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A B S T R A C T   

The Lixian Slope is located in the western part of the Raoyang Sag, Bohai Bay Basin, Northern China. This slope 
was developed due to exceptionally weak tectonic activities; therefore, it is aptly called a weak tectonic slope. 
The slope gradients, faults, sandbodies, source rocks, and oil-source correlation were evaluated. During the 
development of the Lixian Slope, its gradients were usually low (generally less than 1.00◦). Most of the faults 
have low fault throws (usually less than 30 m). Moreover, the faults of this slope have poor vertical transporting 
capacity. The sandstone-to-strata ratios for different Paleogene strata of the Lixian Slope are generally less than 
40%, suggesting that the connectivity of sandbodies in the Paleogene strata is poor. In addition, research on the 
sources of crude oil indicates that the oil in most slope areas originated from Es1x source rocks. The study of the 
controls on hydrocarbon accumulation in the Lixian Slope indicates the following: 1) the planar distribution of 
oil and gas reservoirs in the Lixian Slope is strictly controlled by both the Es1x and Ek–Es4 source rocks, the Es1x 
in particular; 2) the sandbodies, faults, and low gradients control the planar enrichment of hydrocarbons; and 3) 
the faults and source rocks control the vertical distribution of oil and gas reservoirs. According to the charac
teristics of and controls on hydrocarbon accumulation, a hydrocarbon accumulation model suitable for a weak 
tectonic slope is proposed. Finally, a few recommendations for future explorations are suggested. The Es2 and 
Es1 members, especially those near the NNE–NEE trending faults, are critical target intervals for future explo
ration operations.   

1. Introduction 

The Lixian Slope is a gentle slope belt (Ren, 2009). A gentle slope 
belt, a part of a fault sag (or fault basin), is a secondary structural belt 
connecting the surrounding uplift and a trough at a relatively low 
gradient (Li et al., 2003; Zhang, 2006). Fault–sags, such as the Shulu 
Sag, Baxian Sag, and Cuddapah Sag, are widely developed globally 
(Zhao et al., 2012; Basu et al., 2021). In China, fault–sags are mainly 
found in the eastern coastal regions from Hainan to Liaoning (Li et al., 
2003; Zhao et al., 2012). The gentle slope lies adjacent to the trough in 
which the source rocks have been developed and located higher than the 
trough. Thus, these cause the oil and gas, expulsed by the source rocks, 

to migrate toward the gentle slope. Generally, these oils and gases can 
migrate from the trough to the outer slope for long distances. The dis
tribution of oil and gas in a gentle slope depends mainly on the distri
bution characteristics of effective source rocks and the structural 
characteristics of the slope, especially the latter. When a gentle slope is 
characterized by weak terrain deformations, the oil and gas will migrate 
steadily from the trough to the outer slope. The migration direction is 
generally at a low angle to the inclination of the slope. Therefore, there 
is no definite area where the oil and gas can converge, thereby resulting 
in an unclear distribution of oil and gas in this type of slope. The ups and 
downs of terrain are developed when the gentle slope is characterized by 
relatively strong terrain deformations. In this type of slope, the oil and 
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gas will gradually converge at the local structural high points of the 
slope, causing the enrichment of oil and gas in these areas. Such struc
tural high points commonly include nose-like structures and slope-break 
belts (containing syndepositional and structural slope-break belts). 
Weak tectonic slopes are characterized by extremely slow formational 
deformations and stable structural morphologies. Therefore, the oil and 
gas migration directions are roughly parallel to the inclination of the 
slope and have little changes in the migration process. Moreover, the 
slope gradients also influence the migration of oil and gas in the slope. 
Generally, the larger the slope gradient, the greater will be the migration 
force, which will be more conducive to the migration and accumulation 
of oil and gas in the slope. Overall, the slope is a favorable and important 
area of the sag for migration and accumulation of oil and gas (Rong 
et al., 2001; Li et al., 2003; Qiu et al., 2006; Yang et al., 2008; Zhao et al., 
2012). Furthermore, gentle slopes are characterized by a large explo
ration area, accounting for one-third to half of the total area of the 
fault–sag. Practical explorations have shown that slopes have consid
erable quantities of hydrocarbon resources and great exploitation po
tential (Ren, 2009; Zhao et al., 2012). For example, medium–large oil 
fields in the southern slope of the Dongying Sag, the western slope of the 
Western Sag of the Liaohe Depression, and the western slope of the 
Biyang Sag are characterized by vast expanses of oil and gas reserves 
(Xiong, 2009; Gu, 2013; Jiang et al., 2016, Fig. 1a). 

Zou et al. (2014) were the first to conduct research on the tectonic 
divisions of the Raoyang Sag based on some parameters, including the 
bottom curvature (Fig. 1a and b), density of faults, denudation rate, and 
derivatives of the strata thickness rate. They pointed out that the Lixian 
Slope was characterized by weak tectonic activities. As the name sug
gests, this weak tectonic slope is a special type of gentle slope that has 
been subjected to relatively weak tectonic activities during its whole 

developmental history (Zou et al., 2014; Zhao et al., 2014). Overall, the 
weak tectonic slopes are characterized by extremely slow formational 
changes, exceedingly low deformation degrees of the strata, stable 
structural morphologies and relatively underdeveloped faults (Zou 
et al., 2014; Zhao et al., 2014). Weak tectonic slopes usually form gentle 
terrains during their development (Gao et al., 2014). These slopes owe 
their unique characteristics of sequence stratigraphy, sedimentology 
and hydrocarbon accumulation to their distinct geological settings. 
Extensive research has been conducted, focusing on the tectonics, 
sequence stratigraphy, sedimentology, formational conditions, and 
mechanisms of oil and gas reservoirs of gentle slopes (Donaldson, 1974; 
Horne et al., 1976; Li, 2001, 2010; He, 2010; Mao, 2012; Gu, 2013; He 
et al., 2017a, 2017c; Zhu et al., 2017; Zhang et al., 2018). However, only 
a few studies were conducted under the concept of weak tectonic slopes 
(Zou et al., 2014; Zhao et al., 2014; Gao et al., 2014). Thus, there are 
considerable gaps in the knowledge regarding the characteristics, con
trols, and geological models of hydrocarbon accumulation in weak 
tectonic slopes. This significantly hinders the oilfield workers from 
achieving progress and breakthroughs in oil and gas exploration in such 
slopes. 

This study has three objectives: 1) to discuss the characteristics and 
controls of hydrocarbon accumulation in the weak tectonic Lixian Slope; 
2) to establish geological models for hydrocarbon accumulation in the 
Lixian Slope; and 3) provide recommendations for future explorations in 
the slope. This study is essential for guiding explorations on such slopes 
worldwide as well as enriching the theory of oil and gas accumulation 
and exploration in slopes to some extent. 

Fig. 1. (a) Locations of Bohai Bay Basin and Jizhong Depression. (b) Location of Raoyang Sag. (c) Tectonic belt division of Raoyang Sag, location of Lixian Slope, 
location of study area in this paper, and location of the seismic profile of Fig. 2. (d) Stratigraphic division, lithology, sedimentary environment and tectonic evolution 
of Lixian Slope, Raoyang Sag. 
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2. Geological background 

The Raoyang Sag is one of the fault–sags in the Jizhong Depression, 
developed in the Bohai Bay Basin of Northern China (Fig. 1a and b). The 
Lixian Slope is located in the western part of the Raoyang Sag and acts as 
a secondary structural belt (Fig. 1c). The Raoyang Sag is broadly cate
gorized into four tectonic belts, based on the structural positions and 
subsidence histories: Major Trough, Central Uplift, Sub–trough, and 
Lixian Slope (Fig. 1c). Among the slopes of the Jizhong Depression, the 
Lixian Slope occupies the maximum area, spanning approximately 2000 
km2, with a length and width of 90 and 20 km, respectively. Oil and gas 
exploration achievements have hardly been conducted in the south of 
the Lixian Slope, causing this area to be neglected by the Huabei Oilfield 
Company, which has the right to exploit this slope. Only a few wells have 
been drilled in the southern Lixian Slope, and the three-dimensional 
(3D) seismic data for this area has not been acquired yet. Taking these 
points under consideration, this study focuses on the Central–Northern 
Lixian Slope (Fig. 1c). 

