumulation in tight sand
stone reservoirs induce abnormally high pressures during the formation 
of tight sandstone gas. Law and Dickinson (1985) proposed a conversion 
model of abnormal formation pressure and suggested that abnormal 
formation pressure is related to the gas charging rate and gas loss rate, 
and that tectonic uplift and sedimentary strata denudation can also 
cause formation pressure changes from high to low. 

Rose (1981) proposed “basin-centered gas accumulation” when 
studying tight sandstone gas reservoirs in the Roton Basin, southern 
Colorado, and indicated that there is no edge water or bottom water in 
this type of accumulation. Berkenpas (1991) analyzed the accumulation 
process of deep basin gas/basin-centered gas accumulation and pro
posed a dynamic balance among buoyancy, interfacial tension, and 
differential pressure for its formation. Therefore, Berkenpas (1991) 
suggested that the key factors controlling deep basin gas accumulation 
are the strata dip and pore throat radius. Xu (1991) analyzed the 
geological characteristics of tight sandstone gas reservoirs in the Dongpu 
Depression, Bohai Bay Basin, China, and found that tight sandstone gas 
is distributed in the slope and sag, with porosities and permeabilities of 
<12% and 1 mD, respectively. Law and Spencer (1993)conducted 
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research on the reservoir characteristics, gas sources and resource po
tential of tight sandstone gas reservoirs. The dual sealing effect of 
capillary pressure and abnormal pressure has been suggested to promote 
the formation of deep basin gas/basin-centered gas accumulation (Sur
dam et al., 1995, 1996). At this stage, tight sandstone petroleum reser
voirs were referred to as unconventional petroleum resources that could 
not be economically produced without massive production increase 
measures or special exploitation methods (Etherington and McDonald, 
2004). However, this concept is based on human understanding and the 
development of appropriate techniques and cannot objectively reflect 
the geological characteristics and reservoir formation mechanisms of 
tight sandstone reservoirs. 

2.2. Middle period: 1990s - 2010 

Schmoker (1995) proposed the concept of “continuous petroleum 
accumulation”, which has a wide distribution of hydrocarbons, fuzzy 
oil-gas boundaries, low media permeability, and abnormal pressures, 
lacks traps and caprocks, and is in close contact with source rocks and 
reservoirs; in addition, its buoyancy does not play a key role in hydro
carbon migration. Continuous petroleum accumulation refers to 
continuous natural gas, including deep basin gas, basin-centered gas 
accumulation, tight sandstone gas, shale gas, coalbed gas, shallow 
sandstone biogas, and natural gas hydrate. Asakawa (1995) reviewed 
the current status of unconventional gas exploration and development in 
the USA, superimposed the horizontal distribution of tight sandstone 
gas, coalbed gas, shale gas, and water-soluble gas and discovered that 
shale gas, coalbed gas and tight sandstone gas often develop in the same 
basin. He speculated that there may be some correlation among them. 
Tyler et al. (1995) described the San Juan Basin as a basin with multiple 
types of gas reservoirs after studying the occurrence characteristics of 
coalbed gas resources. Based on the data sourced from Masters (1979, 
1984), Jin and Zhang (2003) compiled a cross-sectional map of various 
types of gas reservoirs in the Alberta Basin and found that the coalbed 
gas reservoirs, deep basin gas / basin-centered gas accumulation reser
voirs and conventional gas reservoirs are distributed in order (Zhang 
et al., 2003). 

Jin and Zhang (1999) analyzed the accumulation process of deep 
basin gas/basin-centered gas accumulation from the perspective of dy
namics and held that the “capillary pressure seal” is the key feature of its 
formation. Pang et al. (2000) analyzed deep basin gas/basin-centered 
gas accumulation and proposed that its key characteristics are tight 
reservoirs, the interlinkage of source rocks and reservoirs, and the 
integration of reservoirs and caprocks. Moreover, Pang et al. (2000) 
studied the accumulation dynamics of deep basin gas/basin-centered 
gas accumulation and held that the formation of deep basin gas de
pends on four dynamic forces: hydrostatic pressure, capillary resistance, 
buoyancy, and gas thermal expansion. Specifically, petroleum first en
ters tight reservoirs as a result of the gas expansion force, and then, due 
to less buoyancy than capillary force, petroleum cannot continue to 
migrate upward, which promotes deep basin gas/basin-centered gas 
accumulation formation. To further investigate the accumulation 
mechanism of deep basin gas/basin centered gas accumulation, Zhang 
(2001) proposed the concept of a “progressive sequence for hydrocarbon 
accumulation” to characterize a series of petroleum reservoirs with ge
netic correlations and accumulation mechanism transitions. However, 
the characterization was derived from basin tectonic evolution and 
source rock-reservoir assemblage, and no actual data are available to 
support this view. Law and Curtis (2002b) pointed out that all basins in 
the United States contain basin centered gas accumulation. Most basins 
in China are characterized by rich gas sources and tight reservoirs; thus, 
basin-centered gas accumulation resources should be abundant in China 
(Wang, 2000). Pang et al. (2003) studied critical conditions for the 
formation of deep basin gas/basin-centered gas accumulation through 
physical simulation experiments and held that they are controlled by 
“force balance” and “material balance”. “Force balance” refers to the 

lower limit of buoyancy accumulation in petroliferous basins (Pang 
et al., 2021), which can be expressed by the critical porosity, perme
ability, and pore throat radius values of sandstone reservoirs, which are 
12%, 1 mD and 1 μm, respectively (Pang et al., 2014b). Only when 
sandstone reservoirs reach “force balance” can they form the “water seal 
condition”, which controls the maximum distribution range of deep 
basin gas/basin-centered gas accumulation. “Material balance” controls 
the actual range of deep basin gas/basin-centered gas accumulation, and 
when the natural gas supply is greater than the loss, the range continues 
to expand. Otherwise, deep basin gas/basin centered gas accumulation 
cannot be formed or gradually shrinks (Pang et al., 2003). Starting from 
basic conditions for the formation of deep basin gas/basin centered gas 
accumulation (adjacent to source rocks), Zhang et al. (2003) suggested 
using “source-contacting gas” instead of “deep basin gas” and summa
rized the basic characteristics: 1) no edge water and bottom water; 2) 
piston mode of petroleum accumulation, in which pore water is pro
pelled by natural gas injected from the bottom, and the two move syn
chronously in tight and homogeneous reservoirs, acting like a piston (Jin 
and Zhang, 2003; Zhang et al., 2008); 3) tight sandstone reservoir, 
sufficient gas source, interlinked source rock and reservoir and inte
grated reservoir and caprock; 4) hydrocarbon generation expansion 
force as the key accumulation power; and 5) continuous transitions in 
both mechanism and distribution with conventional gas reservoirs. 

2.3. Contemporary period: 2011 – Present day 

As the depth of exploration has increased, petroleum geologists have 
noticed that many oil and gas reservoirs are located near sags or even in 
sag centers. Therefore, Zhao et al. (2004) proposed the concept of “sag- 
wide oil-bearing” reservoirs in oil-rich depressions, but at that time, 
most scholars regarded these reservoirs located in the lower parts of the 
depressions as lithologic oil and gas reservoirs. Schenk (2005) extended 
the geological characteristics of continuous gas accumulation to 
continuous oil accumulation and summarized 16 geological character
istics. According to the sequential order between hydrocarbon genera
tion and expulsion periods and tight periods of reservoirs, Jiang et al. 
(2006) classified tight sandstone reservoirs as “accumulation first” and 
“accumulation later”. The former is a type of deep basin gas/basin- 
centered gas accumulation that is distributed in the sag center or 
slope. The latter is a trap that formed first and is dense and distributed in 
high structural high locations. This study distinguishes two types of tight 
sandstone gas reservoirs with distinct reservoir-forming mechanisms, 
but it explains only the formation process of tight oil and gas from a 
geological perspective. Wu et al. (2007) discovered a large area of 
continuous sandstone oil reservoirs in the Fuyang Formation at the 
syncline of the Sanzhao Sag, Songliao Basin and termed it a “syncline oil 
reservoir”. He held that the retention effect is the key to its accumula
tion. Ma (2008) subsequently studied the dynamic mechanism and 
development model of this reservoir and confirmed the existence of a 
lower limit of buoyancy accumulation. 

With the further exploration of lithologic and stratigraphic petro
leum reservoirs, geologists discovered large-scale contiguous petroleum 
reservoirs in the center of the Ordos Basin. Therefore, Zou et al. (2009a, 
2009b) introduced the concept of continuous petroleum reservoirs into 
China and elaborated the formation conditions and distribution char
acteristics. In response to of the question of “whether petroleum accu
mulates before or after reservoir densification”, global scholars have 
conducted many physical and numerical simulation experiments and 
reached two consensuses: 1) petroleum can enter tight reservoirs driven 
by overpressure, indicating the existence of the geological process of 
“accumulation after reservoir densification”; and 2) reservoirs can 
become tight by compaction and diagenesis after petroleum charging, 
indicating the existence of the geological process of “accumulation 
before reservoir densification” (Abbad, 2012; Dmitriy et al., 2011; Guo 
et al., 2013; Khalili et al., 2012; Mehmani et al., 2011; Rahmanian et al., 
2011). Tao et al. (2011) analyzed the “external to the source rock” type 
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of continuous petroleum reservoirs (tight sandstone or tight limestone) 
from the perspectives of “genesis” and “distribution” and held that its 
continuity is in terms of its “genesis”. Thereafter, the accumulation 
characteristics were summarized as piston charging and continuous 
accumulation. Pang et al. (2012) systematically expounded the con
trolling effect of fluid dynamic fields on hydrocarbon migration and 
accumulation in petroliferous basins. Zhao (2012) divided unconven
tional hydrocarbons into three types: continuous (coalbed gas and shale 
gas), quasi-continuous (tight oil and gas), and discontinuous (most oil 
sands, heavy oil and super heavy oil). Soon afterward, Zhao et al. (2013) 
proposed continuous, quasi-continuous, and discontinuous accumula
tion models and held that deep basin gas/basin centered gas accumu
lation and conventional petroleum reservoirs represent two end 
members of the reservoir sequence. The quasi-continuous petroleum 
reservoir is a transitional tight hydrocarbon accumulation, and its 
geological characteristics include the following: 1) it is composed of 
several small- and medium-scale petroleum reservoirs adjacent to each 
other, and the oil and gas are quasi-continuous distributions. The oil, gas 
and water distributions are complex, and there is no obvious inverted 
oil-gas-water interface. 2) Petroleum charging is dominated by large- 
area diffuse vertical displacement, with direct primary migration or 
short-distance secondary accumulation. 3) Petroleum accumulation 
occurs before reservoir densification or at the same time, with strong 
heterogeneity. Zou et al. (2013) summarized the characteristics of 
continuous tight sandstone petroleum reservoirs, including the coexis
tence of source rocks and reservoirs, low porosity and permeability, 
extensive nanopores, extensive and continuous distribution of oil and 
gas reservoirs, no obvious traps, weak buoyancy and hydrodynamic 
forces, seepage flows that do not obey Darcy's Law, poor phase differ
ence, no uniform oil-gas-water interface and pressure system, and var
iable oil-gas saturation. Guo (2013) verified the existence of a lower 
limit of buoyancy-driven hydrocarbon accumulation by physical simu
lation experiments and confirmed that the critical porosity threshold is 
approximately 10% through numerical simulation. 

