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ABSTRACT

Source rocks in lacustrine rifting basins have great heterogeneity, which leads to imprecise assessments of hy-
drocarbon resources. Previous studies evaluated the source rocks of different sedimentary environments in
lacustrine basins or depressions using the same lower limit of effective source rocks (i.e., the minimum total
organic carbon (TOC) at which the source rocks are capable of expelling hydrocarbons). In this study, the source
rock samples were selected from five formations in the Dongpu Depression for organic geochemical experiments
and quantitative simulations of hydrocarbon expulsion. According to salinity differences, every formation was
divided into a saline area, transition area and freshwater area. The results show that the maximum thickness of
source rocks developed in the saline and transition areas is 700 m. Additionally, source rocks with a higher TOC
and oil-prone organic matter types (II; and II,) also develop in the saline and transition areas, and most have
entered the mature stage. The TOC values corresponding to the lower limit of effective source rocks in the saline,
transition, and freshwater areas are 0.3%, 0.4% and 0.5%, respectively. Furthermore, the hydrocarbon expulsion
ratio (amount of hydrocarbon discharged per unit of TOC from the source rocks) for the freshwater area is 253.1
mg/g, while the ratios in the saline and transition areas are relatively higher at 439.4 mg/g and 369.3 mg/g,
respectively. The hydrocarbon expulsion rate (change in the expulsion ratio per unit thermal evolution degree)
and hydrocarbon expulsion efficiency (ratio of cumulative hydrocarbon expulsion amount to generation amount)
in the saline, transition and freshwater areas present maxima when the Ro (vitrinite reflectance) values are
0.95%, 0.85% and 0.82%, respectively. The hydrocarbon expulsion quantities in the saline, transition and
freshwater areas account for 24%, 49% and 27% of the total, respectively. Therefore, the main hydrocarbon
expulsion area is the transition area of the Dongpu Depression associated with the thickest source rocks. EsY and
Es} source rocks in the transition area with high organic matter abundant and type II kerogen are more promising
than the other formations. This study is the first to report on effective source rocks in different sedimentary
environments in lacustrine basins and can provide guidance for future exploration in the Dongpu Depression and
a reference for future research on source rocks in other lacustrine basins.

1. Introduction

et al., 2017). In China, India and Brazil, lacustrine basins are the major
oil and gas production bases and contribute more than 85% of the oil

Although most of the world’s oil and gas resources are concentrated and gas reserves (Smith et al., 1978; Zheng et al., 2019; Atmaram et al.,
in marine basins, lacustrine basins contribut 20% of the world’s total 2018; Kumar et al., 2017; Weng et al., 2010; Mosmann et al., 1984;
reserves (Perotti et al., 2016; Konyuhov et al., 2006; Zou et al., 2019; Lu Wang et al., 2002; Jiang et al., 2016; Hu et al., 2021, 2018). Compared
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Table 1
Geochemical characteristics of Lacustrine basins with different salinity.
Basin Fm. 813C (%o) Sp (%o) TOC (%) S1 (%) Lower limit of effective source rock Reference
Dongying Depression Esh - 12.40 4.47 3.81 TOC>1.5% [21,31,38]
Esh - 31.00 3.36 4.63 TOC>1.5%
Qaidam Basin Es3 - 11.50 0.3-0.6 - TOC>0.4% [32,33,39]
Eiia - 9.30 - - TOC>0.4%
Dongpu Depression Es§ - 10.38 0.97 - - [40]
Esh - 11.56 0.89 - -
Songliao Basin Kon' —25~-31 - 0.24-12 - TOC>0.5% [34,35]
Kon? —29~-26 - 0.93-4.3 - TOC>0.5%
Ordos Basin Chang-9 - 5.00 3.05 - TOC>1.1% [14,36,37]

Note: Fm.: Formation

Fig. 1. Structure map of Dongpu Depression in the Bohai Bay Basin and representative cross section (modified from Oilfield, 1993; Liu and Jiang, 2013; Zhang

et al., 2015).

with marine basins, the sedimentary process of lacustrine basins is
greatly affected by the paleoclimate and paleoenvironment and by the
frequency of lacustrine invasions and regressions, leading to variable
sedimentary types in a small area, and several completely different
sedimentary environments often occur within a secondary tectonic unit
(Ribes et al., 2015; Aziz et al., 2003; Thiry et al., 1989). Therefore, the
source rocks are heterogeneous and present uneven thicknesses in the
horizontal plane as well as sharp variations in vertical lithology
(Yurchenko et al., 2018; Pu et al., 2015; Fan et al., 2018; Hakimi et al.,
2016). In such cases, the study of source rocks becomes complicated.
Several scholars have studied source rocks in lacustrine basins (Harris
etal., 2004; Sykes et al., 2002; Petersen et al., 2006) and showed that the
source rocks in saline lacustrine basins are quite different from those in
freshwater lacustrine basins and that the quality of the source rocks
varies with the degree of salt content (Zhao et al., 2003; Wang et al.,
2020a, 2020b, 2020c; Ma et al., 2018; Zhang et al., 2021; Zhu et al.,
2003; Huo et al., 2020; Lu et al., 2011). However, the traditional eval-
uation process, which ignores various environments, is still used to
assess the quality and effectiveness of the source rocks deposited with
different salinity levels (Table 1). In this study, effective source rock is

defined as the source rock that expelled the hydrocarbons during the
hydrocarbon generation process of organic matter (Peters et al., 2005).
For example, the paleosalinity of the Es} and Es§ source rocks in the
Dongying Depression is 12.4%0 and 31%o, respectively, but the lower
limit of effective source rocks is the same, with total organic carbon
(TOC) > 1.5% (Liang et al., 2018a, 2018b; Wei et al., 2018). The het-
erogeneity of the source rocks was not considered in these assessments,
which led to inaccurate evaluations of the potential of oil and gas re-
sources in lacustrine basins. Therefore, the identification of effective
source rocks of different sedimentary environments is important for oil
and gas exploration and resource evaluation (He et al., 2018; Magnier
et al., 2004).