The tectonic evolution of the Bohai Bay Basin can be roughly divided 
into three chronological stages: (1) the first syn-rift stage during the 
Jurassic and Cretaceous; (2) the second syn-rift stage during the 
Paleogene; and (3) a thermal subsidence stage during the Neogene and 
Quaternary (Yang and Xu, 2004; Qi and Yang, 2010). During the Early 
Paleozoic, an epeiric sea dominated the North China Plate in which the 
Bohai Bay Basin is located. Eventually, in the Late Paleozoic, the North 
China Plate collided with the Siberian Plate to the north and the Yangtze 
Plate to the south, thus suturing the three in the Early Mesozoic (Ren, 
1994). The alternation of depositional environments between marine 
and continental prevailed during the Late Paleozoic (Zhu, 2009). This 
was followed by the subduction of the Pacific Plate, situated to the east 
of the then sutured plate during the Early Mesozoic, resulting in the 
formation of the Bohai Bay Basin (Zhu, 2009; Qi and Yang, 2010). The 
Late Cretaceous witnessed the weakening of the Pacific Plate subduction 
process, causing the extrusion and consequent rise of the Bohai Bay 
Basin (Chen, 2019). At this syn-rift stage, the deposition was dominated 
by lacustrine and alluvial deposits intercalated with volcanic rocks and 
coal seams (Xiao, 2007). Later, in the Early Paleogene, the Pacific Plate 
was again subducted under the sutured plate, causing further develop
ment of the Bohai Bay Basin under a strongly extensional regime (Zhao, 
1984; Chen, 2019). As a result, many depressions and numerous sags, 
including the Raoyang Sag, were developed in the Bohai Bay Basin 
during the Paleogene. The deposition occurred widely across the basin 
during the Paleogene. Due to the change in the subduction direction, its 
impact on the Bohai Bay Basin weakened in the Late Paleogene (Miao, 
2018). The Bohai Bay Basin then entered the thermal subsidence stage 
during the Neogene and Quaternary and was characterized by consid
erably weak tectonic activity and stable deposition (Yang and Xu, 2004; 
Qi and Yang, 2010; Chen, 2019). 

A vast majority of the oil and gas reservoirs discovered in the Lixian 
Slope are located in the Paleogene strata (Ren, 2009; Zhao et al., 2012; 
Li, 2016). Hence, the Paleogene strata have been examined explicitly in 
this study. The Paleogene strata of the Raoyang Sag can be divided into 
the Eocene Kongdian Formation (Ek Formation), the Eocene Shahejie 
Formation (Es Formation), and the Oligocene Dongying Formation (Ed 
Formation) (Fig. 1d). In addition, the Es Formation contains three 
members, Es3, Es2, and Es1. Moreover, the Es3 and Es1 members can be 
further divided into two sub–members: the lower part (Es3x and Es1x 
sub–members) and the upper part (Es3s and Es1s sub–members) 
(Fig. 1d). 

In the Early Paleogene, the deposition of Ek Formation and Es3x 
Sub–member occurred prominently in the eastern Raoyang Sag and was 
fairly absent in the Lixian Slope (Ren, 2009; He et al., 2017b, 2017c). 
Delta deposits dominated the Lixian Slope during the deposition of the 
Es3s Sub–member and Es2 Member, with lake deposits covering smaller 
areas along the eastern part of the slope (Ren, 2009). Thus, both the Es3s 
Sub–member and Es2 Member have similar lithologies and are mainly 

composed of fine-grained sandstones, siltstones, and mudstones 
(Fig. 1d). At the onset of the deposition of the Es1x Sub–member, rela
tively short-term delta deposits developed widely across the Lixian Slope 
(Ren, 2009). This was followed by an extensive lake transgressional 
event, which caused the predominance of lacustrine facies in the Lixian 
Slope during the deposition of the Es1x Sub–member (Ren, 2009). Thus, 
the Es1x Sub–member consists of a thin interval (Es1xw Interval) 
composed of fine-grained sandstones, siltstones, and mudstones as well 
as a much thicker interval (Es1xs Interval) composed of mudstones and 
oil shales intercalated with biolimestones, marls, and salt-gypsum rocks 
(Fig. 1d). The delta facies also dominated the Lixian Slope during the 
deposition of Es1s Sub–member (Ren, 2009), whereas the lacustrine 
facies occupied small areas on the eastern slope. This implies that the 
Es1s Sub–member of the Lixian Slope mainly consists of fine-grained 
sandstones, siltstones, and mudstones (Fig. 1d). The Ed Formation was 
deposited in a fluvial environment (Ren, 2009) and is composed of 
mudstones intercalated with siltstones and sandstones (Fig. 1d). 

3. Data and methods 

The gradients of the Lixian Slope during the deposition of Es3, Es2, 
and Es1 members were studied based on the 3D seismic data provided by 
the Exploration Research Institute of Huabei Oilfield. These gradients 
were examined by flattening the top surfaces of these members. The 
faults in the Lixian Slope were identified, and their distribution, tectonic 
history, and throw characteristics were assessed based on the 3D seismic 
data. Based on the logging data of approximately 100 wells, we 
completed the isopach map of the special lithologic interval, developed 
within the Es1x Sub–member and mainly composed of gray-black/black 
oil shales and mudstones, and the contour maps of the sandstone-to- 
strata ratios for the Es3 Member, Es2 Member, Es1xw Interval, Es1xs 
Interval, Es1s Sub–member, and Ed Formation. The special lithologic 
intervals act as source rocks. The sandstone-to-strata ratio is defined as 
the ratio of the total thickness of sandstones to that of the corresponding 
individual stratum (Fu et al., 2014). Data on the physical properties of 
crude oil for 151 oil samples and the physical properties of sandstone for 
251 samples were provided by the Exploration Research Institute of 
Huabei Oilfield. These samples were chosen evenly from each Paleogene 
stratum. The physical properties of crude oil include the gravity, vis
cosity, and wax and sulfur contents, whereas the physical properties of 
sandstone include porosity and permeability values. 

A total of 19 source rock samples and 27 crude oil samples were 
chosen for gas chromatography–mass spectrometry (GC–MS) analyses. 
Moreover, 13, 3, and 3 samples were selected from Es1x, Es3x, and 
Ek–Es4 source rocks, respectively. The saturated hydrocarbons obtained 
from the isolated extractable organic matter through liquid column 
chromatography were used for GC–MS analyses. The GC–MS analyses 
were conducted using an Agilent 6890N gas chromatograph and SSQ 
7000 mass spectrometer, based on the procedures presented in He et al. 
(2017b). 

4. Results 

4.1. Slope gradients 

The Lixian Slope developed since the onset of deposition of the Es3 
Member and was subjected to weak tectonic activities during its devel
opment. During the deposition of the Es3 Member, the Lixian Slope had 
exceptionally low gradients, which ranged from 0.45◦ to 1.09◦, while 
the area adjacent to the Sub–trough displayed a slightly higher gradient 
(Fig. 2a). During the deposition of the Es2 Member, the Lixian Slope was 
characterized by a lower gradient value, approximately 0.18◦ (Fig. 2b). 
The gradient of the slope increased slightly and was approximately 0.54◦

during the deposition of the Es1 Member (Fig. 2c). Raoyang Sag entered 
an uplift stage and was gradually filled during the deposition of the Ed 
Formation (Ren, 2009). The Bohai Bay Basin then entered a thermal 
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subsidence stage during the Neogene and the Quaternary (Chen, 2019). 
Thus, the slope almost maintained a flat terrain after the deposition of 
the Es Formation. Overall, the Lixian Slope had shallow gradients 
throughout its development. 

4.2. Fault characteristics 

The faults in Lixian Slope are underdeveloped, and those in the north 
of the slope are developed better than those in the south (Fig. 3a). 
Almost all faults in the Lixian Slope are normal faults, trending 
NNE–NEE and N–W. In addition, NNE–NEE trending faults are signifi
cantly dominant. The development of NNE–NEE trending faults, except 
few such as the Gaoyang Fault (Mj1) and Dabaichi Fault (Mj2) that 
began to be developed in the Early Paleogene, mainly began along with 
the deposition of the Es2 and Es1 members (Fig. 3a). A part of the 
NNE–NEE trending faults gradually reached a hiatus toward the end of 
deposition of the Ed Formation. In contrast, others stopped developing 
during the deposition of the Guantao to Minghuazhen Formations. The 
N–W trending faults generally began to form before the Paleogene. The 
process stopped at the end of the sedimentation of the Es3 Member. 
Compared to the N–W trending faults, the NNE–NEE faults formed much 
later and were characterized by longer durations of tectonic activities. 

Most of the faults exhibit extremely low throws (<30 m) during their 

entire developmental stages. Fig. 3b illustrates the fault throws of major 
faults in the Lixian Slope during the deposition of the Es3, Es2, and Es1 
members and the Ed Formation. The results show that, during the 
deposition of the Es3 Member, only the Gaoyang (Mj1), Dabaichi (Mj2), 
Mj6, and Mj4 Faults had significant fault throws of approximately 240, 
100, 50, and 20 m, respectively (Fig. 3b). The development of rest of the 
major faults did not begin during this period. During the deposition of 
the Es2 Member, most of these major faults had considerably low fault 
throws (<5 m), except the Gaoyang Fault (Mj1) and Mj4 Fault that had 
relatively high fault throws of approximately 30 and 20 m, respectively 
(Fig. 3b). During the deposition of the Es1 Member, both the Mj9 and 
Mj10 Faults, developed in the north of the slope and adjacent to the 
Sub–trough, exhibiting substantially higher fault throws of approxi
mately 150 m. The Mj3, Mj7, and Mj8 Faults had similar fault throws 
ranging from 40 to 60 m, whereas the remaining significant faults had 
considerably lower throws (<20 m) (Fig. 3b). In addition, numerous 
antithetic faults are developed well in the Lixian Slope. An antithetic 
fault is a fault whose inclination is generally opposite to that of the slope. 