Pang et al. (2014a, 2014b) studied the formation mechanism, 
development model, and predicted distribution of continuous petroleum 
reservoirs and proposed the concept of “superimposed continuous pe
troleum reservoirs”. Superimposed continuous petroleum reservoirs re
fers to unconventional petroleum reservoirs that are widely distributed 
in petroliferous basins, appear continuously in patches and zones, and 
are not controlled by buoyancy. According to the different geological 
characteristics and accumulation mechanisms, superimposed contin
uous petroleum reservoirs can be subdivided into conventional tight 
petroleum reservoirs, deep basin tight petroleum reservoirs and com
posite tight petroleum reservoirs, with the following characteristics: 1) 
tight and petroleum-rich reservoirs in both high and low structural lo
cations; 2) large petroleum-bearing areas and variable yields; 3) devel
opment of multi-interval layers in the vertical source rock series with 
both high and low pressures; and 4) abundant resources with complex 
relationships between oil, gas and water distributions (Pang et al., 
2014b; Pang et al., 2014b). Guo (2014) revealed the near-source accu
mulation mechanism of continuous tight sandstone gas reservoirs. 
Cheng et al. (2015) studied petroleum reservoirs in the upper fourth 
member of the Shahejie Formation in the Bonan Depression, Bohai Bay 
Basin, and found that it is characterized by a lack of bottom water, 
inverted oil-gas interface, tight reservoir, high formation pressure and 
close contact between source rocks and reservoirs, thus confirming that 
it is a continuous petroleum reservoir. Taking the geological conditions 
of the Triassic Chang-7 tight oil reservoir in the Ordos Basin as con
straints, Zhang et al. (2016) utilized hydrocarbon generation and 
accumulation simulation to analyze the accumulation mechanism and 
found that the hydrocarbon generation expansion force is the key force 
for tight oil accumulation. According to the method of accumulation, 
Zhao et al. (2016) classified petroleum reservoirs into continuous (shale 
oil and gas and coalbed gas), quasi-continuous (tight oil and gas) and 
discontinuous (conventional oil and gas) hydrocarbon accumulations. 

Pang et al. (2020, 2021a, 2021b) investigated the correlation between 
conventional and unconventional petroleum resources, clarified the 
difference between their accumulation dynamics and proposed a unified 
accumulation model; however, these were obtained by basin tectonic 
evolution and source rock-reservoir assemblage characterization and 
lacked the support of real data. 

Li et al. (2017) analyzed the geological and geochemical character
istics of tight petroleum reservoirs in the lower third member of the 
Shahejie Formation in the Shulu Sag, Bohai Bay Bain and found that it 
has the characteristics of a wide distribution and a tight reservoir, 
confirming that it is a continuous petroleum reservoir. Larue et al. 
(2018) evaluated the unconventional hydrocarbon resources in the deep 
San Joaquin Valley Basin, California, and classified them into two cat
egories: UR-I and UR-II. Type UR-I, which accumulates under buoyancy, 
refers to tight petroleum reservoirs distributed in structural and strati
graphic traps with unified oil-gas-water interfaces and pressure systems, 
and this type is similar to “accumulation before reservoir densification” 
(Jiang et al., 2006) and “conventional tight petroleum reservoirs” (Pang 
et al., 2014b). Type UR-II, which mainly accumulates under no buoy
ancy, refers to tight petroleum reservoirs with a wide range of distri
butions in slope and sag locations, and this type is similar to continuous 
petroleum reservoirs (Schmoker, 1995), “accumulation after reservoir 
densification” (Jiang et al., 2006) and “deep basin tight oil and gas 
reservoirs” (Pang et al., 2014b). 

2.4. History of DCHA studies in the Dongpu Depression, Bohai Bay Basin, 
China 

The study of tight petroleum reservoirs in the Dongpu Depression 
began in 1991 (Xu, 1991), and many types of petroleum reservoirs have 
been discovered. Specifically, as the structural location deepens (from 
high to slope to sag), the petroleum phases and oil-gas-water interfaces 
change in order (see Section 1), and the reservoir tightness and trap 
types change from conventional faults and lithological traps to tight 
lithological traps and to continuous tight petroleum reservoirs without 
traps. This is a typical DCHA, which is superimposed in the vertical di
rection and compounded in the horizontal direction and has enormous 
potential for further petroleum exploration. The geological features of 
the DCHA are remarkably similar to those of the “sag-wide oil-bearing 
theory” (Zhao et al., 2004), “two types of tight sandstone gas reser
voirs” (Jiang et al., 2006) and “superimposed continuous petroleum 
reservoirs” (Pang et al., 2014b; Pang et al., 2014b). However, there are 
also obvious differences in geological characteristics compared with 
those of deep basin gas (Masters, 1979), basin centered gas accumula
tion (Rose, 1981), “continuous petroleum accumulation” (Schmoker, 
1995), “source-contacting gas” (Zhang, 2003), “quasi-continuous pe
troleum reservoirs” (Zhao et al., 2013) and “continuous petroleum res
ervoirs”. In addition, DCHAs are common in petroleum-rich depressions 
in the Bohai Bay Basin, China (Cheng et al., 2015; Liu, 2015a, 2015b; 
Zhao, 2012; Zhao et al., 2004) and San Joaquin Valley, USA (Larue et al., 
2018). Previous studies on the formation mechanism and distribution 
patterns of DCHAs have achieved significant progress. However, the 
intrinsic and substantial relationships among the different types of pe
troleum reservoirs in DCHAs in different structural locations remain 
unclear. 

3. Geological setting of the Dongpu Depression, Bohai Bay 
Basin, China 

The Bohai Bay Basin is one of the most abundant petroleum-bearing 
basins in China and East Asia. The Dongpu Depression is located in the 
Linqing Subbasin in the southeastern Bohai Bay Basin (Fig. 2c) (Hu et al., 
2021a; Matthews et al., 2016; Wang et al., 2015). It is a Cenozoic con
tinental rifted lake basin with Paleozoic-Mesozoic strata (Su et al., 
2006), an NNE trend and an area of approximately 5.3 × 103 km2. The 
Dongpu Depression is wide in the north and narrow in the south, is 
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bounded by the Luxi Uplift in the east, and overlies the Neihuang Uplift 
in the west, the Lankao Uplift in the south, and the Xinxian Sag in the 
north. The Dongpu Depression is mainly composed of the western slope 
belt, western sag belt, central uplift belt, eastern sag belt and eastern 
steep slope belt (Fig. 2d) (Hu et al., 2021b; Liu and Jiang, 2013; Su et al., 
2006). The DCHA discovered in the eastern Wenliu area is the most 
petroleum-enriched area in the Dongpu Depression, with an area of 
approximately 650 km2. The eastern Wenliu area is composed of a 
rolling anticline belt, a graben belt, a reverse roof belt and the Qian
liyuan Sag. Consistent with the overall structural evolution of the 
Dongpu Depression, the eastern Wenliu area experienced two key 
stages: the Paleogene rift stage and the Neogene-Quaternary depression 
stage (Su et al., 2006). The Shahejie Formation (Es) developed in the 
former stage, which is subdivided into the initial rifting period, strong 
rifting period, shrinking period and declining period, corresponding to 
sedimentation of the lower fourth member of the Es (Es4

L), upper fourth 
member (Es4

U) - third member of the Es (Es3), second member (Es2) - first 
member of the Es (Es1), and Dongying Formation (Ed), respectively. Es 
consists of the Es4, Es3, Es2 and Es1 members (Fig. 2e), in which the Es4 
has an angular unconformable contact with Mesozoic strata and Es1 
conformably contacts the overlying Ed. 

Specifically, Es4
L consists of fluvial facies, which are composed of thin 

interbeds of purplish red, gray shale and light brown sandstone. Es4
U is 

composed of thin interbeds of gray and dark gray shale and sandstone, in 
which thick gypsum salt rocks are developed in some northern areas. Es3 
includes Es3

U, Es3
M and Es3

L. Es3
L consist of gray and dark gray shale, which 

are interbedded with siltstone with different thicknesses, and thick 
gypsum salt rock is developed on the top. Es3

M is composed of gray and 
dark gray mud shale, brown oil shale, gray siltstone, gypsum-bearing 
mudstone, and mudstone intercalated with gray thinly layered calcar
eous siltstone. Thick gypsum salt rock is developed on the top of the 
eastern Wenliu area. Es3

U is composed of gray and dark gray shale, which 
are interbedded with siltstone of different thicknesses. Es2 is a set of 
normal cycle deposits overall, in which Es2

L is composed of thin interbeds 
of red sandstones and mudstone with strong heterogeneity, while the 
Es2

U is composed of red gypsum-bearing mudstone. The Es1 is composed 
of gray and dark gray shale, which are interbedded with siltstone of 
different thicknesses, and a set of regional thick gypsum salt rocks is 
developed at the bottom. 

Currently, 1607 exploration wells have been drilled in the Dongpu 
Depression, and the well control degree is 0.3 wells per square kilo
meter. The cumulative proven oil and gas geological reserves are 601.0 

Fig. 2. (a) Tectonic location of the Bohai Bay Basin in 50 Ma on Earth (Matthews et al., 2016); (b) Overview map of China showing the location of Bohai Bay Basin; 
(c) Overview map of Bohai Bay Basin showing the location of Dongpu Depression (Hu et al., 2021a, 2021b); (d) Distribution of faults (middle of the third member of 
Shahejie Formation) and fields in the Dongpu Depression, modified after Hu et al. (2022); (e) Generalized Paleogene stratigraphy of the Dongpu Depression. Py: 
Pingyuan Formation; Nm: Minghuazhen Formation; Ng: Guantao Formation; E3d: Dongying Formation; E2s: Shahejie Formation; E2s1

U: Upper sub-member of first 
member of E2s; E2s1

L: Lower sub-member of first member of E2s; E2s2
U: Upper submember of second member of E2s; E2s2

L: Lower sub-member of second member of E2s; 
E2s3

U: Upper sub-member of third member of E2s; E2s3
M: Middle sub-member of third member of E2s3; E2s3

L: Lower sub-member of third member of E2s3; E2s4
U: Upper 

sub-member of fourth member of E2s; E2s4
L: Lower sub-member of fourth member of E2s4. 
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× 106 t and 138.9 × 109 m3, and the proven rates are 48.6% and 37.8%, 
respectively. In the eastern Wenliu area, the proven oil, dissolved gas, 
gas, and condensate oil geological reserves are 52.0 × 106 t, 13.1 × 109 

m3, 2.5 × 109 m3 and 147.0 × 103 t, respectively. DCHAs are mainly 
developed in Es4, Es3, and Es2 and are mostly enriched in Es3. 