The Dongpu Depression, which is rich in oil and gas resources and
has a proven resource amount of 5 x 108, is a typical lacustrine rift
basin in eastern China. Some studies have predicted the future explo-
ration and development area of the Es3 (the third member of the Sha-
hejie Formation) of the Dongpu Depression, and it is believed that there
may be complex oil and gas reservoirs in the Qianliyuan and Haitongji-
Liutun areas (Zhu et al., 2010). For unconventional resources, the lower
limits of hydrocarbon generation of the source rocks in the south (Ro
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Fig. 2. Generalized stratigraphy of Dongpu Depression (modified from Oilfield, 1993; Lu et al., 1993; Liu and Jiang, 2013; Zhang et al., 2015; Huang et al., 2018).

value is 3.20%-3.74%) and north (Ro value is 3.61%-3.97%) were
determined, and the amount of hydrocarbon generation was less than
1% of the total when exceeding this lower limit (Tang et al., 2019). In
previous studies, three different sedimentary environments were
developed in the plane with different salinities and similar tectonic
histories and burial histories in the Dongpu Depression, which are the
saline area (salinity value is 0.38%-2.29% with a mean value of 1.1.8%),
transition area (salinity value is 0.66%-1.20% with a mean value of
0.90%) and freshwater area (salinity value is 0.61%-1.02% with a mean
value of 0.85%) (Ji et al., 2018; Zuo et al., 2017; Hu et al., 2018). In
addition, 93.7% of the oil and over 80% of the natural gas are distributed
in the north, where the saline and transition areas are situated (Wang
etal., 2020a, 2020b, 2020c; Liu et al., 2014), while only a small amount
of oil and gas resources are distributed in the freshwater area. Studies on
the source rocks in the Dongpu Depression show that the lithologic and
organic geochemical characteristics in the saline, transition and fresh-
water areas are greatly different (Lyu et al., 2019; Zheng et al., 2020; Wu
et al., 2000; Bian et al., 2020; Chen et al., 2018). However, there are still
three problems: (1) the effectiveness of the source rocks in different

sedimentary environments of lacustrine basins has not been discussed in
previous studies (Klemme et al., 1991; Hakimi et al., 2020); (2) the
contribution of hydrocarbon expulsion quantity of the source rocks
developed in different sedimentary environments relative to the total
hydrocarbon expulsion quantity is not clear; (3) previous studies were
limited to source rocks in a single formation or a single region in the
Dongpu Depression (Wu et al., 2000; Yue et al., 2005; Lyu et al., 2019;
Bian et al., 2020) and did not perform systematic studies of the source
rocks in the Dongpu Depression.

In this study, the hydrocarbon resources potential of three different
sedimentary environments in different formations of the Paleogene
Shahejie Formation are evaluated using the organic geochemical data,
including TOC, Rock-Eval pyrolysis, vitrinite reflectance Ro, chemical
element composition and macerals. The weighted average method is
used to deal with geochemical data of different depths in a single well
(Jiang et al., 2016). Based on the principle of material balance (when
organic matter does not exchange energy of any form with the outside
world during the hydrocarbon generation and expulsion process, the
total amount of organic matter is invariable), the hydrocarbon
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Fig. 3. Horizontal and vertical distribution of salt-bearing strata in Dongpu Depression of the Bohai Bay Basin: (a) first member of the Shahejie Formation (Es;), (b)
upper third submember of the Shahejie Formation (Esg), (c) middle third submember of the Shahejie Formation (E53M), (d) lower third submember of the Shahejie
Formation (Eslg“), (e) upper fourth submember of the Shahejie Formation (ESE{), and (f) vertical distribution of salt-bearing strata (modified from Oilfield, 1993;

Mu, 2011).

Fig. 4. Simple conceptual model of source rock hydrocarbon generation and expulsion features. (A), (B) and (C) Models used to identify the lower threshold of the
effective source rock; (C) and (D) source rock hydrocarbon generation and expulsion features. N;, N5 and N3 are the total organic carbon content, and Nj is the lower
threshold of the effective source rock (modified from Xiongqi Pang, 1995; Li et al., 2018).

generation potential method, which has been applied in many petrolif-
erous basins in China (Bai et al., 2017; Hu et al., 2015; Peng et al., 2018;
Wang et al., 2020a, 2020b, 2020c; Zhu et al., 2020), is used to identify
the effective source rocks and analyze the hydrocarbon expulsion
characteristics (Pang et al., 1995). By taking source rocks developed in
different lacustrine sedimentary environments as examples, this study
aimed at (1) investigating the geochemical characteristics of different
sedimentary environments from five source rock formations in the
Paleogene, (2) identifying the lower limit of effective source rocks of

different sedimentary environments, (3) clarifying the hydrocarbon
expulsion characteristics of effective source rocks of different sedimen-
tary environments, (4) making a comparison of the hydrocarbon
expulsion amount from different sedimentary environments and guiding
the future exploration direction.

2. Geological background

The Dongpu Depression is located in the southwest of the Bohai Bay
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Fig. 5. Discriminant model diagram of the lower limit of hydrocarbon organic
carbon content in effective source rocks (modified from Gang Gao et al., 2012).

Basin and has an NNE trend. The depression is located between the
Neihuang uplift and Luxi uplift and widens in the south and narrows in
the north, characteristic of a typical lacustrine rift basin. During the
tectonic evolution, the tectonic pattern of “Two depressions, one uplift
and one slope” was developed (Wang et al., 2015; Zuo et al., 2017)
(Fig. 1).

The Bohai Bay Basin experienced three stages of evolution, and the
Dongpu Depression formed during the second stage (50 Ma, Cenozoic).
The tectonic evolution of the Dongpu Depression can be divided into the
Paleogene rifting stage and Neogene depression stage. More specifically,
the Paleogene rifting stage can be divided into (1) the initial rifting
period (depositional period of the fourth member of the Shahejie For-
mation (Es4)), (2) the main rifting period (depositional period of the
third member of the Shahejie Formation (Es3)), (3) the succession and
development period (depositional period of the first and second mem-
bers of the Shahejie Formation (Es; and Esy)), and (4) the subsidence
period (depositional period of the Dongying Formation (Ed)) (Shao
et al., 2018).

The sedimentary environments of the five sets of source rocks that
developed in the Dongpu Depression are quite different. The source
rocks of Esy (upper fourth submember of the Shahejie Formation) are
distributed in the bottom formation of Paleogene age in the study area,
with the deepest burial depth reaching approximately 10,000 m
(~32,800 ft) and the thickness ranging from 250 to 500 m (820-1640
ft). From north to south, the meandering river delta plain, meandering
river delta front, semi-deep lake, shore-shallow lake and delta front
sedimentary facies developed successively. Es§ (lower third submember
of the Shahejie Formation) source rocks experienced a short depositional
period with a stratum thickness of 300-550 m (984-1804 ft). During this
period, the meandering river delta-lake sediment were mainly depos-
ited, and the distribution range of lacustrine facies gradually shrank.
Additionally, the characteristics of “east-west zonation and north-south
zonation” in the Dongpu Depression began to form in this period. The
maximum thickness of ESIX[ (middle third submember of the Shahejie
Formation) source rocks is 500-750 m (1640-2460 ft). The range of the
meandering river delta plain and front facies expanded, and that of
lacustrine facies continuously narrowed and gradually migrated north-
ward. The thickness of Es§ (upper third submember of the Shahejie
Formation) source rocks is 350-450 m (1148-1476 ft). During this
period, the area of the delta plain and the delta front increased slightly,
and that of the lacustrine facies further narrowed. During the deposition
of Es; (first member of the Shahejie Formation), source rocks with a
thickness of 300-400 m (984-1312 ft), the northern lake became
deeper, and the spreading area of the delta sedimentary facies in the
south expanded again. Finally, the delta-lake sedimentary system
mainly developed in the Shahejie Formation of the Dongpu Depression,
and the sedimentary environment of each formation of source rocks is

Journal of Petroleum Science and Engineering 201 (2021) 108477

Table 2
Strata thickness and source rock thickness of different sedimentary facies at
different formations.