4.3. Characteristics and classification of crude oils 

Based on the biomarker distributions of the saturated hydrocarbons, 
three different groups of oils have been recognized in the Lixian Slope. 

Fig. 2. Seismic profile shows the gradients of Lixian Slope during the deposition of Es1 Member (a), Es2 Member (b) and Es3 Member (c). The location of this Seismic 
profile is marked in Fig. 1c and named AA’. 

F. He et al.                                                                                                                                                                                                                                       

https://www.bing.com/dict/search?q=by&amp;FORM=BDVSP6&amp;mkt=zh-cn


Marine and Petroleum Geology 140 (2022) 105661

5

Group I oils are distributed in most areas of the Lixian Slope, mainly in 
the Gaoyang and Xiliu areas (Fig. 12). Group II and group III oils are 
distributed in much smaller areas and are found in the Yanling and 
Tongkou areas, respectively (Fig. 12). The Yanling area is located in the 
northernmost part of the study area. Tongkou area is adjacent to the 

Yanling area in its north; it is located between the Gaoyang and Yanling 
areas (Fig. 12). N-alkanes of oil samples from different groups are 
distributed widely and usually vary from n-C14 to n-C35. The pristane to 
n-C17 alkane (Pr/n-C17), phytane to n-C18 alkane (Ph/n-C18), and pris
tine to phytane (Pr/Ph) ratios are usually used to estimate 

Fig. 3. (a) Overlayed map shows the plane distribution of faults in Lixian Slope, and the plane distributions of commercial oil-wells (red), low producing oil-wells 
(green), faults and planar distributions of Group I, II, and III oils in Paleogene, in Lixian Slope. (b) The fault throws of major faults in Lixian Slope during the 
deposition of Es1 Member, Es2 Member and Es3 Member, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 1 
Parameters of n-alkanes, isoprenoid, terpane and sterane of the crude oils of Paleogene, Lixian Slope.  

Area Well 
name 

Depth Member Pr/ 
Ph 

Pr/n- 
C17 

Ph/n- 
C18 

Ga/ 
C31H 

Ts/(Tm 
+ Ts) 

C32–S/(S 
+ R) 

C29-20S 
(%) 

C29- 
ββ/(%) 

%C27 %C28 %C29 

Gaoyang–Xiliu 
area 

G34 2588 Es1 0.19 1.33 7.12 1.89 0.18 0.53 0.24 0.21 42.3 19.44 38.26 
G36 2776 Es1 0.16 1.45 10.45 3.23 0.15 0.52 0.23 0.20 37.45 19.83 42.72 
G58 2596 Es1 0.18 1.35 12.47 3.42 0.14 0.36 0.11 0.18 32.62 21.13 46.25 
G64 2328.9 Es1 0.19 1.29 8.41 3.04 0.25 0.46 0.20 0.19 36.18 20.67 43.15 
G17 2692 Es1 0.30 1.61 5.94 2.05 0.37 0.44 0.25 0.19 34.13 24.55 41.32 
G18 2654 Es1 0.23 1.39 6.93 2.30 0.39 0.47 0.33 0.24 31.54 26.38 42.09 
G28 2353.1 Es2 0.25 1.1 3.94 1.49 0.17 0.51 0.29 0.19 38.75 21.56 39.69 
G30 2541.9 Es2 0.31 1.45 5.73 2.45 0.35 0.40 0.26 0.18 31.67 23.81 44.51 
D32 3040 Es3 0.19 1.34 7.53 1.85 0.14 0.49 0.28 0.27 39.81 19.07 41.12 
G43 3097 Es3 0.32 1.32 5.51 2.00 0.16 0.51 0.31 0.19 46.15 21.68 32.17 
XL7 3281.3 Es1 0.21 1.40 6.20 1.83 0.31 0.53 0.31 0.22 38 19 43 
XL101 3288.8 Es1 0.23 1.21 5.14 2.00 0.40 0.48 0.19 0.19 35.9 23.9 40.2 
XL102 3331.6 Es1 0.24 1.39 5.04 2.35 0.47 0.46 0.22 0.19 38.92 20.99 40.09 
XL9 3188.5 Es2 0.24 1.26 5.11 1.99 0.15 0.52 0.24 0.18 37 19.36 43.64 
XL9 3200.8 Es2 0.25 1.23 5.45 1.58 0.17 0.53 0.29 0.20 35.28 22.1 42.62 
XL109 3144 Es2 0.38 1.52 5.71 2.02 0.43 0.49 0.20 0.19 39 19.59 41.41 
XL9 3335.5 Es3 0.28 1.04 3.91 1.49 0.18 0.51 0.32 0.19 36.01 20.69 43.3 

Yanling 
area 

G59 2602.96 Es1 0.66 0.48 0.79 0.66 0.53 0.59 0.28 0.21 32.47 21.97 45.56 
G60 2618 Es1 0.74 0.57 0.79 0.58 0.49 0.56 0.26 0.23 36.13 20.2 43.67 
Y50-1 2588 Es1 0.67 0.47 0.68 0.49 0.51 0.60 0.24 0.22 31.4 19.3 49.3 
Y107 2812 Es2 0.62 0.48 0.77 0.54 0.55 0.59 0.29 0.26 35.1 21.3 43.6 
D15 3128.8 Es2 0.81 0.42 0.52 0.39 0.54 0.58 0.27 0.24 33.2 20.8 46 
Y60-3 2695 Es3 0.67 0.46 0.69 0.48 0.52 0.59 0.24 0.23 35.1 21.3 43.6 

Tongkou 
area 

Y60-2 2683.3 Es2 0.36 0.62 1.84 0.99 0.43 0.59 0.23 0.19 34.8 19.9 45.3 
Y63-4 2643.2 Es2 0.34 0.61 1.87 / / / / / / / / 
Y68 2741.9 Es2 / / / 0.95 0.44 0.50 0.22 0.18 24.71 15.4 59.89 
Y22 2910.1 Es3 0.30 0.68 2.31 1.14 0.40 0.60 0.31 0.22 33.91 19.51 46.58 

Pr/Ph = Pristane/Phytane; Pr/C17 = Pristane/C17 n-alkane; Ph/C18 = Phytane/C18 n-alkane; Ga/C31H = Gammacerane/C31 homohopane; Ts/(Tm + Ts) = C27 18a 
(H)-22, 29, 30-trisnorneohopane/[C27 17a(H)-22, 29, 30-trisnorhopanen + C27 18a(H)-22, 29, 30trisnorneohopane]; C32–S/(S + R) = C32 homohopane 22S/(C32 
homohopane 22S + C32 homohopane 22R); C29–20S(%) = C29 sterane ααα 20S/(20S + 20R); C29-ββ/(%) = C29 sterane αββ/(αββ+ααα); %C27 = C27 steranes/(C27 
steranes + C28 steranes + C29 steranes); %C28 = C28 steranes/(C27 steranes + C28 steranes + C29 steranes); %C29 = C29 steranes/(C27 steranes + C28 steranes +
C29 steranes); “/“ = No data. 

F. He et al.                                                                                                                                                                                                                                       



Marine and Petroleum Geology 140 (2022) 105661

6

paleoenvironmental conditions of source rocks (Peters and Moldowan, 
1993; Hanson et al., 2000). Group I oil samples have high Pr/n-C17 
values (1.04–1.61, average = 1.33), high Ph/n-C18 values (3.91–12.47, 
average = 6.51), but low Pr/Ph values (0.16–0.38, average = 0.24) 
(Table 1; Fig. 4a and b). Group II oil samples show much lower Pr/n-C17 
(0.42–0.57, average = 0.48) and Ph/n-C18 values (0.52–0.79, average =
0.71), but higher Pr/Ph values (0.62–0.81, average = 0.70) (Table 1; 
Fig. 4a and b). The Pr/n-C17, Ph/n-C18, and Pr/Ph values of group III oils 
are between those of group I and group II oils, and range from 0.61 to 
0.68, 1.84 to 2.31, and 0.30 to 0.36 with average values of 0.64, 2.01, 
and 0.33, respectively (Table 1; Fig. 4a and b). 