Currently, petroleum is found in different structural locations (high, 
slope, and sag) and different formations (Es4

U, Es3
L, Es3

M, Es3
U, Es2, Es1, and 

Ed) in the eastern Wenliu area and mainly distributed in the sandstone 
reservoirs in Es3

M, Es3
U, and Es2

L (Fig. 3). The Es2
L oil is mainly distributed 

in the high structural location, the Es3
U oil is distributed near the Qian

liyuan Sag, and the Es3
M oil is distributed in the structural slope location 

(Fig. 4). Overall, petroleum in the eastern Wenliu area is superimposed 
vertically and compounded horizontally with multiple formations and is 
a typical DCHA. 

4. Samples and methods 

4.1. Sampling collection 

Because DCHAs are widely developed in different structural loca
tions (high, slope, and sag) and different formations in the eastern 
Wenliu area, and the effective source rocks in the Dongpu Depression 
mainly include the Es4

U and Es3
L laminated shale (Hu et al., 2022), sam

pling strictly followed three principles: 1) sampled wells were located in 
a section that cuts across the key structure; 2) for the selected cross- 
section, oil and sandstone cores in different structural locations were 
selected; and 3) for the selected cross-section, oil and sandstone cores in 
different formations were selected (Figs. 3 and 4). Based on these 
principles, 13 and 20 cores were obtained in oil and sandstone, 
respectively. 

4.2. Experimental methods 

Soxhlet extraction was performed on the shale samples for 72-h to 
obtain the extracts. Saturated hydrocarbons and aromatic hydrocarbons 
in crude oil were separated by silica gel chromatography. Saturated 
hydrocarbons in the shale extracts were separated for gas chromatog
raphy (GC) and gas chromatography–mass spectrometry (GC–MS) 
analysis. An HP 6890 chromatograph (30 m × 0.32 mm) with nitrogen 
as the carrier gas was used for the GC analysis. An Agilent 5973I in
strument with helium as the carrier gas and an HP 6890 chromatograph 
(30 m × 0.32 mm) were used for the GC–MS analysis. 

Total scanning fluorescence (TSF) is a quantitative fluorescence 
technique (QFT) (Liu et al., 2016). A Varian Cary-Eclipse fluorescence 
spectrophotometer fitted with a customized sampling phase was used for 
TSF analysis (Liu and Eadington, 2005). The diluted crude oil samples 
were illuminated with an excitation wavelength step of 2 nm. The 

scanning range was from 220 to 340 nm. At the same time, the syn
chronous scan function of the spectrophotometer was used to record the 
emission spectra with a wavelength range of 250–540 nm, and then the 
three-dimensional fluorescence spectrum was obtained (Liu et al., 
2014b). 

An Olympus AX70 microscope with transmitted light and a UV light 
source was used to analyze the hydrocarbon-bearing inclusion petrog
raphy of sandstone samples. The UV excitation fluorescence character
istics of the inclusions were obtained by a mercury lamp and a 400 nm 
filter, and the emission fluorescence wavelength was >400 nm (Liu 
et al., 2013). 

The homogenization temperature data of saline fluid inclusions 
associated with hydrocarbon-bearing inclusions were analyzed using a 
Linkam TH-600 heating-freezing phase mounted on the microscope (Liu 
et al., 2013; Wilkinson et al., 1998). Before the experiment, the heating- 
freezing phase system was tested and calibrated with standard samples. 
The homogenization temperature data were measured by the cyclic test 
method (Goldstein, 1994). The heating rates were 10 ◦C/min and 1 ◦C/ 
min, and the accuracies were 1 ◦C and 0.1 ◦C, respectively. 

A JS-3 rock porosity casting instrument was used to fabricate thin 
casting sections. The preparation process can be found in Bao and Wu 
(2019). The thin sections were then placed under a polarizing micro
scope for direct observation. The sandstone samples were treated 
following the method from Loucks et al. (2009) for SEM imaging using 
an FEI Quanta 200 F scanning electron microscope at 20 kV and a work 
distance of 10 mm. Porosity and permeability data were collected from 
the Zhongyuan Oilfield, and the testing process was based on Min et al. 
(1999). 

5. Results 

5.1. Petrology of sandstone 

5.1.1. Lithology 
The Es in the Dongpu Depression mainly includes sandstone, sandy 

conglomerate, mudstone, oil shale and dolomite, among which there are 
four sets of gypsum-salt rocks (Fig. 2e). The sand body thickness of the 
Es in the eastern Wenliu area is thin, in the range of 1–4 m. Analyses of 
2858 sandstone core samples showed that the reservoirs of the eastern 
Wenliu area in different structural locations and strata are mainly silt
stone, followed by fine sandstone. In detail, the ratios of siltstone ac
count for 97.5%, 95.2%, 99.6% and 100% in the Es2, Es3

U, Es3
M and Es3

L 

sandstones, respectively. 

5.1.2. Porosity and permeability 
The porosity and permeability of 2858 Es sandstones are highly 

variable (Fig. 5a). The porosity of 86.5% of the Es2 sandstone is between 

Fig. 3. Petroleum reservoir and selected sandstone core distribution in the eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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15% and 30%. The porosity of 83.6% of the Es3
U sandstone is between 

15% and 30%. The porosity of 71.0% of the Es3
M sandstone is between 

10% and 20%. The porosity of 73.3% of the Es3
L sandstone is between 5% 

and 15% (Fig. 5b). Analyses showed that as the depth increases, the 
percentage of the sandstone with low porosity increases gradually. 
Generally, the porosity and permeability of tight sandstone are <10% 
and 0.1 mD, respectively (Guo et al., 2017). The Es2 sandstones consist 
of 1.3% tight sandstone, and the percentages of tight sandstone in the 
Es3

U, Es3
M and Es3

L sandstones are 5.5%, 17.6% and 46.7%, respectively. 

5.1.3. Pore types 
The pore types of the Es sandstone in the eastern Wenliu area are 

diverse. As shown in Fig. 5a, there is a high correlation between the 
porosity and permeability of the sandstone samples, indicating that the 
reservoir space is mainly pores. Light microscopy and scanning electron 
microscopy observations of the thin sections show that the pores are 
primary, secondary, and mixed pores, with less developed fractures. 

The primary intergranular pores are mainly developed in the Es2 
sandstone (Fig. 6a, b). Due to the large depth, the Es3 sandstone un
derwent a strong transformation process of compaction, cementation, 
dissolution, metasomatism and redissolution, with only a few primary 
pores remaining. Secondary pores are the main pore types in the Es3 
sandstone, including intergranular and intragranular dissolved pores. 
The former refers to pores formed by the dissolution of cements and 
matrix bases at or between grain edges, such as dissolved pores at 
feldspar grain edges (Fig. 6c) and large dissolved intergranular pores 

(Fig. 6d), which are the most important pore types in the Es3 sandstone. 
Intragranular dissolved pores of feldspar are the main pores (Fig. 6e). 
Mold pores are formed under strong dissolution, with the same shape as 
the original components (Fig. 6f). Mixed pores, which refer to pores 
composed of primary pores and secondary pores and are the combina
tion of secondary pores and primary pores formed by the corrosion of 
particle edges or the corrosion of particle cements (Figs. 6g-h). Fractures 
are less developed in the study area. Structural fractures are developed 
in the high structural location, and diagenetic fractures are mostly 
developed in the slope and sag (Fig. 6i). 

5.1.4. Diagenesis 
The diagenetic processes in the eastern Wenliu area include 

compaction, cementation, and dissolution, which are the key factors 
affecting the evolution of porosity and permeability in the sandstone. 
Compaction has resulted in three features: 1) local bending deformation 
of plastic mineral particles such as mica (Fig. 7a); 2) cracked or broken 
brittle mineral particles such as quartz (Fig. 7b); and 3) visible seam 
contacts when the compaction is tight (Fig. 7c). Cementation has pro
duced cement, which occupies primary pores, resulting in throat thin
ning and pores decreasing. The cementation in the eastern Wenliu area 
is mostly late carbonate cementation (Fig. 7d). Cementation also in
cludes clay minerals and iron cementation; the former is distributed 
closely to clastic particles in a ring pattern (Fig. 7e), and the latter is 
mostly distributed in the form of raspberry ball aggregates adjacent to 
detritus particles (Fig. 7f). Dissolved pores formed by dissolution 

Fig. 4. Stratigraphic cross-section and locations of sampled oil of DCHA in the Es of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  

Fig. 5. Correlation between porosity and permeability (a) and frequency histograms of porosity (b) in different Es sandstones of eastern Wenliu areaeastern Wenliu 
area, Dongpu Depression. 

T. Hu et al.                                                                                                                                                                                                                                       



Earth-Science Reviews 232 (2022) 104109

9

commonly connect with primary intergranular pores and mixed pores, 
which can improve reservoir physical properties. Marginal and intra
granular dissolution of feldspars and lithic debris is present (Figs. 7e-f). 

5.2. Petroleum types 

The color of petroleum changes regularly with the burial depth and 
structural location in the Dongpu Depression. From high to slope to sag 
locations, the oil color varies from black (wells Wen 15-c26 and Wen 
25–107) to brown (well Wen 13–12), to yellowish brown (wells Wen 
203–66, Wen 203–58 and Wen 203–64), and to light yellow (well Wen 
203–59) (Fig. 4). According to the phase states, reservoir densification, 
reservoir formation pressure, and oil-gas-water interfaces, the petro
leum reservoirs can be divided into the following types (Jiang and Cha, 
2005; Lu, 2008).  

1) Conventional black heavy oil sandstone reservoir at the upper 
high structural location. The Wen 15 and Wen 25 petroleum res
ervoirs are located in Es2 in a high structural location, with shallow 
burial depths ranging from 2338 to 2461 m. The interpreted logging 
porosity of the sandstone reservoirs ranges from 15.2%–26.3%, with 
an average of 21.2%, and these reservoirs are conventional reser
voirs. The formation pressure coefficient ranges from 0.97 to 1.22, 
with an average of 1.15, and it has normal-weak overpressure. The 

oil-gas-water interface is normal (gas at the top, oil at the center and 
water at the bottom) (Fig. 4). The oil density of Wen 15 is 0.863 g/ 
cm3, with a GOR of 59. The oil density of Wen 25 is 0.847 g/cm3, 
with a GOR of 56.  