Fm.  Sedimentary No. Range of strata Range of source rock
Facies thickness (m) thickness (m)
Average of strata ~ Average of source
thickness (m) rock thickness (m)
Es; Shore-shallow lake 40 153-498 100.5-378
303.86 212.62
Meandering river delta 14 79-446 34.5-322
leading edge 275.21 179.48
Delta front 29 138-3220 117-391
1119.53 218.63
Fan delta front 1 2495 211
2495.00 211.00
Beach bar 1 342 252.5
342.00 252.50
Saline lake 13 245-438 143.5-250
351.69 196.49
Esy Shore-shallow lake 42 187-3181 89.4-605
444.37 304.69
Meandering river delta 13 183-490 0-259.5
leading edge 292.38 106.48
Delta front 134  136-1826 0
358.76 0.00
Saline lake 7 239-370 189-285.2
310.14 237.33
Esy  Shore-shallow lake 26 402-1633 236.5-1313.4
696.62 515.83
Meandering river delta 11 233-804 142.5-604.7
leading edge 487.91 319.94
Meandering river delta 6 241-580 79-366
plain 399.00 201.08
Outer leading edge of 7 357-687 240.5-384.5
meandering river delta 505.00 301.87
Delta front 33 356-863 47.5-605
603.06 393.96
Turbidite fan 1 846 699.9
846.00 699.90
Es§  Shore-shallow lake 9 220-736 143.9-558.5
429.11 320.81
Delta front 88 175-3935 70-674.9
724.01 330.98
Saline lake 2 257-716 183.4-436.33
486.50 309.87
Esj Braided river delta 4 259-798 157.5-598.75
inner leading edge 474.50 338.44
Shore-shallow lake 1 402.5 343
402.50 343.00
Meandering river delta 8 81-407 34-264.5
leading edge 189.75 111.77
Meandering river delta 4 168-651 107-320.5
plain 402.00 205.25
Delta front 40 46-583 31-454.5
224.58 130.90
Salt lake 7 222-1110 111.5-626
536.29 281.36

Note: Fm.: Formation, N: Number of wells.

quite variable due to frequent changes in the lacustrine level (Fig. 2).
Shore-shallow lacustrine and semi-deep lacustrine sedimentary
facies developed in the northern Dongpu Depression (Mu, 2011; Yang
et al., 2019), which led to the deposition of thick-layered gypsum-salt
rocks distributed in Es¥, Es5, EsY, EsY and Es; vertically (Fig. 3f). The
distribution differs among the five formations of gypsum-salt rocks. The
Esy salt rocks are located between eastern Wuxingji and western Qian-
liyuan and reach Mazhai in the north and the Xichengji area in the south,
and the range of the salt rocks is elliptical (Fig. 3e). The salt rocks of Es}
are located in Liutun, Huzhuangji and Qianliyuan (Fig. 3d). Eslé’l salt
rocks mainly are distributed in Huzhuangji, Mazhai and Pucheng, and
they reach Wenmingzhai in the north and Qianliyuan in the south
(Fig. 3c). Es%I salt rocks are mainly located in the areas near Liutun,
Qiandugu, Wenliu and Pucheng (Fig. 3b). The range of Es; salt rocks is
larger than those of other formations, reaching Chenying and Wenming
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Fig. 6. Correlation between the source rock thickness/the strata thickness ratio and facies of individual source rocks in the Dongpu Depression: (a) first member of
the Shahejie Formation (Es;), (b) upper third submember of the Shahejie Formation (Es3), (c) middle third submember of the Shahejie Formation (EsY), (d) lower
third submember of the Shahejie Formation (Es5), and (e) upper fourth submember of the Shahejie Formation (Es¥).

in the north, Mengju and Qiaokou in the south, the Liutun and Huz-
huangji areas in the west, and the Lanliao fault in the east (Fig. 3a).

3. Samples and methods
3.1. Samples

In this study, 513 samples of five formations distributed in the saline
area, transition area and freshwater area were selected from 25 key
wells for geochemical experiments. According to the core observations,
the lithology of the source rocks is mainly dark mudstone, shale, sandy
and silty shale, saline shale and dark oil shale. In addition, more than
3000 experimental data provided by Sinopeo Zhongyuan Oilfield
Exploration and Development Research Institute were used to establish
the hydrocarbon expulsion model, lending credibility to the results.

3.2. Laboratory method

The experiments mainly included the analysis of the pyrolysis, TOC,
chemical element composition, vitrinite reflectance and macerals. The
experimental data are shown in Table 5.

A LECO CS-230 analyzer (GB/T19145-2003 standard procedure) was
used to test the TOC content. A 12.5% hydrochloric acid solution was
slowly added to the powdered samples weighing approximately 10 mg,
and the samples were kept at 60 °C for more than 2 h until the end of the
reaction. Finally, the samples were slowly washed with distilled water
until the acidic solution was cleaned, and then the samples were cooled.

A Rock-Eval instrument was used for the rock pyrolysis experiment

at the Zhongyuan Oilfield Exploration and Development Research
Institute. The experimental samples were crushed to 100 mesh size, and
the peak area when heated to 300 °C corresponded to volatile hydro-
carbon S; (mg HC/g Rock); the samples were heated from 300 °C to
500 °C, corresponding to the peak area representing pyrolyzed hydro-
carbon Sy (mg HC/g rock). In the process of obtaining the Sj, the
maximum pyrolysis temperature of the Rock-Eval II instrument is the
maximum peak temperature of pyrolysis (Tax) (Peters and Cassa, 1994;
Behar et al., 2001).

The element content of carbon, hydrogen and oxygen in the rock
organic matter was determined with an elemental analyzer.