Proportional sterane abundances are useful for indicating organic 
matter sources (Seifert and Moldowan, 1978). The group I, II, and III oils 
have similar relative abundances of regular steranes C27, C28, and C29. 
The average relative abundances of regular steranes C27, C28, and C29 are 
37.1%, 21.4%, and 41.5% in group I oils, 33.9%, 20.8%, and 45.3% in 
group II oils, and are 31.1%, 18.3%, and 50.6% in group III oils, 
respectively (Table 1). Gammacerane is a specific biomarker for strati
fied water column, often associated with salinity stratification (Fu et al., 
1986; Chen et al., 2014). Group I oil samples are characterized by much 
higher gammacerane/C31 homohopane values, varying from 1.49 to 
3.42 with an average of 2.18 (Table 1; Fig. 4b). The group II oil samples 

have much lower gammacerane/C31 homohopane values, ranging from 
0.39 to 0.66 with an average of 0.52 (Table 1; Fig. 4b). The gamma
cerane/C31 homohopane values of group III oils are also between group I 
and II oils and range from 0.95 to 1.14, with an average of 1.03 (Table 1; 
Fig. 4b). The Ts/(Tm + Ts), C32 homohopane S/(S + R), C29 sterane ααα 
20S/(20S + 20R), and C29 sterane αββ/(αββ + ααα) are usually regarded 
as thermal maturity parameters. Table 1 lists the Ts/(Tm + Ts), C32 
homohopane S/(S + R), C29 sterane ααα 20S/(20S + 20R), and C29 
sterane αββ/(αββ + ααα) values of group I, II, and III oil samples. Fig. 4c 
shows that the group II oil samples have high maturity, the group I oil 
samples have low maturity, and the maturity of group III oil samples are 
almost between them. However, Fig. 4d displays no significant differ
ences among them, and the maturity of group II oil samples is slightly 
higher than that of the group I and group III oil samples. 

The physical properties of crude oil are important for obtaining 
further information on the source rock maturity trend and hydrocarbon 
migration direction (He and Xia, 2017). Generally, the scale of crude oil 
physical property data is much larger than that of the geochemical data. 
The crude oils in the Gaoyang area have high gravity values (average =
0.9144 g/cm3), high viscosity values (average = 677.71 mPa s), low wax 
contents (average = 10.89%), but high sulfur contents (average =
0.78%) (Table 2; Fig. 5). The gravity and viscosity values of crude oils in 

Fig. 4. (a) Cross plot of Pr/n-C17 versus Ph/n-C18, (b) of Pr/Ph versus Ga (gammacerane)/C31 homohopane of crude oils in Paleogene, (C) of Ts/(Tm + Ts) versus C32 
homohopane S/(S + R) and (d) of C29 sterane ααα 20S/(20S + 20R) versus C29 sterane αββ/(αββ+ααα) of crude oils in Paleogene, Lixian Slope. 
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the Xiliu area have a relatively wide range, with average values of 
0.9139 g/cm3 and 538.07 mPa s, respectively (Table 2; Fig. 5). The wax 
and sulfur contents of the crude oils in the Xiliu area are similar to those 
in the Gaoyang area. The crude oils in the Xiliu area have low wax 
contents (average = 13.15%) and high sulfur contents (average =
0.59%) (Table 2; Fig. 5). However, the crude oils in the Yanling area are 
characterized by much lower gravity than those in the Gaoyang and 
Xiliu areas (average = 0.8740 g/cm3) and viscosity values (average =
24.11 mPa s) (Table 2; Fig. 5), low sulfur contents (average = 0.28%), 
and high wax contents (average = 16.77%) (Table 2). Fig. 5 shows that 
most of the crude oils in the Tongkou area fall into the intermediate 
zone. The gravity and viscosity values of these oils vary from 0.8586 
g/cm3 to 0.9171 g/cm3 (average = 0.8913 g/cm3) and from 10.83 mPa s 
to 359.39 mPa s (average = 108.38 mPa s), respectively (Table 2). 
Moreover, the average wax and sulfur contents of the crude oils in the 
Tongkou area are 16.24% and 0.41%, respectively (Table 2). 

4.4. Characteristics of source rocks 

There are three sets of source rocks in the Lixian Slope and its 
adjacent area. The Es1x source rocks are actually a special lithologic 
interval that consists of gray-black/black oil shales and mudstones 
intercalated with marls, salt-gypsum rocks, and biolimestones. The Es1x 
source rocks have been evaluated as fair to excellent source rocks, 
dominated by type II1 kerogens, and the average total organic carbon 
content of Es1x source rocks is 1.68% (Zhao et al., 2012, Table 3). The 
Es1x source rocks are developed well in the slope and distributed almost 
across the entire slope, except for a small zone in the southwest of study 

area (Fig. 6). The thickness of the Es1x source rocks in the slope mainly 
ranges from 0 to 160 m, with an average of approximately 60 m. At 
present, the Es1x source rocks are generally in the hydrocarbon expul
sion stage, while they are mostly of low maturities (Zhao et al., 2012, 
Table 3). The Es3x Sub–member has been evaluated as a set of fair 
source rocks with an average of 1.05% (Table 3). The organic matters of 
Es3x source rocks are dominated by type II2 and are generally mature 
(Table 3). The Es3x source rocks are mainly developed in the troughs of 
the Raoyang Sag, meaning that they are commonly located to the east of 
the Lixian Slope (Fig. 6). These source rocks are composed of dark 
mudstones mixed with black shales and have relatively large thicknesses 
with an average of more than 200 m (Fig. 6). Most of the Es3x source 
rocks have large burial depths, indicating that they are located in mature 
stages (Zhao et al., 2012). Previous studies have pointed out that the 
mature Ek–Es4 source rocks are mainly developed in the area located to 
the north of the Tongkou area (Ren, 2009; Zhao et al., 2012) (Fig. 6). 
The organic matters of Es3x source rocks are generally mature and 
mainly composed of type II2 (Table 3). 

Table 4 lists the biomarkers of n-alkanes, isoprenoids, terpanes and 
steranes of the tested samples from Es1x, Es3x and Ek-Es4 source rocks. 
The n-alkanes of the Es1x source rocks are distributed widely and vary 
from n-C14 to n-C35. The Es1x source rocks have high Pr/n-C17 values in 
the range of 0.77–1.64 (average = 1.22), high Ph/n-C18 values in the 
range of 3.10–8.60 (average = 5.80), and low Pr/Ph values in the range 
of 0.11–0.39 (average = 0.24), indicating an obvious dominance of 
phytane (Table 4). Furthermore, the Es1x source rocks are characterized 
by high gammacerane/C31 homohopane values ranging from 1.31 to 
4.79 (average = 2.37) (Table 4). The distribution characteristics of n- 
alkanes in the Es3x and Ek–Es4 source rock samples are similar to those 
in the Es1x source rock samples. In the Es3x and Ek–Es4 source rock 
samples, the n-alkanes have wide distributions, usually varying from n- 

Table 2 
Bulk physical properties of crude oils in Paleogene, Lixian Slope.  

Area Gravity (g/ 
cm3) 

Viscosity (mPa. 
s) 

Wax contents 
(%) 

Sulfur 
contents (%) 

Gaoyang 
area 

0.8857–0.9312 
(0.9144) 

38.62–2273.30 
(677.71) 

5.75–17.68 
(10.89) 

0.27–1.50 
(0.78) 

Xiliu area 0.8871–0.9709 
(0.9139) 

62.9–4416.0 
(538.07) 

4.80–21.90 
(13.15) 

0.22–0.95 
(0.59) 

Yanling 
area 

0.8549–0.9053 
(0.8740) 

9.21–52.99 
(24.11) 

11.60–20.61 
(16.77) 

0.05–0.45 
(0.28) 

Tongkou 
area 

0.8586–0.9171 
(0.8913) 

10.83–359.39 
(108.38) 

9.5–19.84 
(16.24) 

0.06–0.68 
(0.41) 

Note: maximum value-minimum value (average value). 

Fig. 5. Cross plot of density versus viscosity of crude oils in Paleogene, Lixian Slope.  

Table 3 
Lithology, average TOC, organic matter type and organic matter maturity of 
Es1x, Es3x and Ek-Es4 source rocks of Paleogene, Lixian Slope.  

Source 
rock 

Lithology Average TOC 
(%) 

Type Maturity 

Es1x Oil shale/ 
Mudstone 

1.68 II1 Immature-low 
maturity 

Es3x Mudstone 1.05 II2 mature 
Ek-Es4 Mudstone 0.83 II2 mature  
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C14 to n-C35. Compared to the Ek–Es4 source rock samples, the Es3x have 
higher Pr/n-C17, Ph/n-C18, and gammacerane/C31 homohopane values 
but lower Pr/Ph values. The average Pr/n-C17, Ph/n-C18, gammacerane/ 
C31 homohopane, and Pr/Ph values of Es3x source rocks are listed in 
Table 4. In addition, all samples from different source rocks have similar 
relative abundances of regular steranes C27, C28, and C29. The average 
relative abundances of regular steranes C27, C28, and C29 in Es1x source 
rocks are 36.8%, 20.7%, and 42.5%, those in the Es3x source rocks are 
33.6%, 22.5%, and 43.9%, and those in the Ek–Es4 source rocks are 
39.4%, 15.9%, and 44.7%, respectively (Table 4). 