2) Conventional brown light oil sandstone reservoir at the lower 
structural high location. The Wen 13 petroleum reservoir is located 
in Es3

M in the lower structural high location, with depths ranging 
from 3132 to 3483 m. The logging porosity of the sandstone reservoir 
is between 11.9% and 21.5%, with an average of 15.2%, and this 
reservoir is a conventional reservoir. The formation pressure coeffi
cient is 1.12, with normal pressure. The oil-gas-water interface is 
normal (Fig. 4). The oil density of Wen 13 is 0.828 g/cm3, with a 
GOR of 242. 

3) Unconventional (tight) yellow-brown overpressure light/vola
tile oil sandstone reservoir at the structural slope location. The 
Wen 203 and Wen 200 petroleum reservoirs are located in Es3

M in 
structural slope locations, with depths ranging from 3569 to 3824 m. 
The logging porosity of sandstone reservoirs is between 5.9% and 
13.2%, with an average of 9.1%, and these reservoirs are tight res
ervoirs. The formation pressure coefficient is between 1.32 and 1.59, 
with an average of 1.46, and it has overpressure. The oil-water in
terfaces of the Wen 203 and Wen 200 petroleum reservoirs are 
inverted (water at the top and oil at the bottom) (Fig. 4). The oil 
density of Wen 203 is 0.825 g/cm3, with a GOR of 284. The oil 

Fig. 6. Pore types of sandstone in Es sandstones of eastern Wenliu areaeastern Wenliu area, Dongpu Depression. (a) Wen 13-110, 3546.28m; (b) Wen 146, 2885.98m, 
residual intergranular pore; (c) Wen 203-59, 4182.91m, dissolution pores at feldspar grain edge; (d) Pushen 7, 3696.7m, inter-granular dissolution pores; (e) Pushen 
7, 3665.1m, honeycomb intragranular dissolution pores in feldspar; (f) Wen 203-59, 4182.91m, mold pore; (g) Wen 203-15, 3572.05m, mixed pores; (h) Wen 220, 
3347.8m; (i) Pushen 7, 4156.9m, shrinkage fracture. 
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density of Wen 200 is 0.795 g/cm3, with a GOR of 387. Wen 203 is a 
brown tight overpressure light oil reservoir. Wen 200 is a yellow- 
brown tight overpressure volatile oil reservoir. 

4) An unconventional (tight) overpressure condensate gas reser
voir containing light yellow condensate oil at the structural sag 
location. The Wen 203–58 and Wen 203–59 petroleum reservoirs 
are located in Es3

M in the structural sag location, with depths ranging 
from 4109 to 4265 m. The logging porosity of the sandstone reser
voirs is between 2.1% and 14.0%, with an average of 7.6%, and these 
reservoirs are tight reservoirs. The formation pressure coefficient is 
1.78, representing a strong overpressure. The oil-gas interface of the 
Wen 203–58 petroleum reservoir is inverted (oil at the top and gas at 
the bottom), and there is no gas-water interface in the Wen 203–59 
petroleum reservoir (Fig. 4). The oil density of Wen 203–58 is 0.788 
g/cm3, with a GOR of 3141. The oil density of Wen 203–59 is 0.784 
g/cm3, with a GOR of 13,158. 

The DCHA in the Dongpu Depression is composed of Es2, Es3
U, and 

Es3
M petroleum. Petroleum distribution patterns in different strata are 

different, and there are clear differences in petroleum reservoirs in 
different structural locations, even within the same stratum. Specif
ically, Es2 petroleum is mainly distributed in the high structural loca
tion, Es3

M petroleum is mainly distributed in the slope and sag locations, 
and Es3

U petroleum is mainly distributed in the slope location. Conven
tional black heavy oil sandstone reservoirs are mainly developed at the 
upper high structural location, conventional brown light oil sandstone 
reservoirs are mainly developed at the lower structural high location, 
tight yellow-brown overpressure light/volatile oil sandstone reservoirs 
are mainly developed at the structural slope location, and tight over
pressure condensate gas reservoirs containing light yellow condensate 
oil are mainly developed at the structural sag location. With the increase 
of the depth of strata (high to slope to sag), the petroleum distribution 
locations gradually migrate to the sag center, and the DCHA shows an 
obvious petroleum sequence: from conventional black heavy oil reser
voirs to conventional brown light oil reservoirs, to tight brown over
pressure light oil reservoirs, to tight yellow-brown overpressure volatile 
oil reservoirs, and finally to tight overpressure condensate gas reservoirs 

(Fig. 4). 

5.3. Hydrocarbon fluid inclusions 

5.3.1. Petrographic features 
Transmitted light and fluorescence observation results of 20 sand

stone reservoir samples show that the fluorescence colors of hydrocar
bon fluid inclusions are mainly yellow and blue, including yellow, 
yellow-white, yellow-green, blue-green and blue-white (Figs. 8–12). 

The fluorescence colors of hydrocarbon inclusions in sandstone at 
different structural locations and strata are different. For the high 
structural location, the colors of the hydrocarbon inclusions in the Es2 
and Es3

U sandstones at higher locations are yellow, yellow-white, and 
yellow-green, accounting for 41.2%, 47.1%, and 11.8%, respectively 
(Fig. 8), whereas for deep the Es3

M sandstone, the colors of the hydro
carbon inclusions include yellow and blue, and the proportions of the 
two are similar. Yellow, yellow-white, yellow-green, blue-green, and 
blue-white colors accounted for 3.6%, 7.1%, 32.1%, 17.9% and 39.3%, 
respectively (Fig. 9). For the structural slope location, the hydrocarbon 
inclusion colors in the Es3

U sandstone include yellow and blue, with 
yellow dominating and the proportions of yellow, yellow-white, yellow- 
green and blue-white are 5.0%, 35.0%, 45.0% and 15.0%, respectively 
(Fig. 10). All the hydrocarbon inclusion colors in the Es3

M sandstone on 
the slope are blue-white (Fig. 11). For the sag location, all the inclusion 
fluorescence colors in the Es3

M and Es3
L sandstones are blue-white 

(Fig. 12). 
The distribution characteristics of the hydrocarbon inclusions in 

sandstone in the different structural locations and strata are also 
different. For the high structural location, most inclusions occur 
sporadically in the internal dissolution pores of quartz and feldspar, or in 
quartz secondary enlargement, accounting for 51.2%, 13.1%, and 
14.3%, respectively (Figs. 8–9). For the slope location, the Es3

U inclusions 
are mainly distributed in groups and are bead-like in the internal 
dissolution pores of quartz and intragranular fractures of quartz, and the 
former accounts for 85.7% (Fig. 10). The Es3

M inclusions are all devel
oped in quartz intragranular fractures and quartz cracks, distributed in 
clusters and are bead-like (Fig. 11). For the sag location, hydrocarbon 

Fig. 7. Microscopy images showing the pore characteristics of Es sandstone of eastern Wenliu area, Dongpu Depression. (a) Pushen 7, 4156.9m, mica directional 
arrangement and local bending; (b) Wen 203-59, 4182.91m, quartz cracks; (c) Wen 203-59, 4182.91m, stylolite contacts of quartz; (d) Wen 203-35, 3362.82m, 
ankerite cementation; (e) Wen 203-15, 3334.40m, flake chlorite; (f) Wen 146, 2360.96m, strawberry-shaped pyrite aggregate. 
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inclusions in Es3
M and Es3

L are all developed in the quartz intragranular 
fractures and cracks of quartz, distributed in clusters and bead-like 
(Fig. 12). 

5.3.2. Homogenization temperatures 
The homogenization temperatures of brine inclusions (HTBIs) asso

ciated with the hydrocarbon inclusions in the sandstone at different 
structural locations and in different strata are different. For the upper 
shallow structural location, the HTBIs associated with yellow fluores
cent hydrocarbon inclusions in the Es2 (Wen 25–23) and Es3

U (Wen 
15–14) sandstones are 72 ◦C–86 ◦C and 94 ◦C–117 ◦C, respectively. For 
the deep high structural location, the HTBIs associated with yellow and 
blue fluorescent hydrocarbon inclusions in the Es3

M sandstone (Wen 
13–281) are 127 ◦C–136 ◦C and 115 ◦C–132 ◦C, respectively, and the 
HTBIs associated with the yellow and blue fluorescent hydrocarbon in
clusions in the Es3

M sandstone (Wen 13–110) are 140 ◦C–153 ◦C and 
123 ◦C–141 ◦C, respectively. For the slope location, the HTBIs associated 
with the yellow and blue fluorescent hydrocarbon inclusions in the Es3

U 

sandstone (Wen 92–56) are 107 ◦C–123 ◦C and 87 ◦C–103 ◦C, respec
tively. The HTBIs associated with the yellow and blue fluorescent hy
drocarbon inclusions in the Es3

M sandstone (Wen 203–35) are 
111 ◦C–133 ◦C. For the sag location, the HTBIs associated with the blue 
fluorescent hydrocarbon inclusions in the Es3

M sandstone (Wen 203–59) 
are within 119 ◦C–153 ◦C. The HTBIs associated with the blue fluores
cent hydrocarbon inclusions in the Es3

L sandstone (Pushen 7) are 
127 ◦C–148 ◦C. 

5.4. Oil biomarkers 

GC analyses of saturated hydrocarbons in oil show that the 

distribution of n-alkanes remains intact in different structural locations 
and different strata (Fig. 13), and no C25-norhopane compounds were 
detected (Figs. 14a, 15a and 16a), indicating no obvious biodegradation 
(Peters and Moldowan, 1993). The light hydrocarbon components of n- 
alkanes increase gradually as the depth increases (Fig. 13) and are 
characterized by low pristane, high phytane, and high gammacerane 
contents (Figs. 13–16). 