The microconstituents were determined with an MPV-SP microscope
and a photometer. Thermal maturity was analyzed with a 308-PV
microphotometer. The micro-components were determined using the
transmission light fluorescence kerogen micro-component identification
method.

4. Evaluation method
4.1. Evaluation of source rock

The maximum depth of the Shahejie Formation source rocks in the
Dongpu Depression is over 4500 m (14,760 ft); therefore, few explora-
tion wells have been drilled to this depth. In addition, the location of the
source rocks is closely related to the types of sedimentary facies.
Therefore, the sedimentary facies constraint method that combines the
ratio of the source rock thickness to strata thickness in different sedi-
mentary facies with the distribution of sedimentary facies can be used to
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Fig. 7. Plane distribution of source rocks of the Shahejie Formation in the Dongpu Depression: (A) first member of the Shahejie Formation (Es;), (B) upper third
submember of the Shahejie Formation (EsY), (C) middle third submember of the Shahejie Formation (Es¥), (D) lower third submember of the Shahejie Formation

(Es%), and (E) upper fourth submember of the Shahejie Formation (Esy).

predict the thickness of the source rocks in areas with no drilled well
(Jiang et al., 2016). In this study, the frequency histograms of this ratio
in different sedimentary facies were established to help predict the
distribution of the source rocks.

Currently, the most common method of calculating the value of the
geochemical characteristic contours is the weighted average method,
which can reduce the errors caused by the uneven distribution of the
source rock thickness and geochemical data of the samples and improve
the accuracy of the source rock evaluation (Jiang et al., 2010; Peters
et al., 2006). The formula for this method is as follows:

X=(x; Xmy+x Xmy+ ... +x, xmy,)/(my +my +..my,) (@]

where X represents the average geochemical parameter (i.e., TOC and
Ro) value of a single well, x, represents the parameter value of the n ¢,
measuring point in a single well, and m, represents the thickness of a
thin formation of the same lithology from the n g measuring point in a
single well.

To make this study more intuitive and suitable for plane analysis and
research, the interpolation method was used to predict the data of the
contour lines such as the thickness data of dark mudstone, effective
source rocks and geochemical data. Thus, the plane distribution of each
formation was obtained to better evaluate the hydrocarbon source rocks.

4.2. Evaluation of hydrocarbon expulsion

4.2.1. Hydrocarbon potential method

The process of hydrocarbon potential generation is based on the
principle of material balance, in which the mass of organic matter in
source rocks remains unchanged before and after hydrocarbon genera-
tion and expulsion. In other words, if there is no energy exchange of any
form with the external environment during the evolution process of
source rocks, then the total amount of organic matter remains un-
changed. Thus, the sum (S; + S2) of volatile hydrocarbon (S;) and py-
rolyzed hydrocarbon (S3) obtained by the rock pyrolysis (Rock-Eval)
method represents the amount of hydrocarbon generation potential of
the source rocks (Pg). In addition, the value of ((S;+S2)/TOC) represents
the hydrocarbon generation potential index (Pg (Ro)), and then the
relational diagram of (Pg (Ro)) and Ro compose the hydrocarbon po-
tential index profile. The P¢ (Ro) envelope line gradually increases with
increasing Ro, and the Ro value is the hydrocarbon expulsion threshold
when the Pg (Ro) is maximum. The hydrocarbon generation potential is
called the initial hydrocarbon generation potential (HCI,). When hy-
drocarbon expulsion begins, the P; (Ro) envelope line gradually de-
creases, and the hydrocarbon generation potential is called the residual
hydrocarbon generation potential (HCI,) (Fig. 4C and D) (Pang et al.,
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Fig. 8. Frequency distribution of total organic carbon in different sedimentary environments: (a) first member of the Shahejie Formation (Es;), (b) upper third
submember of the Shahejie Formation (Es$), (c) middle third submember of the Shahejie Formation (EsY), (d) lower third submember of the Shahejie Formation

(Es5), and (e) upper fourth submember of the Shahejie Formation (Esg).

Fig. 9. S;+S, vs TOC of the Shahejie Formation source rock in the Dongpu Depression: (a) first member of the Shahejie Formation (Es;), (b) upper third submember
of the Shahejie Formation (EsY), (c) middle third submember of the Shahejie Formation (EsY), (d) lower third submember of the Shahejie Formation (Es5), and (e)

upper fourth submember of the Shahejie Formation (Esy).

2005).

The hydrocarbon expulsion ratio, the hydrocarbon expulsion rate
and the hydrocarbon expulsion efficiency are calculated using the
following Egs. (2)-(4):

q.=HCI, — HCIp (2)
V., :Aqe/ARD 3)
R, :(Je/HCI(, x 100% (4)

where g, represents the hydrocarbon expulsion ratio, which is the
amount of hydrocarbon discharged per unit of organic carbon from the
source rocks, mg/g; V, represents the hydrocarbon expulsion rate, which
is the change in the expulsion ratio per unit thermal evolution degree,

mg/g/%o; and R,, represents the hydrocarbon expulsion efficiency,
which is the ratio of cumulative expulsion to cumulative generation
amount, %.

Then, the hydrocarbon expulsion intensity can be calculated using
Eq. (5), and the hydrocarbon expulsion quantities can be calculated
using the following Eq. (6):

Z.
E,w:/qt,xprxTOdeZ 5)

Z
One=Ep xS 6)

where Ep. represents the hydrocarbon expulsion intensity, 10% t/km?%
Qi represents the hydrocarbon expulsion quantity, 10° t; Z represents
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Fig. 10. Isopach of the total organic carbon abundance of the Shahejie Formation source rock in the Dongpu Depression: (A) first member of the Shahejie Formation
(Es1), (B) upper third submember of the Shahejie Formation (Esg), (C) middle third submember of the Shahejie Formation (Esg’l), (D) lower third submember of the
Shahejie Formation (Es%), and (E) upper fourth submember of the Shahejie Formation (EsY).

the burial depth, m; Z; represents the depth corresponding to the hy-
drocarbon expulsion threshold, m; H represents the thickness of the
source rocks, m; H represents the density of the source rocks, g/cm; and
S is the source rocks area, m>.

The hydrocarbon expulsion intensity map and the hydrocarbon
expulsion quantity of different period can be obtained based on Eq. (5),
Eq. (6) and the results of the source rock burial depth for different pe-

riods (Jiang et al., 2016).
4.2.2. Identification of effective hydrocarbon source rocks

(1) Identifying effective source rocks by the hydrocarbon potential evo-
lution profile

Although some source rocks have reached the hydrocarbon expul-
sion threshold (Ro value of beginning hydrocarbon expulsion), they still
cannot discharge hydrocarbons due to the low TOC content. Therefore,
based on the hydrocarbon generation potential method, the hydrocar-
bon generation potential index profiles were established to identify the
lower limits of TOC content in effective source rocks. When the envel-
opment line of the hydrocarbon generation potential index becomes
curved, Pg (Ro) has a tendency of increasing first and then decreasing,
meaning that hydrocarbons begin to discharge. Moreover, TOC = Nj is

the lower limit of the TOC content in effective source rocks (Pang et al.,
1995) (Fig. 4A, B and C).