4.5. Characteristics of sandstones 

4.5.1. Physical properties of sandstones 
According to previous research on sedimentary facies and their dis

tribution in the Lixian Slope, it can be inferred that the reservoir rocks of 
the Paleogene are dominated by sandstones, with minor amounts of 

carbonate rocks, which were developed in the Es1x Sub–member (Ren, 
2009). This study focuses on the sandstones. The Paleogene sandbody 
strata consist of delta sandstones and fluvial sandstones along with a few 
shore-shallow lacustrine beach bar sandstones. 

The physical properties of Es3, Es2, and Es1 sandstones are similar to 
each other. The average porosity and permeability value of sandstones 
in each member of the Es Formation is approximately 15%–18% and 70 
× 10− 3 μm2–80 × 10− 3 μm2, respectively (Fig. 7a, b, c). Around 60% of 
the Es3 sandstone samples, 80% of the Es2 sandstone samples, and 70% 
of the Es1 sandstone samples have relatively high porosity values greater 
than 15% (Fig. 7a, b, c). The samples with a high permeability value 
greater than 10 × 10− 3 μm2 account for 70% of Es3 sandstone samples, 
80% of Es2 sandstone samples, and 70% of Es1 sandstone samples 
(Fig. 7a, b, c). Therefore, Es sandstones have been mainly evaluated as 
medium porosity and medium permeability reservoir rocks. The average 
porosity and permeability values of the Ed sandstones are approximately 
19.0% and 440 × 10− 3 μm2, respectively (Fig. 7d). The samples with a 

Fig. 6. (a). Overlayed map shows the plane distribution of Es1x (blue contour lines), Es3x (red contour lines), Ek-Es4 (orange contour lines) source rocks in Lixian 
Slope and neighboring region, and the plane distribution of oil-gas reservoirs. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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porosity value greater than 10% account for more than 75% of Ed 
sandstone samples (Fig. 7d). More than 70% of Ed sandstone samples 
have relatively high permeability values greater than 10 × 10− 3 μm2 

(Fig. 7d). Therefore, Ed sandstones have also been evaluated as medium 
porosity and medium permeability reservoir rocks. However, Ed 

Formation sandstones show better physical properties than those of Es 
Formation sandstones. 

4.5.2. Sandstone-to-strata ratio characteristics 
The sandstone-to-strata ratios in Es3 and Es2 members are relatively 

Table 4 
Parameters of n-alkanes, isoprenoid, terpane and sterane of Es1x source rocks of Paleogene, Lixian Slope.  

Well name Depth Member Pr/Ph Pr/n-C17 Ph/n-C18 Ga/C31H Ts/(Tm + Ts) C32–S/(S + R) C29-20S (%) C29-ββ/(%) %C27 %C28 %C29 

G24 2625.8 Es1x 1.53 7.96 0.21 1.92 0.41 0.39 0.20 0.22 30.7 19.5 49.8 
G34 2511.4 Es1x 0.77 4.07 0.21 2.79 0.23 0.52 0.11 0.25 33.7 23.1 43.2 
G38 2642 Es1x 1.35 4.56 0.35 1.82 0.24 0.42 0.15 0.16 35.4 17.9 46.7 
G46 2800 Es1x 1.07 3.10 0.39 2.23 0.27 0.42 0.14 0.17 39.4 18.7 41.9 
G52 3094.2 Es1x 1.60 8.60 0.14 4.79 0.15 0.48 0.17 0.22 42.6 20.1 37.3 
G52 3094.4 Es1x 1.64 7.76 0.20 2.39 0.35 0.56 0.17 0.21 41.2 16.2 42.6 
G58 2596 Es1x 0.94 6.98 0.18 3.42 0.23 0.45 0.12 0.23 33.9 26.7 39.4 
G59 2610 Es1x 1.05 5.68 0.25 2.27 0.29 0.44 0.12 0.20 39.0 21.1 39.9 
XL11 3418.5 Es1x 1.22 5.99 0.15 1.80 0.18 0.50 0.25 0.22 41.7 16.3 42.0 
XL5 3370.2 Es1x 1.24 5.52 0.22 1.31 0.24 0.44 0.20 0.24 39.1 21.6 39.3 
XL5 3372.2 Es1x 1.23 7.17 0.12 2.06 0.23 0.56 0.17 0.19 30.9 22.1 47.0 
XL5 3375.7 Es1x 1.17 7.38 0.11 1.67 0.25 0.43 0.19 0.18 34.4 16.2 49.4 
XL5 3378.6 Es1x 1.10 4.54 0.16 2.28 0.20 0.43 0.19 0.20 45.0 23.0 32.0 

L489 3586.1 Es3x 1.23 1.86 0.61 0.99 0.39 0.54 0.33 0.21 28.8 27.0 44.2 
N45 3629.2 Es3x 0.71 1.45 0.42 0.86 0.27 0.55 0.25 0.21 43.8 18.4 37.8 
Y24 3133.4 Es3x 0.67 1.40 0.42 0.76 0.49 0.57 0.36 0.34 28.3 22.27 49.5 

XinL1 4472.5 Es4-Ek / / / / 0.58 0.63 0.44 0.38 43.1 17.8 39.1 
XinL1 5080 Es4-Ek 0.51 0.56 0.92 0.50 0.36 0.52 / / / / / 
Y118 2725.2 Es4-Ek 0.50 1.00 0.56 0.51 0.05 0.62 0.30 0.18 36.58 10.23 53.19 

Pr/Ph = Pristane/Phytane; Pr/C17 = Pristane/C17 n-alkane; Ph/C18 = Phytane/C18 n-alkane; Ga/C31H = Gammacerane/C31 homohopane; Ts/(Tm + Ts) = C27 18a 
(H)-22, 29, 30-trisnorneohopane/[C27 17a(H)-22, 29, 30-trisnorhopanen + C27 18a(H)-22, 29, 30trisnorneohopane]; C32–S/(S + R) = C32 homohopane 22S/(C32 
homohopane 22S + C32 homohopane 22R); C29–20S(%) = C29 sterane ααα 20S/(20S + 20R); C29-ββ/(%) = C29 sterane αββ/(αββ+ααα); %C27 = C27 steranes/(C27 
steranes + C28 steranes + C29 steranes); %C28 = C28 steranes/(C27 steranes + C28 steranes + C29 steranes); %C29 = C29 steranes/(C27 steranes + C28 steranes +
C29 steranes); “/“ = No data. 

Fig. 7. Histograms of Porosity and permeability for the sandstones in Es3 Member (a), Es2 Member (b), Es1 Member (c) and Ed Formation (d), respectively.  
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low, usually <50%; particularly those in the Es3 Member are mostly 
<40% (Fig. 8a and b). Although the shallow lake dominated during the 
deposition of the Es1x Sub–member, a relatively short-term develop
ment of delta deposits took place before the extensive lacustrine trans
gression. As a result, sandstones were developed in the basal part of Es1x 
Sub–member (Es1xw Interval) (Fig. 1d). The Es1xw Interval, having a 
thickness of few dozens of meters, exhibits relatively low sandstone-to- 
strata ratios, usually <40% (Fig. 8c). The sandstone-to-strata ratios in 
Es1xs Interval are rather low and mostly less than 30%, except for a 
small area located to the southwest of the study area, which presents 
relatively high ratios in the range 30%–40% (Fig. 8d). The sandstone-to- 
strata ratios in the Es1s Sub–member are low and usually <40% 
(Fig. 8e). The Ed Formation is characterized by relatively lower 
sandstone-to-strata ratios, generally <35% (Fig. 8f). 

5. Discussion 

5.1. Source of crude oils 

A study on the source of crude oils was conducted based on the oil 
classification and source rock evaluation. The relationship between 
crude oils and effective source rocks can be assessed from the distribu
tion characteristics of biomarker compounds. The ternary diagram for 
the relative abundances of regular steranes C27, C28, and C29 shows that 
almost all samples selected from different source rocks and crude oils of 
different Paleogene strata fall into the same zone of mixed inputs of 
organic matter (Fig. 9). This indicates a dual organic matter input from 
aquatic organisms and terrigenous organic matter (Huang and Mein
schein, 1979; Chen et al., 2014; Babangida et al., 2015). Thus, due to 
similar organic matter sources for all source rocks, the identification of 
the source of crude oils can be scarcely achieved based on the distri
bution characteristics of regular steranes alone. 