GC–MS analyses of saturated hydrocarbons in oil showed that the 
terpene distribution characteristics in the different strata are similar, but 
the abundance and distribution characteristics of the terpene in the oil at 
different depths are significantly different. As the depth increases, the 
terpene abundance decreases, and the “bulge” phenomenon is more 
significant, such as in the deeper Wen 203–59, Wen 203–64, and Wen 
203–58 wells (Figs. 14a, 15a and 16a). The sterane distribution char
acteristics in the different strata are similar, but the abundance and 
distribution characteristics of the sterane at different depths are obvi
ously different. With increasing depth, the sterane abundance decreases, 
the relative content of rearranged sterane increases, and the “bulge” 
phenomenon is more significant (Figs. 14b, 15b and 16b). The sterane 
indices of C29-ααα-20S/(20S + 20R) and C29-αββ/(αββ + ααα) are 
within the ranges of 0.17–0.69 and 0.31–0.67, with averages of 0.46 and 
0.50, respectively. The higher the oil maturity is, the lower the abun
dance of terpenes and steranes is, the more obvious the “bulge” phe
nomenon (Mackenzie, 1984; Peters and Moldowan, 1993), and the 
higher the content of rearranged steranes is. 

GC–MS analyses of aromatic hydrocarbons showed that abundant 
methyl phenanthrene compounds are present in the oil samples 
(Figs. 17a, 18a and 19a; Figs. 17b, 18b and 19b), but the calculated 
methyl phenanthrene index (MPI = 1.5 × (3-MP + 2-MP)/(P + 9-MP +
1-MP)) of the oil from different structural locations and strata distributes 

Fig. 8. Petroleum fluid inclusion images of Es2 and Es3
U sandstones in structural high position in DCHA of eastern Wenliu area, Dongpu Depression.  
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in a narrow range of 0.52–0.70 with only one MPI value >1 (well Wen 
203–59) (Fig. 20a). Abundant dibenzothiophene compounds are present 
in the oil (Figs. 17c, 18c and 19c). The 4,6-dimethyl-dibenzothiophene/ 
1,4-dimethyl-dibenzothiophene (4,6-MDBT/1,4-MDBT) values of the 

Es2 and Es3
M oil in the high structural location are similar and in the 

ranges of 0.79–0.91 and 0.67–0.88, respectively. The 4,6-MDBT/1,4- 
MDBT values of the Es3

U oil in the slope location are within 0.83–0.88 
and those of the Es3

M oil in the slope location are within 1.03–2.23, with 

Fig. 9. Petroleum fluid inclusion images of Es3
M sandstones in the high structural position in DCHA of eastern Wenliu area, Dongpu Depression.  

Fig. 10. Petroleum fluid inclusion images of Es3
U sandstones in structural slope position in DCHA of eastern Wenliu area, Dongpu Depression.  
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an average of 1.51. The 4,6-MDBT/1,4-MDBT value of the Es3
M oil in the 

sag is within 1.04–4.14, with an average of 2.23 (Fig. 20b). 

5.5. Quantitative fluorescence analysis 

The TSF analysis (Liu et al., 2014a, 2014b, 2014c; Liu et al., 2016; 
Liu and Eadington, 2005; Liu et al., 2007; Ping et al., 2017) was utilized 
to analyze the thermal maturity of oil. The results show that the R1 
values (the ratio of the fluorescence intensity at an emission wavelength 
of 360 nm to the fluorescence wavelength at 320 nm under excitation 
light of 270 nm) in the TSF fluorescence spectra of the oil at different 
structural locations and strata are different. Specifically, the R1 values of 
the shallow Es2 and Es3

U strata and deep Es3
M strata oil in the high 

structural location are high, with values of 3.27–3.49, 3.39 and 
3.02–3.19, respectively. The R1 value of the Es3

U oil in the slope location 

is 3.26. The R1 value of the Es3
M oil in the sag location is the smallest, in 

the range of 1.74–2.68 (Figs. 20c; 21). 

6. Discussion 

6.1. Oil thermal maturity 

Physical properties such as the color and GOR reflect the maturity of 
oil. The lighter the color is and the greater the GOR is, the greater the oil 
maturity is (Jiang and Cha, 2005; Lu, 2008). As shown in Fig. 4, as the 
depth increases and the structural location deepens (from high to slope 
to sag), the oil color changes from black to brown to yellow, and finally 
to light yellow gradually, and the GOR increases gradually, both of 
which indicate that the oil maturity increases gradually. 

Biomarkers such as the sterane indices of C29-ααα-20S/(20S + 20R) 

Fig. 11. Petroleum fluid inclusion images of Es3
M sandstones in structural slope position in DCHA of eastern Wenliu area, Dongpu Depression.  

Fig. 12. Petroleum fluid inclusion images of Es3
M sandstones in structural sag position in DCHA of eastern Wenliu area, Dongpu Depression.  
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and C29-αββ/(αββ + ααα) can also be used to evaluate the maturity of oil 
(Peng et al., 2017; Peters and Moldowan, 1993; Tissot and Welte, 1978). 
As shown in Fig. 22, the maturity of the Es2 and Es3 oils in the high 
structural location increase with increasing depth. The Es2 and Es3 oils 
are low-maturity and mature oils, respectively, and the sterane maturity 
indices of the Es3

M oil in the structural slope and sag locations reached 
equilibrium values (Mackenzie, 1984; Peters and Moldowan, 1993; 
Seifert and Moldowan, 1986), indicating a high maturity. The n-alkane 
biomarker contents of highly mature crude oil are very low, and the 
signal-to-noise ratio of conventional GC–MS analysis is too low to 
accurately evaluate the type and content of biomarker compounds, 
resulting in great errors in the biomarker compound index (Peters et al., 
2005). 

To analyze the maturity of the oil at different structural locations and 
in different strata, aromatic hydrocarbon indices were utilized in this 
study, which have wider thermal maturity ranges for thermal maturity 
evaluation than saturated hydrocarbon indices, were utilized in this 
study. Radke et al. held that with increasing maturity, the contents of 2- 
methyl phenanthrene (2-MP) and 3-methyl phenanthrene (3-MP), which 
have a strong thermal stability in methyl phenanthrene isomers, in
crease gradually, while the contents of 1-methyl phenanthrene (1-MP) 
and 9-methyl phenanthrene (9-MP), which have a weak thermal sta
bility, decrease gradually; thus, oil maturity can be assessed by the 
methyl phenanthrene index (MPI = 1.5 × (3-MP + 2-MP)/(p + 9-MP +
1-MP)) and then the correlation between the MPI and the apparent 
vitrinite reflectance (Rc) can be established (Radke, 1988; Radke and 
Welte, 1983; Radke et al., 1990). According to Radke's formula (Radke, 
1988), almost all the calculated Rc values are only 0.73%–0.83%, except 
for that of the oil in Wen 203–59, which is 1.09% (Fig. 20a), contra
dicting the geological fact that oils with distinct maturities occur in the 
DCHA, such as light, volatile, and condensate oils at the slope and sag 
locations. Li and Lin (2005) studied oil maturity in the western sloped 
area of the Dongpu Depression and found that the methyl phenanthrene 
index did not change obviously with increasing depth (Li and Lin, 2005). 
This might be related to oil-generated biota, and the MPI index is 
commonly suitable for the maturity evaluation of oil generated from 
type III and type IV kerogen (Lu, 2008; Lu et al., 1996; Zhang and 
Huang, 1997; Zhu et al., 2009). In addition, the lithology of the source 
rock has strong effects on the MPI index (Wang and Xia, 1995). 

An important aromatic hydrocarbon index in assessing the maturity 
of oil is 4,6-dimethyl dibenzothiophene/1,4-dimethyl dibenzothiophene 
(4,6-MDBT/1,4-MDBT) in alkyl dibenzothiophene compounds (Chakh
makhchev et al., 1997; Hughes, 1984). Oil maturity increases with 

increasing 4,6-MDBT/1,4-MDBT values (Fig. 20b). Analyses show that 
the oil maturities of the Es2 and Es3

M at the high structural location and 
the Es3

U at the slope location are similar but are lower than that of the Es3
M 

at the slope and sag locations. Moreover, the oil maturity of the Es2 at 
the slope and sag locations increase obviously with increasing depth. 

The R1 value obtained from quantitative fluorescence analysis is also 
an indicator of the maturity of crude oil. The greater the R1 value is, the 
lower the maturity is (Liu et al., 2014a, 2014b, 2014c; Liu et al., 2016). 
The R1 values of the Es2, Es3

U and Es3
M oils from the high structural 

location are similar, which are 3.27–3.49, 3.39 and 3.02–3.19, respec
tively. The R1 value of the Es3

U at the slope location is 3.26. The R1 values 
of the Es3

M at the sag location are 1.74–2.68 (Figs. 20c; 21). The oil 
maturity of the Es3

M at the sag location increases obviously with 
increasing depth. 

Data from the above three methods show that the oil maturity of the 
Es2, Es3

U and Es3
M at the high structural location and the Es3

U at the slope 
location are similar and that oil maturity has no obvious correlation with 
depth. The oil maturity of the Es3

M at the slope and sag locations in
creases obviously with increasing depth. Moreover, the oil maturity of 
the Es3

M at the slope and sag locations is significantly higher than that of 
the Es2, Es3

U and Es3
M at the high structural location and the Es3

U at the 
slope location. 

6.2. Sandstone tightness history 

Previous studies indicate that five diagenetic stages occurred in the 
Dongpu Depression, including early-stage A, early-stage B, middle stage 
A1, middle stageA2 and middle stage B (Ji et al., 1992; Ji et al., 1995; 
Jiang et al., 2015). In early-stage A, the depth was <1800 m, and this 
stage included compaction. The depth of early-stage B was 1800–2800 
m, and compaction and early cementation occurred, resulting in 
siderite, hematite, rhodochrosite, calcite, and gypsum. The depth of 
middle stage A1 was 2800–3200 m, and compaction and dissolution 
occurred, resulting in dissolution of the secondary enlarged edge of 
quartz, early feldspar, debris, and carbonate cement. The depth of 
middle stage A2 was 3200–3800 m, and compaction and cementation 
occurred, including cementation of secondary enlarged quartz edges, 
iron calcite, ankerite, and anhydrite. The depth of middle stage B was 
3800–5000 m, and compaction occurred (Ji et al., 1992; Ji et al., 1995; 
Jiang et al., 2015). 

Combining the burial history with the paleo porosity evolutionary 
model of the Es sandstone in the eastern Wenliu area (Eqs. 1–5), the 
porosity evolutionary history of sandstone in different structural loca

Fig. 13. Distribution characteristics of N-alkanes, Pristine, and Phytane of oil in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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Fig. 14. Distribution characteristics of Terpane and Sterane of oil in structural high position in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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Fig. 15. Distribution characteristics of Terpane and Sterane of oil in structural slope position in DCHA of eastern Wenliu areaeastern Wenliu area, 
Dongpu Depression. 