(2) Identifying effective source rocks by the S; and TOC content

Another method was selected to determine the lower limit of TOC
content in effective source rocks (Gao et al., 2012). The residual organic
matter is considered the amount of hydrocarbon generation when there
is no expulsion of hydrocarbon in the source rocks. Moreover, with
increasing TOC, the amount of hydrocarbon generation also increases.
When TOC is greater than N, the hydrocarbon in the source rock after
filling the pores of the rocks will be expelled from the source rock, and
the maximum hydrocarbon generation amount begins to decrease;
therefore, the envelope line of the maximum hydrocarbon generation
amount will change to the envelope line of the maximum residual hy-
drocarbon. At this time, the corresponding TOC = N is the lower limit of
the TOC content in effective hydrocarbon source rocks (Fig. 5).

5. Results
5.1. Organic matter abundance, type and maturity

The results of the TOC, S1, So, Tmax, RO, C, H, O element and maceral
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Fig. 11. Diagram of Tp,.x and Iy of the Shahejie Formation source rock in the Dongpu Depression in different sedimentary environments: (a) first member of the
Shahejie Formation (Es;), (b) upper third submember of the Shahejie Formation (EsY), (¢) middle third submember of the Shahejie Formation (Es¥), (d) lower third
submember of the Shahejie Formation (Es), and (e) upper fourth submember of the Shahejie Formation (Es}). Tmax = highest pyrolysis peak temperature; Iy; =

hydrocarbon index.

content are presented in Table 5. As a whole, the content of TOC varies
between 0.02% and 5.7%, with an average value of 0.87%. The Tpax
value is 411-497 °C, and the mean value is 437.75 °C. The S; value
ranges from 0 mg HC/g rock to 46.59 mg HC/g rock, with an average
value of 1.19 mg HC/g rock. The Sy value is 0-32.04 mg HC/g rock, and
the average value is 2.27 mg HC/g rock. The HI value varies between 0
mg HC/g rock and 2152.93 mg HC/g rock, and the mean value is 177.96
mg HC/g rock.

5.2. Source rock distribution

According to the frequency diagram of the ratios of the source rock
thickness to strata thickness in different sedimentary phases of each
layer, the source rocks are mainly distributed in shore-shallow lake,
delta front and saline lake facies (with mean values above 0.7, 0.62 and
0.54, respectively) (Table 2 and Fig. 6).

Mainly based on the strata thickness obtained by the logging data
and the above ratios, the thickness of the source rocks in areas without
enough wells or wells of sufficient depth was obtained, and then the
plane distribution maps of the source rocks in each formation were
predicted. The source rocks of Esy and Esj are widely distributed
throughout the study area. The Esy source rocks are mainly located in
the Qianliyuan area with a maximum thickness of 600 m (1968 ft), while
the Es} thick source rocks are located in the center of the depression with
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a maximum thickness of 750 m (2460 ft) (Fig. 7A and B). The Eslr;»’l source
rocks are also widely distributed in the center, and the maximum
thickness is up to 800 m (2624 ft) (Fig. 7C). The EslgJ source rocks are
mainly located in the saline area, with a maximum thickness of 500 m
(1640 ft) (Fig. 7D). The distribution area of Es; source rocks is similar to
that of Eslgj, with a maximum thickness of 300 m (984 ft) (Fig. 7E).

6. Discussion
6.1. Geochemical characteristics of different sedimentary environments

6.1.1. Organic matter abundance

The organic matter in rocks is the basis of hydrocarbon generation,
and its amount can be used to effectively evaluate the hydrocarbon
generation potential of the source rocks. The abundance of organic
matter is often evaluated by the indicators of the TOC and hydrocarbon
generation potential (Pg = S1+S3) (Peters, 1986; Tissot and Welte.,
1984; Zhao et al., 2001; Wang et al., 2019; Si et al., 2020).

According to the evaluation criteria for organic matter abundance of
lacustrine source rocks (Huang et al., 1984; Chen et al., 1997; Jia et al.,
2016), the lacustrine source rocks can be divided into four categories
based on TOC content: none (<0.4%), poor (0.4%-0.6%), fair (0.6%—
1.0%) and good (>1.0%). The TOC content of the saline area ranges
from 0.10% to 5.70%, with an average of 1.17%, and that of the
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Fig. 12. Diagram of O/C and H/C atomic ratios of the Shahejie Formation source rock in the Dongpu Depression in different sedimentary environments: (a) first
member of the Shahejie Formation (Es;), (b) upper third submember of the Shahejie Formation (EsY), (¢) middle third submember of the Shahejie Formation (Es}H,
(d) lower third submember of the Shahejie Formation (EsY), and (e) upper fourth submember of the Shahejie Formation (EsD).

Fig. 13. Triangular diagram of organic matter macerals of the Shahejie Formation source rock in the Dongpu Depression in different sedimentary environments: (a)
first member of the Shahejie Formation (Es,), (b) upper third submember of the Shahejie Formation (EsY), (c) middle third submember of the Shahejie Formation
(Es3M), (d) lower third sub-member of the Shahejie Formation (Es’g), and (e) upper fourth sub-member of the Shahejie Formation (Esf{).
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Table 3
Division of organic matter types by kerogen macerals.

Organic matter types Type index (TI)

I >80
I, 80-40
I 40-0
111 <0

transition area is between 0.02% and 5.56%, with an average of 0.84%.
The frequency distributions of TOC content in these two areas are
relatively uniform, and the TOC values of 57% of the samples are more
than 0.6% (Table 5). However, there are obvious differences in the two
areas of the Esy. Compared with the high TOC values in the saline area,
those in the transition area are all less than 1%, and only 0.04% of
samples have values exceeding 0.6%. The TOC values of the freshwater
area are between 0.09% and 2.35%, with an average of 0.44%. More-
over, the TOC values are mostly lower than 1% in each formation, and
approximately 80% of samples have values less than 0.6% (Table 5). The
source rocks in the saline and transition areas have high abundance of
organic matter and good hydrocarbon production foundation (Fig. 8).
The Py values are 0.06%-54.53% in the saline area (mean value:
5.92%), 0.01%-25.57% in the transition area (mean value: 2.94%), and
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0.03%-7.33% in the freshwater area (mean value: 0.56%) (Table 5). As
shown in Fig. 9, the plots of TOC versus P are introduced to identify the
quality of the source rocks. Most of the samples are fair to good source
rocks in the saline and transition areas, but there are few samples of fair
to good source rocks in the freshwater area. Generally, the source rocks
in the saline and transition areas are fair to good, with high hydrocarbon
generation potential. The quality of the source rocks in the freshwater
area is poor, although some source rocks still have certain hydrocarbon
generation potential (Figs. 8 and 9).