Fig. 10a shows that most of the group I oil samples are characterized 
by relatively low C32 homohopane S/(S + R) (usually <0.52) and low 
Ts/(Tm + Ts) values (usually <0.40), implying that they vary from 
mainly immature to barely mature. Almost all group II oil samples have 
higher C32 homohopane S/(S + R) (>0.5) and Ts/(Tm + Ts) values 
(approximately 0.50), meaning they are mature (Fig. 10a). The C32 
homohopane S/(S + R) values of group III oil samples show a wide 
range, indicating immaturity to maturity, but all Ts/(Ts + Tm) values are 
less than 0.45, suggesting immaturity (Fig. 10a). Most of the Es1x source 
rock samples have low C32 homohopane S/(S + R) values (<0.5) and Ts/ 
(Tm + Ts) values (usually <0.35), indicating that they are generally 
immature (Fig. 10a). Almost all Es3x and Ek–Es4 source rock samples 
are characterized by relatively high C32 homohopane S/(S + R) values 
(>0.54), indicating that they are mature (Fig. 10a). However, the Ts/ 
(Tm + Ts) values of the Es3x and Ek–Es4 source rock samples show a 
wide range, suggesting immaturity to maturity (Fig. 10a). Note that both 
Ts and Tm values are well known to be influenced by lithology, type, and 
maturation of organic matters (Moldowan et al., 1985). Therefore, some 
Ts/(Tm + Ts) values of the Es3x and Ek–Es4 source rock samples were 
influenced by other factors, except the maturation of organic matter, 
resulting in the much lower values (Fig. 10a). Hence, it is believed that 
the Es3x and Ek–Es4 source rocks are primarily mature. Fig. 10b shows 
that there is a reasonably weak correlation and comparability, and the 
C29 sterane ααα 20S/(20S + 20R) and C29 sterane αββ/(αββ + ααα) 
values of the oil and source rock samples are less than the theoretical 
values. Therefore, these values are unfit to be used for the study on the 
oil-source relationship. Combining the above analysis of maturity pa
rameters and Fig. 10a, it can be deduced that the group I oils mainly 
originated from Es1x source rocks, the group II oils were derived from 
either Es3x or Ek–Es4 source rocks or both, whereas the source of group 
III oils is fairly uncertain. 

As displayed in Fig. 10c and d, the group I oils are believed to 
originate from Es1x source rocks. Compared to other samples, the 
samples from group I oils and Es1x source rocks have considerably 

higher Pr/n-C17 and Ph/n-C18 values (Fig. 10c), suggesting that the 
group I oils are derived from Es1x source rocks, not from Es3x and 
Ek–Es4 source rocks. This is further confirmed from the crossplot of 
gammacerane/C31 homohopane and Pr/Ph values, which shows that the 
distribution zone of the group I oil samples is very similar to that of the 
Es1x source rocks samples, but far away from the distribution zones of 
Es3x and Ek–Es4 source rocks (Fig. 10d). The group I oil samples and 
Es1x source rock samples are characterized by much higher gamma
cerane/C31 homohopane values and substantially lower Pr/Ph values, 
which respectively indicate strongly saline water conditions and anoxic 
depositional settings (Didyk et al., 1978; Fu et al., 1986; Peters and 
Moldowan, 1993; Chen et al., 2014). Compared to other samples, the 
group II oil samples and Ek–Es4 source rock samples have much lower 
Pr/n-C17 and Ph/n-C18 values, implying a good correlation (Fig. 10c). As 
shown in Fig. 10d, the group II oil samples fall into the distribution zone 
of Ek–Es4 source rock samples, which are characterized by relatively 
low gammacerane/C31 homohopane values and higher Pr/Ph values, 
suggesting slightly saline water conditions and weak anoxic depositional 
settings (Didyk et al., 1978; Fu et al., 1986; Peters and Moldowan, 1993; 
Chen et al., 2014). The crossplot of the Pr/n-C17 and Ph/n-C18 values 
indicates that the group III oil samples are located between the distri
bution zones of the Es1 and the Ek–Es4 source rock samples and close to 
the distribution zone of the Es3x source rock samples (Fig. 10c). Simi
larly, the crossplot of gammacerane/C31 homohopane and Pr/Ph values 
shows that the group III oil samples fall into the zone located between 
the distribution zone of the Es1 source rock samples and that of the 
Ek–Es4 source rock samples and close to the distribution zone of the 
Es3x source rock samples. The distribution zone of the group III oil 
samples represents saline water conditions and an anoxic depositional 
setting (Fig. 10d) (Didyk et al., 1978; Fu et al., 1986; Peters and Mol
dowan, 1993; Chen et al., 2014). Group I and group II oils are believed to 
be originated from Es1x and Ek–Es4 source rocks, respectively. Group III 
oils are chiefly distributed in the Tongkou area, located within the dis
tribution zone of Es1x source rocks and adjacent to that of Ek–Es4 source 
rocks but away from that of the Es3x source rocks. Therefore, the group 
III oils are believed to be originated from both the Es1x and Ek–Es4 
source rocks. Overall, the oil-source relationship is presented in Fig. 11. 

Group I oils are distributed widely across the study area, mainly in 
the Gaoyang–Xiliu area (Fig. 3). Compared to the crude oil in other 
areas, the oils in the Gaoyang–Xiliu area (i.e., group I oils) are commonly 
characterized by much higher gravity and viscosity values, suggesting 
that these oils are of relatively low maturity. Low mature oils dominate 
the hydrocarbons derived from Es1x source rocks, and Es3x or Ek–Es4 
source rocks generally produce mature oils (Ren, 2009; He et al., 2017a, 
2017b, 2017c). This agrees with the above conclusions on the source of 
crude oils conducted based on geochemical data. Notably, a part of the 
Xiliu area lies adjacent to the Sub–trough, causing a small quantity of 
crude oils in this area to originate from the Es1x source rocks charac
terized by relatively higher maturities, so these oils have relatively lower 
gravity and viscosity values compared to the oils from other parts of 
Xiliu area (Fig. 5). Group II oils are distributed in the Yanling area 
(Fig. 3). The crude oils in the Yanling area (i.e., group II oils) generally 
have much lower gravity and viscosity values (Fig. 5), suggesting that 
they are mature oils. This matches the previous inference that group II 
oils are mainly derived from Ek–Es4 source rocks. Group III oils are 
distributed in the Tongkou area (Fig. 3). The gravity, viscosity, wax, and 
sulfur contents of the oils in the Tongkou area (i.e., group III oils) are 
between those in the Gaoyang–Xiliu and Yanling areas (Table 2; Fig. 5). 
This essentially supports the previous inference that the group III oils are 
a mixture of group I and II oils and that they resulted from the dual 
contributions of the Es1x and Ek–Es4 source rocks. 

5.2. Controls of hydrocarbon accumulation 

5.2.1. Source rock control on hydrocarbon accumulation 
Three source rocks formed in and near the Lixian Slope: Es1x, Es3x, 
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Fig. 8. Contour maps of sandstone-to-strata ratios for Es3 Member (a), Es2 Member (b), Es1xw Interval (c), Es1xs Interval (d), Es1s Sub-member (e) and Ed For
mation (f), Lixian Slope. 
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and Ek–Es4. It is well-known that effective source rocks hold the primary 
conditions for hydrocarbon accumulation, suggesting that the distribu
tions of oil and gas reservoirs are bound to be controlled by the source 
rocks. Previous studies have pointed out that most of these source rocks 
have already entered the stage of hydrocarbon expulsion (Ren, 2009; 
Zhao et al., 2012; He et al., 2017a, 2017b, 2017c). This implies that 
these three sets of source rocks can supply hydrocarbons for traps. From 
the above discussion on oil-source correlation, the Es1x and Ek–Es4 
source rocks act as the effective source rocks for Lixian Slope, and the 
former is the major source rock. Fig. 6 was generated by overlaying the 
discovered oil reservoirs and all sets of source rocks. This figure shows 
that all the oil reservoirs are distributed in the Es1x source rock zone, 
while the oil reservoirs discovered in the Yanling–Tongkou area are 
closely related to the Ek–Es4 source rocks and distributed in and near the 
Ek–Es4 source rock zone (Fig. 6). In addition, these two sets of source 
rocks, especially the Es1x source rocks, play an essential role in con
trolling the vertical distribution of oil and gas reservoirs. This has been 
further discussed in section 5.2.3. 

5.2.2. Gradient control on hydrocarbon accumulation 
Buoyancy is the principal migration force of hydrocarbons in the 

Lixian Slope (Zhao et al., 2012). The larger the dip-angle of the sand
body, the stronger is the force component of buoyancy, which in turn 
increases the speed of migration of oil and gas (Fu et al., 2014; Du, 
2020). The developmental process of the Lixian Slope was characterized 
by considerably low gradients whose values are ≤1.00◦, implying that 
the force component of buoyancy was significantly weak. This is an 
important reason why the lateral migration distances of oils and gas in 
the Lixian Slope are relatively short. 