Fig. 16. Distribution characteristics of Terpane and Sterane of oil in structural sag position in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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tions and strata was restored. To analyze the difference in the porosity 
evolution in sandstone in different structural locations and strata in the 
DCHA, three exploration wells located from the high structural location 
(Wen 15-Ce 26), slope (Wen 203–66) and sag (Qiancan 2) were selected 
to conduct basin modeling with PetroMod 1D. The lithology, rock 
thermal conductivity, stratigraphic age, sedimentation and denudation 
events, paleo-heat flow, paleo-surface temperature and paleo-water 
depth modeling data were obtained from Zuo et al. (2017), and the 
denudation thickness data were obtained from Lu et al. (2007). 

φ = φ0 × e− cz z : 0–1800 m (1)  

φ = φ0 × e− cz − CAR ×
z − 1800

2800 − 1800
− Cm ×

z − 1800
2800 − 1800

− CQ ×
z − 1800

3800 − 1800
z

: 1800 m–2800 m
(2)  

φ = φ0 × e− cz − CAR − Cm − CQ ×
z − 1800

3800 − 1800
+Cd ×

z − 2800
3200 − 2800

z

: 2800 m–3200 m (3)  

φ = φ0 × e− cz − CAR − Cm +Cd − CQ ×
z − 1800

3800 − 1800
− CA ×

z − 3200
3800 − 3200

z

: 3200 m–3800 m
(4)  

φ = φ0 × e− cz − CAR − Cm +Cd − CQ − CA z :> 3800 m (5)  

where φ is the porosity (%) of the rock. φo is the initial porosity of the 
rock (%) at 35.91%. Z is the depth (m), C is the compaction factor 
(related to the particle size of the rock) at 0.00033. CAR is the content of 
early cements in rocks, and the values of the Es3

L, Es3
M, and Es3

U sand
stones are 10.78%, 4.67% and 14.62%, respectively. Cm is the porosity 
decrease caused by the cementation of iron and manganese minerals, 
and the values of the Es3

L, Es3
M, and Es3

U sandstones are 0.68%, 0.63% and 
1.43%, respectively. CQ is the porosity decrease caused by the secondary 
enlargement of quartz and the content of authigenic quartz; the values of 
the Es3

L, Es3
M, and Es3

U sandstones are 0.67%, 0.30% and 0.04%, respec
tively. Cd is the secondary porosity increase caused by the dissolution of 
grains and cements in rocks, and the values of the Es3

L, Es3
M, and Es3

U 

sandstones are 2.13%, 2.17% and 2.29%, respectively. CA is the porosity 
change caused by cement in the middle-late stage diagenesis, and the 
values of the Es3

L, Es3
M, and Es3

U sandstones are 25.30%, 20.58% and 

Fig. 17. Distribution characteristics of aromatics of oil in structural high position in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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Fig. 18. Distribution characteristics of aromatics of oil in structural slope position in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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20.95%, respectively. 
In the Es3

U sandstone reservoir, the porosities in the structural high, 
slope, and sag locations were >10% at the end of the Ed sedimentation 
period and remain that way today (Fig. 23a). In the Es3

M sandstone 
reservoir, the porosities in the slope and sag locations were >10% at the 
end of the Ed sedimentation period, while they were <10% in the late 
Nm sedimentation stage (2.2 Ma and 1.5 Ma) (Fig. 23b). In the Es3

L 

sandstone reservoir, the porosity in the sag location was <10% in the 
middle Ed sedimentation period (28.5 Ma). Then, although the porosity 
was >10% again due to the influence of strata uplift and dissolution 
diageneses, the strata continued to subside later, and the current 
porosity was approximately 7% (Fig. 23c). 

Because the burial depth of Es2 is less than that of Es3
U and the depth 

of Es4
U is greater than that of Es3

L, the following conclusions can be 
drawn: 1) the porosities of the Es3

U and Es2 sandstones in the structural 
high, slope and sag locations were >10% at the end of the Ed sedi
mentation period and have remained so until the present; 2) the porosity 
of the Es3

M sandstone at the slope location was >10% at the end of the Ed 
sedimentation period, and it is now <10% as a whole; 3) the porosity of 
the Es3

M sandstone near the sag was >10% in the late Ed sedimentation 
period, and it is currently <10% overall; 4) the porosity of the Es3

L 

sandstone near the sag was <10% at 28.5 Ma (middle Ed sedimentation 

period); and 5) the porosity of the Es4
U sandstone near the sag was <10% 

in the early-middle Ed sedimentation period. 

6.3. Formation of hydrocarbon inclusions and petroleum charging times 

As the thermal maturity increases, the fluorescence color of hydro
carbon inclusions evolves toward blue, i.e., from brown to yellow, 
yellow-white, yellow-green, blue-white, and finally blue (George et al., 
2002; Munz, 2001). For the twenty sandstone cores studied, the fluo
rescence colors of the hydrocarbon inclusions display distinct differ
ences in the type and time of petroleum charging at different structural 
locations and in different strata. For the high structural location, the Es2 
and Es3

U petroleum at the shallow location comes from mature source 
rocks, and the Es3

M petroleum at the deep location comes from mixed 
mature and highly mature source rocks. For the slope location, the Es3

U 

petroleum originated from mixed mature and highly mature source 
rocks, and the Es3

M petroleum came from highly mature source rocks. At 
the sag location, all the Es3

M and Es3
L petroleum came from highly mature 

source rocks. 
The formation time of hydrocarbon inclusions depends on the host 

minerals and associated distribution of hydrocarbon inclusions in the 
fractures, the reservoir burial history, and the diagenetic evolution 

Fig. 19. Distribution characteristics of aromatics of oil in structural sag position in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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sequence (Jiang et al., 2015; Liu et al., 2013; Tao, 2006). The exami
nation of twenty sandstone cores shows that the hydrocarbon fluid in
clusions occur in the secondary enlarged margins of quartz, 
intracrystalline dissolved pores of feldspar, intracrystalline dissolved 
pores of quartz, and intragranular fractures in quartz and quartz cracks 
(Figs. 8–12). 

Combined with the previously established diagenetic evolutionary 
sequence (Ji et al., 1992; Ji et al., 1995; Jiang et al., 2015), it was 
determined that the secondary enlarged margins of quartz formed in 
early diagenetic stage B and the intracrystalline dissolved pores of 
feldspar and quartz were formed in late diagenetic stages A1 and A2, and 
the intragranular fractures in quartz began to form in middle diagenetic 

Fig. 20. Correlation between thermal maturity indices of oil and depth in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  

Fig. 21. Total Scanning Fluorescence (TSF) of oil in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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stage A1. Due to the intense tectonic movement in the late Paleogene, the 
stress field of the formation fluctuated dramatically, leading to the for
mation of abundant microfractures (intragranular fractures in quartz 
and quartz cracks), which could capture petroleum to form inclusions 
during the healing process in later subsidence. 

Based on the above analyses and reservoir burial evolutionary his
tory (Jiang et al., 2015; Zhang et al., 2016), hydrocarbon inclusions 
formed in two stages: 1) the early stage, i.e., the middle-late Ed sedi
mentation stage to early uplift stage, in intracrystalline dissolved pores 
of feldspar and quartz, secondary enlargement of quartz, and intra
granular fractures of quartz, and 2) late stage, i.e., the late Minghuazhen 
Formation (Nm) sedimentation stage to present, as clustered and bead- 
like inclusions in intragranular fractures in quartz, which caused quartz 
cracks to form. 

The petroleum charging time was determined based on the hydro
carbon inclusions and their petrographic features, the measured HTBI 
homogenization temperatures, and the thermal evolutionary history. 
For the high structural location, the HTBIs associated with the yellow 
hydrocarbon inclusions in the Es2 sandstone (Wen 25–23) at the shallow 
location are 72 ◦C–86 ◦C, and combined with the thermal evolutionary 
history of the Es2, the petroleum charging time occurred from 27.2 Ma to 
23.1 Ma (Fig. 24a). Similarly, the petroleum charging time of the Es3

U 

sandstone (Wen 15–14) at the shallow location was 26.8 Ma–22.8 Ma 
(Fig. 24b), the charging times of the deep Es3

M sandstone (Wen 13–281) 
were 26.2 Ma–23.1 Ma and 2.2 Ma–0 Ma (Fig. 24c), and the charging 
times of the Es3

M sandstone (Wen 13–110) were 26.4 Ma–22.8 Ma and 
2.3 Ma–0 Ma (Fig. 24d). For the slope location, the petroleum charging 
times of the Es3

U sandstone (Wen 92–56) were 27.0 Ma–22.7 Ma and 3.1 
Ma–1.5 Ma (Fig. 25a), and the charging time of in Es3

M sandstone (Wen 
203–35) was 3.1 Ma–0 Ma (Fig. 25b). For the sag location, the petroleum 
charging time of the Es3

M sandstone reservoir (Wen 203–59) was 4.2 
Ma–0 Ma (Fig. 26a), and the charging time of the Es3

L sandstone (Pushen 
7) was 2.8 Ma–0 Ma (Fig. 26b). 

Corresponding to the two stages of formation of hydrocarbon in
clusions, the DCHA of the Es in the Dongpu Depression underwent two 
petroleum charging times, i.e., the middle-late Ed sedimentation stage to 
the early uplift stage (27.2 Ma–22.7 Ma) and the middle-late Nm sedi
mentation stage to present (4.2 Ma–0 Ma). However, there were dif
ferences in petroleum charging times at different structural locations 
and strata. For the high structural location, only early mature petroleum 
charging occurred in the Es2 and Es3

U sandstones at the shallow strata, 
and two petroleum charging times (early mature petroleum and late 
highly mature petroleum) occurred in the Es3

M sandstone at the deep 
strata. For the slope location, two petroleum charging times occurred in 
the Es3

U sandstone, while only highly mature petroleum charging 
occurred in the Es3

M sandstone. At the sag location, only highly mature 
petroleum charging occurred in the Es3

M and Es3
L sandstones. 

Fig. 22. Representative maturity biomarker indices of oil in DCHA of eastern 
Wenliu areaeastern Wenliu area, Dongpu Depression. 

Fig. 23. Porosity evolution in different Es sandstones in DCHA of eastern Wenliu areaeastern Wenliu area, Dongpu Depression.  
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Jiang et al., 2015 and Zhang et al. (2016) also indicated that there 
were two petroleum charging times in the Es of the Dongpu Depression, 
i.e., the middle-late Ed sedimentation stage to the early uplift stage and 
the late Nm sedimentation stage to the present. However, they believed 
that the early petroleum charging was extensive and distributed 
throughout the Dongpu Depression, and the late petroleum charging 

was distributed near the sag, which is different from our study. We found 
that early petroleum charging occurred at the structural high and slope 
locations, especially at the high location, and late petroleum charging 
mainly occurred at the sag and slope locations, especially at the sag. In 
other words, one petroleum charging time occurred in the structural 
high and sag locations, while two petroleum charging times occurred in 

Fig. 24. Petroleum charging times in Es in structural high position in DCHA of eastern Wenliu area, Dongpu Depression.  