Generally, compared with the lower TOC in the freshwater area, the
TOC is higher in the northern saline and transition areas, where fair to
good source rocks are mainly developed. The TOC content varies in
different formations, and the areas with high abundance of organic
matter in each formation are mostly located in the saline and transition
areas in the north (Fig. 10).

6.1.2. Organic matter type

The type of organic matter can be determined by pyrolysis data,
elemental analysis data and maceral analysis data (Peters and Cassa,
1994; Hunt, 1996; Espitalie et al., 1986; Van Krevelen, 1961). Organic
matter (kerogen) is usually classified into type I, type IIj, type II; and
type III (Tissot and Welte, 1984; Mukhopadhyay et al., 1995; Guo et al.,

Fig. 14. Areal distribution chart of organic types for the Shahejie Formation source rock in the Dongpu Depression: (A) first member of the Shahejie Formation (Es;),
(B) upper third submember of the Shahejie Formation (EsY), (C) middle third submember of the Shahejie Formation (EsY, (D) lower third submember of the Shahejie

Formation (Eslg), and (E) upper fourth submember of the Shahejie Formation (Es}{).
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Fig. 15. Thermal evolution of source rocks in different sedimentary environments in the Dongpu Depression: (a) saline area, (b) transition area, and (c) fresh-

water area.

Fig. 16. Areal distribution of modern degree of thermal evolution of the Shahejie Formation source rocks in the Dongpu Depression: (a) first member of the Shahejie
Formation (Es;), (b) upper third submember of the Shahejie Formation (EsY), (¢) middle third submember of the Shahejie Formation (Es¥), (d) lower third sub-
member of the Shahejie Formation (Es}), and (e) upper fourth submember of the Shahejie Formation (EsY).

2014). As shown in Fig. 11, most of the samples in the saline and tran-
sition areas for each formation are type II; and type II; kerogen and
contain a small amount of type III kerogen; all the samples in the
freshwater area are type III kerogen. The organic matter types of Esy
source rocks are poor, with more type III kerogen. Es} and EsY source
rocks are mainly type II; and type II; kerogen in the saline and transition
areas but type III kerogen in the freshwater area. Esj and Es; source
rocks are mainly type II; and type Il kerogen in the saline and transition
areas. With regard to the freshwater area, the organic matter is domi-
nated by type II; and type III kerogen. (Fig. 11).

The types of organic matter determined by pyrolysis data are
sometimes affected by the thermal evolution degree of the source rock
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(Luo etal., 2011). To ensure the accuracy of the results, element analysis
data can also be used to determine the types of organic matter (Yang
et al., 1981; Damste et al., 1992). Overall, the results of organic matter
types are consistent with those obtained with pyrolysis data. However,
the organic matter types of Esy source rocks in the saline and transition
areas are mainly type I and type II; kerogen, which is different from the
results obtained by pyrolysis data. The reason may be that the buried
depth of the EsY is greater than 4000 m, which can affect the accuracy of
the Tpax value (Fig. 12).

The hydrocarbon generation potential and type of organic matter can
also be determined according to the results of maceral analysis, (Chen
et al., 2007; Boussafir et al., 1995; Tu et al., 1998; Caplan et al., 1999).
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Fig. 17. Areal distribution of modern degree of thermal evolution of the Shahejie Formation source rocks in the Dongpu Depression: (A) first member of the Shahejie
Formation (Es;), (B) upper third submember of the Shahejie Formation (ES};J), (C) middle third submember of the Shahejie Formation (E53M), (D) lower third sub-
member of the Shahejie Formation (Es}), and (E) upper fourth submember of the Shahejie Formation (Esy).

The sums of sapropelinite and exinite of the samples from the saline area
of each formation are higher than 80%, and only a small amount of
vitrinite is found in Es¥ and EsY source rocks. This condition indicates
that the source rocks in the saline area have good hydrocarbon gener-
ation potential (Jia et al., 2013). The sums of sapropelinite and exinite of
the samples from each formation in the transition area are approxi-
mately 60%, the vitrinite content is approximately 40%, and the iner-
tinite content is low, indicating that the hydrocarbon generation
potential in the transition area is lower than that in the saline area. The
contents of sapropelinite and exinite of the samples in the freshwater
area are the lowest, which indicates that the organic parent material of
the source rocks in the freshwater area is more complex and that their
hydrocarbon generation ability is the worst (Fig. 13).

To study the plane distribution of organic matter types in each for-
mation in detail, maceral data were used to calculate the type index (TI),
which can obtain the distribution characteristics of organic matter types
(Cao et al., 1985; Shen et al., 2013). The calculation formula of TI is as
follows:

TI=100 x A+ 50 x B—75 x C — 100 x D

where A is the content of sapropelinite, B is the content of exinite, C is
the content of vitrinite, and D is the content of inertinite, unit = %. The
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TI classified according to the classification standard of organic matter is
shown in Table 3.

The distribution of organic matter types differs in each formation,
but the source rocks that are generally close to the north of the Dongpu
Depression are dominated by type I and type II kerogen. Specifically, the
Es§ source rocks are mainly developed type I and type II; kerogen in the
northern saline and transition areas, Es} and Esj source rocks are mainly
developed type II; and type Il kerogen in the northern areas near
gypsum formations, Es§ and Es; source rocks are mainly type I and II; in
the whole depression, and the kerogen types in the south are mainly type
II; and III in each formation (Fig. 14).

In summary, the kerogen types in the northern saline and transition
areas of each formation are mainly type I and II, which are superior to
the type III found in the southern freshwater area. For each formation,
the kerogen types of Es; and Es3 source rocks are mainly type II and III,
and those of Esy source rocks are mainly type IIL

6.1.3. Organic matter thermal maturity

The vitrinite reflectivity (Ro) and the maximum peak temperature of
pyrolysis (Tmax) are usually used to evaluate the degree of thermal
evolution of organic matter (Peters et al., 2005; Tissot and Welte, 1980;
Tissot, 1987).
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Fig. 18. Hydrocarbon generation potential index profiles of different sedimentary environments in the Dongpu Depression: (A) saline area, (B) transition area, and
(C) freshwater area.
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Fig. 19. Scatter plots of TOC and pyrolysis S; in different sedimentary environments of the Shahejie Formation in the Dongpu Depression: (A) saline area, (B)

transition area, and (C) freshwater area.