5.2.3. Fault control on hydrocarbon accumulation 
The faults play an essential role in migration and accumulation of oil 

and gas. They serve as barriers for lateral migration of oil and gas, and as 
favorable vertical channels for transporting oil and gas (Zhao et al., 
2006; Xiong, 2006). Generally, active faults serve as major vertical 
pathways during the hydrocarbon accumulation stage (Hindle, 1997; Du 
et al., 2007; Liu et al., 2012). 

The vertical transporting capacities of the faults in the Lixian Slope 
were evaluated based on the active history of faults discussed in section 
4.2, combined with the hydrocarbon expulsion period of the effective 
source rocks. The previous section pointed out that the Es1x and Ek–Es4 

source rocks are effective for the Lixian Slope. Li (2016) proposed that 
the Es1x and Ek–Es4 source rocks began expulsing hydrocarbons at 
around the Middle Minghuazhen and Early Dongying formational pe
riods, respectively. The N–W trending faults ceased developing before 
the hydrocarbon expulsion period of these two sets of source rocks. This 
implies that the N–W trending faults hardly served as pathways for 
transporting the hydrocarbons generated by the Es1x and Ek–Es4 source 
rocks. The NNE–NEE trending faults were still developed during the 
deposition of the Ed Formation, suggesting that they had the capacities 
to act as vertical pathways for transporting the hydrocarbons generated 
by Ek–Es4 source rocks. However, these faults generally stopped 
developing during the hydrocarbon expulsion period of the Es1x source 
rocks, suggesting poor migration capacities for transporting the hydro
carbons generated by the Es1x source rocks. Given that the Es1x source 
rocks are the major source rocks in the Lixian Slope, the difficult up
welling of hydrocarbons derived from these source rocks is the primary 
factor that results in very few oil and gas reservoirs in the shallow strata 
overlying the Es1s Sub–member. Meanwhile, most of the NNE–NEE 
trending faults have cut across Es1x the source rocks, probably causing 
the Es1x source rocks to abut against the sandbodies that were devel
oped on the other side of the faults. The fault throws are exceptionally 
low and usually less than 30 m. This facilitated the Es1x source rocks to 
have greater chances to abut against the Es2 and Es1 members on the 
other side of the faults (Fig. 12). Owing to this, the hydrocarbons in most 
areas of the Lixian Slope probably migrated and accumulated in the Es2 
and Es1 members. This has been proved by the vertical distribution 
characteristics of the oil and oil–water layers in the slope. The discov
ered oil layers in the slope have been dominantly developed in the Es2 
and Es1 members, with a few in the Es3 and Ed members (Fig. 13). The 
oil layers of the Es3 member, closely related to the Ek–Es4 source rocks, 
were mainly encountered in the north of the slope. 

In addition, if the faults are developed well in a specific zone, it 
would be common that the horizontal distances between two faults are 
reasonably short. When the two faults have opposite inclination, the 
migrating oils in the sandbodies developed between them are usually 
blocked by the Es1x source rocks in the opposite wall of fault (Fig. 12a 
and b), then the fault-related oil and gas reservoirs form. The appear
ance of this situation largely results from the quite low fault throws, also 
causing these fault-related oil and gas reservoirs to be generally devel
oped in these strata (Fig. 12a and b), which are near the Es1x source 
rocks in the vertical direction. These oil and gas reservoirs would form 
near the faults cut across Es1x the source rocks. Fig. 3a largely agrees 
with the above discussion and shows that the commercial oil wells and 
low-producing oil wells have been generally discovered near the 
NNE–NEE trending faults. 

It can thus be inferred from the above discussions that the vertical 
distribution of the oil and gas reservoirs in the Lixian Slope is, to a great 
extent, a function of the major source rocks as well as the faults. In 
addition, the faults also play an important role in controlling the planar 
accumulation and enrichment of oil and gas reservoirs. 

5.2.4. Control of sandbodies on hydrocarbon accumulation 
The sandbodies typically serve as lateral pathways for transporting 

oils and gas. The average porosity and permeability values of the Es 
Formation sandstones are approximately 15%–18% and 70 × 10− 3–80 
× 10− 3 μm2, respectively (Fig. 7). The physical properties of the Ed 
Formation sandstones are enhanced compared to those of the Es For
mation sandstones and have average porosity, and permeability values 
are approximately 19.0% and 440 × 10− 3 μm2, respectively (Fig. 7). 
Therefore, the medium porosity and permeability reservoir rocks 
dominate the Lixian Slope Paleogene strata, indicating that the Paleo
gene sandstones exhibit good transport performance. 

In the case of a limited number of wells, the sandstone-to-strata ra
tios are considered more practical tools for evaluating the connectivity 
of sandbodies (Qiu, 1990; Lin et al., 1995; Lei et al., 2013; Fu et al., 
2014). Allen (1978) researched the connectivity of sandbodies based on 

Fig. 9. Ternary diagram showing the relative abundances of regular steranes 
C27, C28 and C29 of crude oils and source rocks samples, Lian Slope. 
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the sandstone-to-strata ratios and proposed a threshold value of 0.50. In 
other words, if the sandstone-to-strata ratio is lower than this threshold 
value, the sandbodies will be essentially disconnected. With the increase 
in the ratio, as it surpasses this threshold value, the chances for sand
bodies to superimpose each other increases rapidly, thereby increasing 
the probabilities of sandbody connectivity. In addition, some re
searchers have pointed out that the sandbodies will have good connec
tivity if the sandstone-to-strata ratios are greater than 50%; otherwise, 
have relatively poor connectivity (Qiu, 1990; Lin et al., 1995). In the 
Paleogene of the Lixian Slope, the Es3 Member, Es2 Member, Es1xw 
Interval, Es1xs Interval, Es1s Sub–member, and Ed Formation show 
relatively low sandstone-to-strata ratios of generally less than 40%, 
50%, 40%, 30%, 40%, and 35%, respectively. The sandstone-to-strata 
ratios for different Paleogene strata are lower than the proposed 
threshold value (0.5), suggesting that the connectivity of sandbodies in 
the Paleogene of the Lixian Slope is generally poor. Thus, they have an 
outstanding possibility to pinch out in relatively short distances. This is 
another important factor that causes the lateral migration distance of 
oils and gas to be short. 

Most NNE–NEE trending faults cut across the Es1x source rocks, 
commonly causing the hydrocarbons generated by these source rocks to 

enter laterally into the sandbodies developed on the other side of the 
fault. Given that the faults are characterized by exceptionally weak 
vertical transporting capacities, this is the primary pattern in the slope 
that the oil and gas entered the sandbodies from source rocks in Lixian 
Slope (Fig. 12). As the Paleogene sandbodies have poor connectivities, 
the lateral migration distances of hydrocarbons are most likely to be 
relatively short and accumulate near these faults (Fig. 12c and d). Thus, 
the planar accumulation and enrichment of the oil and gas reservoirs in 
Lixian Slope is chiefly controlled by sandbodies and faults. 

5.3. Hydrocarbon accumulation models 

The abnormal pressure is nearly absent in the slope (Zhao et al., 
2012). Thus, the current fluid potential distribution characteristics of a 
certain stratum primarily depend on its structural feature (Hubbert, 
1953; Ren et al., 2019). Overall, the structural feature of the Lixian Slope 
did not undergo obvious change during its entire developmental history, 
displaying a high inheritance. This means that each stratum’s current 
fluid potential distribution characteristics resemble each other. There
fore, the Es1x Sub–member, the essential target layer of this study, has 
been chosen for the representative stratum. Fig. 14 shows the current 

Fig. 10. (a) Cross plot of Ts/(Tm + Ts) versus C32 homohopane S/(S + R), (b) of C29 sterane ααα 20S/(20S + 20R) versus C29 sterane αββ/(αββ+ααα), (c) of Pr/n-C17 
versus Ph/n-C18, and (d) of Pr/Ph versus Ga (gammacerane)/C31 homohopane of crude oils and source rocks samples, Lixian Slope. 
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fluid potential distribution characteristics of the Es1x Sub–member. 
Overall, the trough belt always has the highest fluid potentials, and the 
outer slope is commonly characterized by the lowest fluid potentials 
(Fig. 14). It is well known that oil and gas migrate from high fluid po
tentials to low fluid potentials (Hubbert, 1953; He et al., 1993). The oil 
and gas in Lixian Slope migrate from east to west (Fig. 14). Besides, due 
to the weak terrain deformations, the oil and gas migration directions 
are almost parallel to the inclination of the slope. Though some small 

structural high points can lead to slight changes in the oil and gas di
rection, the macroscopical migration direction of oil and gas is basically 
unchanged. The dominant migration direction of oil and gas in the 
Lixian Slope is the northwest direction (Fig. 14). 