Fig. 25. Petroleum charging times in Es in structural slope position in DCHA of eastern Wenliu area, Dongpu Depression.  
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the structural slope location. Moreover, the onset time for late petroleum 
charging at the sag is earlier than that at the slope. For the high struc
tural location, the petroleum charging time is the earliest. For the slope 
location, the petroleum charging time of the Es3

U sandstone is earlier, 
while that of the Es3

M is late. For the sag location, the petroleum charging 
time of the Es3

M is the latest. 

6.4. Petroleum charging forces 

6.4.1. Critical porosity threshold and dynamic petroleum charging 
processes 

Previous studies of petroleum accumulation conditions of DCHAs 
(Jia et al., 2012; Liu et al., 2014a, 2014b, 2014c; Ma, 2008; Zou et al., 
2009a, 2009b), reservoir physical property statistics (Duan et al., 2008; 
Jia et al., 2012; Liu et al., 2014a, 2014b, 2014c; Zou et al., 2009a, 
2009b), physical simulation experiments (Gies, 1984; Jia et al., 2012; 
Pang et al., 2003) and numerical simulation experiments (Guo, 2013; 
Ma, 2008; Pang et al., 2012; Cai et al., 2021) have revealed that there is a 
critical porosity threshold for dynamic petroleum charging processes. 
Pang et al. (2014a, 2014b, 2021a) calls it the buoyancy-driven hydro
carbon accumulation depth (BHAD), which is the limit of buoyancy 
action (Pang et al., 2014b; Pang et al., 2021; Pang et al., 2014b; Pang 
et al., 2003). Above the BHAD, buoyancy is the key driving force for 
petroleum migration, and the accumulated petroleum reservoirs have 
“four highs”, i.e., petroleum accumulated in the high points of traps, 
enriched in layers with high porosity and permeability, distributed in 
high locations sealed by caprocks, and formed with high fluid pressure 
in reservoirs (Pang et al., 2021). Below the BHAD, petroleum migration 
and accumulation are dominated by non-buoyancy forces, such as 
capillary force and overpressure, in tight reservoirs with “four lows”, i. 
e., petroleum is distributed in the low basin depressions, accumulates in 
layers with low porosity, is located in the form of inverted low locations, 
and is stable at low pressures (Pang et al., 2021). 

Studies of the porosity surrounding the BHAD revealed that the 
critical porosity values at the BHAD are 10%–12% (Jia et al., 2012; Pang 
et al., 2012; Pang et al., 2021a; Pang et al., 2021b; Zou et al., 2009a, 
2009b). Based on the “force balance” at the BHAD, Guo et al. (2017) 
simulated numerically the critical porosity threshold of the BHAD and 
confirmed it to be 10% (Guo, 2013; Guo et al., 2017). The significance of 
the critical porosity threshold of the BHAD is that when the porosity of 
the Es sandstone in the Dongpu Depression is >10%, the key petroleum 
charging force is buoyancy and petroleum migrates into the reservoir via 
a “displacement mode”, that is, oil and natural gas moves upward in 
bubbles or columns driven by buoyancy in water, resulting in gas-water 
position exchange) (Jin and Zhang et al., 2003; Zhang et al., 2008), and 
the accumulated petroleum reservoir thus contains a normal oil-gas- 

water interface (gas at the top, oil at the middle, and water at the bot
tom). And when the porosity of the Es sandstone is <10%, the petroleum 
charging force is nonbuoyant, and petroleum mainly migrates into the 
reservoir via a “piston mode” under overpressure and forms inverted oil- 
gas-water interfaces, i.e., an inverted oil-water interface (water at the 
top and oil at the bottom), inverted oil-gas interface (oil at the top and 
gas at the bottom), and no gas-water interface. During the migration, if 
the petroleum source is completely depleted due to diffusion, the tight 
petroleum range will shrink gradually (Guo, 2013; Guo et al., 2017; 
Jiang et al., 2006; Liu et al., 2014a, 2014b, 2014c; Ma, 2008; Pang et al., 
2012; Pang et al., 2014b). 

6.4.2. Pressurization due to petroleum generation 
As described in Section 5.1, Es2 and Es3

U in the DCHA in the high 
structural location in the Dongpu Depression have normal to weak 
overpressure, and Es3

M in the slope and sag locations have normal to 
strong overpressure. Previous studies have shown that formation over
pressure is mainly caused by undercompaction and petroleum genera
tion or a combination of the two (Bourgoyne, 1990; Hao, 2005; Hunt, 
1990; Osborne and Swarbrick, 1997; Zhao et al., 2017), in which 
undercompaction generally occurs in thick shale that is buried rapidly 
and continuously. The Es in the eastern Wenliu area is characterized by 
thin interbedded development of sandstone and shale, and a single layer 
of shale is thin (<20 m, with a mean of 5–11 m). Moreover, the sedi
mentation rate of the Es is low (Liang et al., 2017a,b); thus, under
compaction is not the key factor inducing overpressure. The eastern 
Wenliu area is close to the Qianliyuan Sag, which is the best area for 
petroleum generation with the greatest petroleum generation quantity 
and the highest thermal maturity in the Dongpu Depression. The depth 
at which the petroleum generation in Es3 peaked, corresponding well to 
the depth range of overpressure (Liang et al., 2017a, 2017b; Liu and Liu, 
2018; Wang et al., 2018), indicating that the overpressure is mainly 
caused by the pressurization of petroleum generation. Vertically, over
pressure existed in the Es3 at the slope location. In the horizontal di
rection, overpressure caused pressurization of petroleum generation 
increases from the structural high to the slope and to the sag locations 
(Liu and Liu, 2018). 

6.4.3. Buoyancy and overpressure as petroleum charging forces 
According to the petroleum charging times (Section 6.5), the sand

stone tightness history (Section 6.2), and formation overpressure, pe
troleum charging dynamics at different structural locations and in 
different strata in the DCHA were determined. 

During the middle-late sedimentation and early uplift of the Ed, all 
the Es2, Es3

U, and Es3
M sandstone porosities at the structural high location 

and the Es3
U porosity at the slope location were >10% (conventional). 

Fig. 26. Petroleum charging times in Es in structural sag position in DCHA of eastern Wenliu area, Dongpu Depression.  
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Under buoyancy, petroleum originating from the sag center accumu
lated first in the Es2 sandstone reservoir at the high structural location 
via a “displacement mode” (Pang et al., 2021a, 2021b). After the Es2 
reservoir was filled with petroleum, migrated petroleum subsequently 
accumulated in the Es3

U sandstone reservoir in a “displacement mode” at 
the structural high and slope locations under buoyancy (Pang et al., 
2021a, 2021b). When petroleum was replenished continuously, petro
leum subsequently migrated and accumulated in the Es3

M sandstone 
reservoir in a “displacement mode” at the high structural location under 
buoyancy. 

During the middle-late Nm sedimentation stage to present-day, both 
the Es3

M and Es3
L sandstone porosities at the structural slope and sag lo

cations were <10% (tight). Under the overpressure induced by petro
leum generation pressurization, petroleum originating from the sag 
center accumulated first in the Es3

M sandstone reservoir at the structural 
sag location in the “piston mode”. As petroleum charging continues, 
when the Es3

M sandstone reservoir at the sag location is full of petroleum, 
petroleum will continue to accumulate in the Es3

M sandstone reservoir at 
the slope location in the “piston mode” under petroleum generation 
pressurization, gradually promoting petroleum distribution from the sag 
to the slope locations. With further petroleum charging, the tight 
sandstone reservoir in the Es3

M at the slope will be full of petroleum, and 
when the petroleum charging range reaches the boundary of the tight 
sandstone reservoir (the critical porosity threshold 10%), charging 
forces will change from overpressure to buoyancy, and charging modes 
will change from “piston mode” to “displacement mode” simulta
neously; thus, petroleum will accumulate in the Es3

M sandstone reservoir 
at a high structural location. 

In the high structural location, petroleum charging forces in Es2, Es3
U, 

and Es3
M are buoyant. In the slope location, the charging force in Es3

U is 
buoyancy, while that in Es3

M is overpressure induced by petroleum 
generation pressurization. In the sag location, the charging force in Es3

M 

is dominated by overpressure. 

6.5. Petroleum charging stages 

Faults and gypsum layers have important effects on petroleum 
migration and preservation in the Dongpu Depression (Jiang et al., 
2015). Three gypsum layers developed in Es3

L, middle-upper Es3
M, and 

Es1, and recently discovered petroleum resources are distributed under 
these gypsum layers (Du et al., 2008; Liu et al., 2014a, 2014b, 2014c; Qi 
et al., 1992). Faults are distributed in the high structural location, with 
less development in slope and sag locations (Cheng et al., 2015; Guo, 
2014; Jiang and Cha, 2005; Pang et al., 2014b). Combined with the 
petroleum source, charging time, charging forces, reservoir tightness 
history, and structural background, the formation process of the DCHA 
occurred in four stages. 

Fault movement in the Paleogene strata in the Dongpu Depression 
began during the Es4 sedimentation period (Tang and Wang, 2008). A 
thick gypsum layer developed during Es3

L sedimentation. The first main 
fault, the Wendong No.3 Fault, developed during the early Es3

M sedi
mentation period. During late Es3

M to Es3
U sedimentation periods, fault 

activity became stronger and formed the present structural pattern of 
“two Sags, one Uplift and one Slope” in the Dongpu Depression, and a 
thick gypsum layer was deposited in Es3

M at the same time. During the 
Es3

U sedimentation period, shales in the Es in the sag did not yet generate 

Fig. 27. Accumulation model of the DCHA of eastern Wenliu area, Dongpu Depression.  
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petroleum (Fig. 27a). During the early Es2 sedimentation period, fault 
activity was strong, and the second main fault, the Xulou Fault, formed, 
but it had little influence on the structural pattern of the Dongpu 
Depression. At this time, shales in Es4 in the sag center had entered the 
stage of low-maturity oil generation, while the oil generation amount 
was limited and did not reach the petroleum expulsion threshold. 

1) Es1to early-middle Ed sedimentation stage: conventional pe
troleum accumulation at a high structural location beneath the 
gypsum layer under buoyancy with a distal petroleum source. 
During the Es1 sedimentation stage, the Es4

U shales entered the 
mature oil generation stage (34.5 Ma) and began to expel petroleum. 
Es3

L shales entered the mature oil generation stage in the early-middle 
Ed sedimentation period (30.7 Ma) and began to expel petroleum. 
Fault activity was weak at this time (Shi et al., 2007; Tang and Wang, 
2008). Due to the thick gypsum layer developed in the Es3

L and Es3
M, 

faults could not cut through gypsum layers. Moreover, the Es4
U and 

Es3
L sandstone reservoirs were not tight yet, and thus petroleum 

generated from the Es4
U and Es3

L shales accumulated beneath the Es4
U 

gypsum layers in the “displacement mode” under buoyancy 
(Fig. 27b), forming conventional petroleum reservoirs. 