Table 4
Identification of effective source rocks via several methods.

Method Lower limit of Lower limit of Lower limit of
effective source effective source effective source
rocks in saline rocks in transition rocks in freshwater
area zone area

Hydrocarbon 0.30% 0.40% 0.50%

potential
method

S; and TOC 0.30% 0.40% 0.50%

method

The maximum Ro value reaches 2.07% in the saline area, 2.85% in
the transition area, and 1.46% in the freshwater area. The source rocks
enter the oil generation window at a depth of 2200-4000 m for the sa-
line area and 2300-3920 m for the transition area. When the depth
exceeds 4000 m (13,120 ft), these source rocks reach the stage of py-
rolysis gas generation. The Ro values of the source rocks in the fresh-
water area are mainly 0.50%-1.50%, which indicates that the source
rocks are mainly in the oil-generating stage and are just beginning to
generate gas (Fig. 15). The thermal evolution degree of deeper source
rocks needs further analysis and research.

The thermal evolution degree of organic matter is different in each
formation, and that in different sedimentary environments of the same
formation is also different. According to the Tp.x data, all of the Es;
samples and 99% of the Es§ samples are in the immature-mature stage,
75% of the Esy samples and 87% of the Es§ samples are in the mature
stage, and 95% of the Esy samples are in the immature-mature stage
(Fig. 16). The above results indicate that most of the source rocks are in
the immature-mature stage, and the Es¥! and Esj source rocks are mostly
mature.

Based on the correlation between Ro data and depth, the plane dis-
tribution of the thermal evolution degree of organic matter in the
Dongpu Depression was predicted (Fig. 17). The results show that the
thermal evolution of Es; source rocks is low, with a maximum Ro value
of 0.70%. In addition, the source rocks in most areas are in the immature

16

stage, and only small parts of those in the Qinliyuan, Qingzuji and
Gegangji areas are in the mature stage. The evolution degree of the Esy
source rocks is relatively high, and the Ro values of the most areas reach
0.70%, showing that the source rocks in the northern area, the Gegangji
area and Fangliji area in the south have reached the mature stage. The
source rocks of Es}! have reached the mature stage in both the north and
the south areas (Qianliyuan and Qingzuji). The Esj source rocks have
reached the mature stage in the east and the highly mature stage in the
Qianliyuan area, and only those in a small part of the western areas
remain at the immature stage. Es§ source rocks of most areas have
reached the highly mature stage, such as in the Bagongqiao and Qingzuji
areas.

6.2. Effective source rock characteristics of different sedimentary
environments

6.2.1. Lower limit of effective source rocks

Based on the hydrocarbon generation potential method, the results
show that the lower limit of effective source rocks is TOC>0.3% in the
saline area, TOC>0.4% in the transition area, and TOC>0.5% in the
freshwater area (Fig. 18).

According to the contents of S; and TOC, the hydrocarbon in the
source rock after filling the pores of the rocks will be expelled from the
source rock. Fig. 19 shows that the lower limit of the TOC content of the
Dongpu Depression is 0.3% in the saline area, 0.4% in the transition
area, and 0.5% in the freshwater area.

6.2.2. Difference between the two methods

The results from the two methods on the lower limit of the TOC
content for effective source rocks show that the lower limit is lower in
the saline area, higher in the transition area, and the highest in the
freshwater area (Table 4). Koqnp (first member of Qingshakou Forma-
tion) source rocks in the Songliao Basin developed in a typical non-saline
lacustrine sedimentary environment with a large area of thick black
shale, and the lower limit of its effective source rocks is TOC>0.4% (Lei
et al., 2016). Similarly, the lower limit of Kjc (Chijinbu Formation)
effective source rocks in Jiuquan Basin is TOC>0.6% (Gao et al., 2012).
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Geochemical data of different sedimentary environments of the Shahejie Formation in the Dongpu Depression.