The Es1x and Ek–Es4 source rocks began to expulse hydrocarbons 
roughly after the Dongying formational period (Li, 2016). The Lixian 
Slope has not undergone any major tectonic activity post the deposition 
of the Dongying Formation, leaving the structural characteristics of the 

Fig. 11. The GC-MS analysis results of representative different crude Oil groups and source rocks samples, and the oil source relations.  

Fig. 12. Common distributions of strata on both sides of faults (a, b, c, d), Common patter that the hydrocarbons of migration and accumulation, Lixian Slope.  
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Fig. 13. Vertical distributions of oil-gas reservoirs in Paleogene, Lixian Slope. L.: lower part of Member; U.: upper part of Member; XW.: Es1xw Interval; XS.: 
Es1xs Interval. 

Fig. 14. Overlayed map shows the current fluid potential distribution characteristics of Es1x, and the distribution characteristics of dominant migration direction, 
Lixian Slope (modified after Ren, 2009). 
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Lixian Slope unchanged (Ren, 2009; Chen, 2019). This suggests that the 
current structural background of the Lixian Slope is exceedingly similar 
to that during the hydrocarbon accumulation period. Thus, studies on 
hydrocarbon accumulation models were conducted considering the 
current structural background of the Lixian Slope. 

The results of the oil-source correlation show that the source rocks in 
the trough of Baxian Sag, located to the north of the Lixian Slope, supply 
oils for the northernmost area of the slope. However, the oils in most 
areas of the Lixian Slope came from Es1x source rocks. Thus, there are 
some different hydrocarbon accumulation models in the Lixian Slope. 
The hydrocarbon accumulation models in the north of the slope are only 
suitable for small areas, are occasional, and have limitations. They 
cannot be considered as the representative hydrocarbon accumulation 
modes in the weak structure slope belt. Therefore, further discussion on 
these hydrocarbon accumulation models is not conducted. Based on the 
research on the characteristics of source rocks, reservoir rocks, and 
transport systems, the discussion on oil-source correlations, controls on 
hydrocarbon accumulation, the dominant migration direction, and the 
analyses of their tectonic background during the hydrocarbon accu
mulation stage, the representative hydrocarbon accumulation model 
suitable for most areas of the Lixian Slope was proposed. This model can 
reflect the influences of weak tectonic activity on hydrocarbon accu
mulation characteristics and control factors. This hydrocarbon accu
mulation model is illustrated in Fig. 15. 

Generally, a weak tectonic slope is characterized by exceptionally 
low gradients throughout its entire development. Thus, even a relatively 
small rise of water would cause the lake level to extend for a long dis
tance, respectively. As a result, the source rocks usually develop well in 
the weak tectonic slope. Similarly, in the Lixian Slope, the Es1x source 
rocks are distributed widely. In this hydrocarbon accumulation model, 
the crude oils of the Paleogene strata in most parts of the study area 
originated from the Es1x source rocks. Most NNE–NEE trending faults 
cut across the Es1x source rocks, usually enabling the hydrocarbons 
from Es1x source rocks to directly enter the sandbodies on the other side 
of these faults (Fig. 15). In this hydrocarbon accumulation model, this is 
the dominant pattern that the oil and gas entered the sandbodies from 
source rocks. In addition, a small part of hydrocarbons generated by 
Es1x source rocks would migrate into the sandbodies directly connected 
to these source rocks (Fig. 15). The Paleogene sandbodies in the Lixian 
Slope are characterized by relatively poor connectivities. Therefore, the 
sandbodies in the study area would have great chances to gradually 
pinch out along the updip direction in a relatively short distance, 
causing these sandbodies to be blocked by mudstones (Fig. 15). When 
the oil and gas entered these sandbodies, the lithologic oil and gas 

reservoirs would have formed. In addition, due to the low fault throws, 
the sandbody was usually blocked by the Es1x source rocks on the other 
side of the faults (Fig. 15). This situation mainly occurred in the area 
where the faults were thick. Thus, the fault-related oil and gas reservoirs 
more easily formed in these areas. Overall, the oil and gas reservoirs 
were usually developed near the faults cut across Es1x the source rocks. 
In the proposed hydrocarbon accumulation model, updip pinch-out 
lithological oil and gas reservoirs and faulted-related oil and gas reser
voirs are dominant. As discussed in the previous section 5.2.3, the hy
drocarbons generated by the Es1x source rocks mostly entered and 
migrated into the sandbodies of the strata, such as the Es2 and Es1 
members, which are near to the Es1x source rocks in the vertical di
rection. Thus, the oil and gas reservoirs mainly formed in the Es2 and 
Es1 members in this model (Fig. 12; Fig. 15). 

5.4. Recommendations for future exploration 

The study of the controls and geological models of hydrocarbon 
accumulation in the Lixian Slope shows that the Es2 and Es1 members, 
especially the region between the upper part of the Es2 Member and the 
low part of the Es1s Sub–member, are the target intervals for future 
exploration. Apart from these, in the north of the slope, the deeper 
Paleogene strata, even buried hills have a high potential for oil and gas 
exploration. Determining favorable exploration locations on such gentle 
slopes largely depends on the source rocks, sandbodies, and faults. The 
previous studies have examined the source rocks and fault characteris
tics in detail. However, now it is important to emphasize further studies 
of sandbodies. The discussion presented in previous sections reveals that 
the Paleogene sandbodies in the Lixian Slope generally have relatively 
poor connectivity, thus greatly increasing the possibility of the sand
bodies to pinch out. This is proved to some extent by the feature that the 
lithological and faulted-lithological traps are dominant in this slope. 
Sequence stratigraphy has a significant advantage in determining the 
spatial distribution of sandbodies and is the most commonly used 
method for predicting lithologic traps (Law and Curtis, 2002; Catuneanu 
et al., 2009; Cao et al., 2010; Zahid et al., 2016). The cognition of the 
lateral connectivity of sandbodies and the spatial developmental char
acteristics of the updip pinch-out sandstones in the slope will become 
much more evident with the help of sequence stratigraphy. In addition, 
the carbonate reservoir rocks and beach bar sandstones, generally 
intercalated by the Es1x source rocks, possess good physical properties. 
This suggests that the Es1xs Interval bears desirable potential for oil and 
gas exploration. The study of sequence stratigraphy and sedimentology 
is also helpful for the oilfield workers to find out the carbonate reservoir 

Fig. 15. Representative hydrocarbon accumulation model, Lixian slope.  
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rocks and beach bar sandstones. Thus, it is essential to carry out detailed 
stratigraphic and sedimentological studies of the region to plan better 
exploration operations. 

6. Conclusions  

(1) The Lixian Slope has always been a gentle slope of exceptionally 
low gradient, with values less than 1.00◦ during its develop
mental stage. This is an important one of reasons why the lateral 
migration distances of oils and gases in the Lixian Slope are 
relatively short.  

(2) The faults in this type of slope are usually underdeveloped. Most 
of the faults exhibited extremely low fault throws of <30 m and 
relatively short durations of tectonic activities throughout their 
developmental stages. The faults in the Lixian Slope hardly acted 
as vertical pathways for transporting hydrocarbons generated by 
the Es1x source rocks.  

(3) The sandstone-to-strata ratios of different Paleogene strata are 
typically <40%, except for those of the Es2 Member, which are 
<50%, suggesting that the sandbodies have poor connectivities. 
This essentially caused the lateral migration distances of hydro
carbons to be relatively short.  

(4) The Es1x and Ek–Es4 source rocks, Es1x in particular, act as the 
major source rocks in the slope and play important roles in con
trolling the planar distribution of oil and gas reservoirs. The faults 
and source rocks display major controls on the vertical distribu
tion of oil and gas reservoirs. Vertically, the oil and gas reservoirs 
in the Lixian Slope were commonly developed in the Es2 and Es1 
members. The sandbodies and faults, and significant contribu
tions from exceptionally low slope gradients, controlled the 
planar accumulation and enrichment of oil and gas reservoirs. In 
the plane, the oil and gas reservoirs have been mainly discovered 
near the faults that had cut across Es1x the source rocks. 

(5) A representative hydrocarbon accumulation model was pro
posed. In this model, the oils mainly originated from Es1x source 
rocks. Most of the oils generated by Es1x source rocks entered 
into the sandbodies in the opposite walls of faults. Generally, 
these oils migrated just for relatively short distances due to the 
poor connectivity of sandbodies. Thus, the updip pinch-out lith
ological oil and gas reservoirs are common. Besides, some oils 
were usually blocked by Es1x source rocks in the opposite walls of 
faults; therefore, the fault-related oil and gas reservoirs were also 
well developed. These oil and gas reservoirs mainly formed near 
the faults, which had cut across the Es1x source rocks. Besides, as 
most of the fault throws are extremely low, these oil and gas 
reservoirs generally formed in these strata, such as Es2 and Es1 
members, which are near the Es1x source rocks in a vertical 
direction. 
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