2) Middle-late Ed sedimentation stage: superposition by tight pe
troleum at the sag and slope under the petroleum generation 
expansion force with a proximal petroleum source, conven
tional petroleum at a high location beneath the gypsum layer 
under buoyancy with a distal petroleum source, and in the 
initial formation stage of the DCHA. During the middle-late Ed 
sedimentation period (27.8 Ma), fault activity was weak (Jiang et al., 
2015; Shi et al., 2007; Tang and Wang, 2008). The Es4

U shales entered 
the mature oil and gas generation stage, the Es3

L shales entered the 
mature oil generation stage, the Es3

M shales had entered the low- 
maturity oil generation stage and petroleum expulsion had not yet 
started. The Es4

U and Es3
L sandstone reservoirs were tight at this time; 

thus, petroleum generated from the Es4
U and Es3

L shales accumulated 
at the sag and slope locations in the “piston mode” under the pe
troleum generation expansion force, forming deep basin petroleum 
reservoirs (Fig. 27c). As petroleum charging continued, tight sand
stone reservoirs at the sag and slope were full of petroleum, and 
when the charging range reached the boundary of tight sandstone 
reservoirs (the critical porosity threshold 10%), charging forces 
changed from overpressure to buoyancy, and petroleum accumu
lated at the high structural location of the Es3

L in the “displacement 
mode” (Fig. 27c), forming conventional petroleum reservoirs. Con
ventional petroleum reservoirs and deep basin petroleum reservoirs 
overlapped and compounded to form the initial DCHA.  

3) Late Ed sedimentation - early uplift stage: DCHA adjustment 
controlled jointly by faults and sand bodies under buoyancy 
with a distal petroleum source. During the late Ed sedimentation- 
early uplift period, the Es4

U and Es3
L shales entered the condensate and 

wet gas stage and mature oil and gas stage, respectively, while the 
Es3

M shales entered only the low-maturity and mature oil generation 
stage and petroleum expulsion had not yet started. In the early uplift 
stage (25–22.7 Ma), petroleum generation and expulsion halted, 
while the activities of the Wendong No. 3 and Xulou Faults became 
stronger (Jiang et al., 2015; Shi et al., 2007; Tang and Wang, 2008), 
cut through gypsum layers and the Es3

L and Es3
M shales and became 

effective pathways for vertical petroleum migration. Therefore, pe
troleum accumulated in the Es4

U and Es3
L in the early stage and then 

migrated vertically along the pathways. At this time, because the Es3
U 

and Es2 sandstone reservoirs were not tight, petroleum accumulated 
at the high structural location and in the Es3

U in the slope location 
under buoyancy in the “displacement mode”. Because few faults 
developed at the sag and slope locations, most petroleum in the Es4

U 

and Es3
L tight reservoirs was preserved. By this time, the Es3

M sand
stone reservoir at the slope location was not tight yet; thus, the small 
amount of petroleum that accumulated in Es3

L at the slope location 

migrated into Es3
M along fault pathways under buoyancy in the 

“displacement mode” (Fig. 27d), forming an adjusted conventional 
petroleum reservoir.  

4) Late Nm sedimentation – current stage: main formation stage of 
the DCHA under the petroleum generation expansion force with 
a proximal petroleum source. After Nm sedimentation, all faults 
halted and provided good preservation conditions for petroleum in 
the Dongpu Depression (Jiang et al., 2015; Shi et al., 2007). During 
late Nm sedimentation, the strata subsided and shales in the sag and 
slope locations began to generate petroleum again. By this time, the 
Es3

U shales entered the low-maturity to mature oil generation stage 
and had not started petroleum expulsion, while the Es3

M, Es3
L, and Es4

U 

shales entered the mature oil and gas, condensate and wet gas, and 
condensate and wet gas stages, respectively, and began to expel 
massive amounts of petroleum. Moreover, because the faults were all 
in closed states, thick gypsum layers developed in the Es3

L and Es3
M 

reservoirs, and the Es4
U, Es3

L and Es3
M reservoirs at the slope and sag 

locations were tight. Therefore, the petroleum generated from mul
tiple source rocks accumulated at the slope and sag locations in the 
“piston mode” under the petroleum generation expansion force, 
forming deep basin petroleum reservoirs with a large area. With a 
continuous petroleum supply into the future, when the sandstone 
reservoir at the sag location is full of petroleum, petroleum will 
continue to accumulate in the sandstone reservoir at the slope 
location in the “piston mode” under petroleum generation pressuri
zation, gradually promoting the petroleum distribution from the sag 
to the slope. With further petroleum charging, tight sandstone res
ervoirs at the slope will be full of petroleum, and when the petroleum 
charging range reaches the boundary of tight sandstone reservoirs 
(the critical porosity threshold 10%), charging forces will change 
from overpressure to buoyancy, and charging modes will change 
from “piston mode” to “displacement mode” simultaneously; thus, 
petroleum will accumulate in local areas at the slope location 
(Fig. 27e-f). 

6.6. Accumulation model 

The formation of DCHA in the Dongpu Depression is a dynamic and 
continuous accumulation process, controlled by the structural evolu
tion, petroleum generation and expulsion history, reservoir tightness 
history, fault activity, and gypsum layer development. The accumula
tion model is as follows. 

1) Superimposed accumulation of conventional petroleum reser
voirs in multiple strata at the high structural location. Petroleum 
accumulated at the high location comes from laminated shales with 
TOC values >1% in the Es4

U in the sag (Zhang et al., 2017; Hu et al., 
2022), and the petroleum charging occurred during the late Ed 
sedimentation to the early uplift stage. When petroleum began to 
charge, sandstone reservoirs in strata were not tight, petroleum 
generated in the sag center migrated vertically and transversely 
along faults and sand bodies under buoyancy and then accumulated 
in sandstone reservoirs at the high structural location in the Es2. With 
sufficient petroleum supply, subsequent petroleum will accumulate 
in the Es3

U, Es3
M, Es3

L, and Es4
U reservoirs in sequence at the high 

location.  
2) Superimposed accumulation of conventional and deep basin 

petroleum reservoirs in multiple strata at the structural slope 
location. Two petroleum charging processes occurred at the slope, 
including the late Ed sedimentation to early uplift stage and middle- 
late Nm sedimentation to current stage. At the first stage, the Es2 and 
Es3

U sandstone reservoirs were not tight, and petroleum generated in 
the sag center migrated vertically and transversely along faults and 
sand bodies under buoyancy. With a continuous petroleum supply, 
when the Es2 and Es3

U sandstone reservoirs were full of petroleum, 
petroleum continued to accumulate at the slope location, gradually 
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promoting petroleum distribution in the Es2 and Es3
U sandstone res

ervoirs forming conventional petroleum reservoirs in multiple strata. 
At the second stage, the Es3

L, Es3
M, and Es4

U sandstone reservoirs were 
tight, and petroleum generated by each shale stratum accumulated in 
the lower areas of the respective tight reservoirs in the “piston 
mode”, forming deep basin petroleum reservoirs at the sag location 
with large areas. With further petroleum supply, when sandstone 
reservoirs at the sag are full of petroleum, petroleum will continue to 
accumulate in sandstone reservoirs at slopes in the “piston mode” 
under petroleum generation pressurization, gradually promoting 
petroleum distribution from the sag to the slope and forming deep 
basin petroleum reservoirs in multiple strata.  

3) Superposition continuous distribution development of deep 
basin oil and gas reservoirs in multiple intervals near the sag. 
The petroleum charging process at the middle-late Nm sedimenta
tion stage occurred at the sag location. By this time, the Es3

L, Es3
M, and 

Es4
U sandstone reservoirs were tight, and petroleum generated by 

each shale stratum accumulated in the lower areas of the respective 
tight reservoirs in the “piston mode”, forming deep basin petroleum 
reservoirs at the sag location with large areas and forming deep basin 
petroleum reservoirs in multiple strata at the sag location. 

7. Implications for petroleum exploration, challenges and 
perspectives 

Our study shows that as the depth of the structural location changes 
from high to slope to sag, four sequential processes are involved in the 
dynamic, continuous, progressive hydrocarbon accumulation process: 
the sequential generation of petroleum phases by source rocks, the 
sequential porosity and permeability decrease in sandstone reservoirs, 
the sequential evolution of petroleum charging forces, and the sequen
tial evolution of petroleum charging modes. Conventional and deep 
basin (tight) petroleum reservoirs that constitute DCHAs have three 
features, i.e., correlated genesis, continuous petroleum accumulation, 
and sequential petroleum distribution, which reveal a general law for 
the sequential accumulation and distribution of conventional and deep 
basin (tight) petroleum reservoirs. Based on this law, the spatial distri
bution of conventional and tight petroleum reservoirs can be predicted. 
There are abundant unconventional hydrocarbon resources in the center 
of a hydrocarbon reservoir when conventional petroleum resources are 
found, and conversely, the discovery of unconventional hydrocarbon 
resources indicates that conventional petroleum may exist in neigh
boring areas (Zhi et al., 2021; Zou et al., 2014). 

The sequential accumulation model of DCHAs differs distinctly from 
the “petroleum system” theory (Magoon and Dow, 1994). 1) Reservoirs 
include not only sandstone layers in anticline traps at the accumulation 
terminal but also hydrocarbon generation strata and migration path
ways, and further study should focus on all reservoirs within the range of 
petroleum supply; 2) internal correlations between conventional and 
tight petroleum reservoirs suggest that they should be investigated 
together; and 3) studies should not be limited to the “From Source to 
Trap” perspective that focuses on predicting favorable accumulation 
zones in petroleum resource evaluation; instead the entire process of 
petroleum generation, migration, and accumulation should be investi
gated and all types of petroleum resources should be evaluated from the 
new perspective of “source rock – sandstone reservoir coupling and 
sequential accumulation”. Therefore, future exploration of conventional 
and unconventional hydrocarbon resources should adopt an approach of 
“synchronous study, synchronous deployment, and synchronous explo
ration”, and a “multi-well platform-type factory production mode” to 
promote the simultaneous exploitation of conventional and unconven
tional hydrocarbon resources within different structural locations and 
strata (Zou et al., 2014), accelerate exploration and development, and 
realize the maximum economic recovery of petroleum resources in 
petroliferous basins. 
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