Fm. D.E TOC (%) Timax CC) Sy (mg/g) S, (mg/g) HI (mg/g) H/C o/C Inertinite (%)  Sapropetic (%)  Exinite (%) Vitrinite (%)
Es; S 0.26-1.8 422-440 0.01-1.97 0.06-7.31 16.34-440.36 1.35-3.14 0.14-2.95 0.3-21.01 2.35-100 1.68-85.57 0.6-24.64
0.81 431.11 0.51 1.87 183.6 1.8 0.65 7.49 61.22 29.2 7.07
T 0.13-3.82 411-445.4 0.01-1.71 0.01-15.91 7.6-617.01 0.58-1.73  0.07-0.59 0.26-5.86 1.41-89.78 3.87-85.76 1.1-31.71
1.06 428.77 0.28 3.49 219.53 1.34 0.22 2.59 34.62 47.21 15.93
F 0.22-0.9 423-434 0.02-0.11 0.13-2.73 44.83-303.73 1.00-1.47 0.05-0.21 0.26-4.94 2.69-89.94 6.32-77.18 1.72-21.79
0.51 429.3 0.06 0.76 135.78 1.23 0.1 1.73 43.4 42.66 12.6
Esy S 0.18-5.7 424-443.2  0-5.53 0.1-22.98 19.2-1405.09 - - 0.28-3.02 0.96-96.69 0.28-89.67 1.34-31.59
0.98 432.06 0.66 3.48 300.98 - - 0.84 59.05 32.09 8.27
T 0.13-0.64 426-447.7 0-2.58 0-1.57 0.8-287.5 0.64-1.90 0.06-0.94 0.27-25.21 1.58-85.1 6.95-81.17 2.97-41.87
0.36 435.62 0.28 0.5 119.24 1.11 0.19 2.95 24.75 57.42 15.86
F 0.1-0.77 432-460.3  0-0.29 0-1.11 0.52-159.09 0.79-1.36  0.05-0.47 0.28-14.25 23.22-98.48 3.88-60.68 2.72-20.47
0.27 442.12 0.03 0.16 50.81 0.93 0.16 4.87 60.45 27.01 11.63
EsY S 0.1-4.45 419-454.8  0-2.69 0.06-36.04 56.78-2152.93 0.53-1.56 0.05-0.40 0.32-7.94 2.87-100 0.32-66.67 5.11-41.85
1 436.79 0.69 5.48 352.8 0.93 0.16 3.56 58.96 19.2 23.9
T 0.02-5.56  418-497.4 0-5.78 0-19.79 0.27-355.92 0.58-3.64 0.04-2.33 0.26-6.72 0.6-96.23 0.94-86.26 0.59-42.55
0.74 445.8 0.5 1.43 115.05 1.28 0.31 1.22 28.19 50.88 20.87
F 0.13-2.35  420-492 0-5.88 0-5.05 0.85-219.75 0.54-3.05 0.03-2.33 0.56-33.72 16.51-99.37 0.31-41.63 0.62-28.97
0.56 447.31 0.31 0.55 68.1 1.08 0.33 13.76 71.43 9.02 9.27
Es; S 0.14-4.7 424-455 0.01-3.47 0.08-19.63  29.31-571.59 0.68-2.05 0.05-1.16 0.31-0.66 10.2-11.95 71.38-79.25 8.49-17.76
1.13 439.69 0.89 3.57 217.05 1.06 0.27 0.49 11.08 75.32 13.13
T 0.1-4.27 425-451.2 0-1.19 0.04-24.58  35.66-679.36 0.44-1.71 0.06-1.28 0.58-22.59 0.65-93.75 1.43-80.97 1.91-35.24
1.17 438.89 0.38 4.96 291.64 1.02 0.19 10.83 56.07 31.5 12.15
F 0.09-1.56 411-480 0-1.11 0-1.9 0.43-237.5 0.63-3.55 0.07-4.18  0.98-28.62 1.58-96.77 2.11-87.73 1.17-22.89
0.39 445.17 0.07 0.23 44.19 1.2 0.53 14.53 60.1 45 9.02
Es; S 0.16-5.69 411-486 0.01-46.59 0-7.94 0-288.06 1.39-1.73 0.12-0.41  2.99-24.32 43.54-89.91 0.63-32.41 0.6-12.66
1.97 436.45 11.03 2.33 110.69 1.58 0.21 8.76 74.13 15.27 4.91
T 0.08-3.34 424.5-449 0.01-0.93 0.04-22.16  10.15-1517.01 0.66-1.53  0.09-0.26  0.22-8.96 1.87-89.03 1.25-89.57 1.54-39.15
0.81 435.6 0.2 2.53 298.98 1.12 0.14 1.54 53.38 31.3 13.92
F 0.11-0.19  442-471 0.01-0.02 0.03-0.06 22.22-54.55 0.67-1.55 0.10-0.31 9.84-33.33 66.67-88.52 1.64 0
0.15 452.75 0.01 0.05 32.86 0.97 0.18 21.59 77.6 1.64 0
Note:

The results describing the above-mentioned non-saline formation are
similar to those for the transition and freshwater areas in the Dongpu
Depression. Thus far, there is no definitive research result on the lower
limit of effective source rocks of lacustrine saline formations. Moreover,
the mechanisms involved in the difference of lower limits of effective
hydrocarbon source rocks in different sedimentary environments need
to be further studied.

6.2.3. Distribution of effective source rocks

According to the lower limit of effective source rocks in different
sedimentary environments, plane distribution maps of five formations
effective source rocks (Es;, Es§, EsY, Esi and EsY) were obtained
(Fig. 20).

The effective source rocks are unevenly distributed in the Dongpu
Depression. The EsY source rocks are buried deeper, and the thickness of
the source rocks is mainly 100-250 m (328-820 ft). The main sedi-
mentary center is located in the Wenliu area and Qianliyuan area at a
maximum thickness of 279 m (915.12 ft) (Fig. 20A). The Eslg source
rocks are also deeply buried and have good quality; therefore, the
effective source rocks are distributed throughout the depression, with a
thickness of 200-400 m (656-1312 ft), and the main sedimentary center
is located near the Liutun area and the Gegangjig area, at a maximum
thickness of 491 m (1610.48 ft) (Fig. 20B). In the south and surrounding
parts, the distribution of effective source rocks in Esj is relatively thin.
Compared with other formations, the thickness of the effective source
rocks in EsY is the thickest, at 200-500 m (656-1640 ft), and the dis-
tribution range is relatively wide, covering almost the entire depression.
The effective source rocks in the northern areas, Liutun area, Qianliyuan
area, Qingzuji area and Gegangji area, are relatively thick, with a
maximum of 630 m (2066.40 ft), and only the northern part and the
southern edge of the depression have a thin distribution of effective
source rocks (Fig. 20C and D). The effective source rocks in EsgJ arein the
Qianliyuan area, Mengju area and Bagonggiao area, with the thickness
ranging from 100 to 200 m (328-656 ft) and a maximum thickness of
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320 m (1049.60 ft). The Es; effective source rocks are mainly distributed
in the Mengju area and Qianliyuan area, with a maximum thickness of
351 m (1151.28 ft), and there are no effective source rocks in the south
(Fig. 20E).

6.3. Hydrocarbon expulsion characteristics of different sedimentary
environments

6.3.1. Hydrocarbon expulsion model

The hydrocarbon expulsion models of effective source rocks in
different sedimentary environments in the Dongpu Depression were
established using the hydrocarbon generation potential method.

The hydrocarbon expulsion thresholds of effective source rocks in
the saline area, transition area and freshwater area are 0.65%, 0.68%
and 0.7%, respectively. Different environments have different hydro-
carbon expulsion ratios. Specifically, the maximum hydrocarbon
expulsion ratio is 439.45 mg/g in the saline area, 369.32 mg/g in the
transition area, and 253.09 mg/g in the freshwater area. The reason for
this difference is that high-salinity water is conducive to the enrichment
of organic parent materials and the formation of a reductive environ-
ment, which provides a good basis for the preservation of organic matter
(Hu et al., 2018). Therefore, the source rocks in the saline area have a
good hydrocarbon generation capacity, which enables the sufficient
generation of hydrocarbon to reach the critical saturation of residual
hydrocarbon, followed by the expulsion of a large amount of
hydrocarbon.

Based on observation and analysis, the hydrocarbon expulsion rate of
organic matter in the saline, transition and freshwater areas showed a
trend of initially increasing and then decreasing with increasing Ro. The
hydrocarbon expulsion rate of the source rocks increases slowly and
reaches a peak value of 59.6%o in the saline area when the Ro value is
0.95%, increases slightly and reaches a peak value of 55.33%o in the
transition area when the Ro value is 0.85% and increases quickly and
reaches a peak value of 74.25%. in the freshwater area when the Ro
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Fig. 20. Areal distribution chart of effective source rocks for the Shahejie Formation in the Dongpu Depression: (A) first member of the Shahejie Formation (Es; ), (B)
upper third submember of the Shahejie Formation (EsY), (C) middle third submember of the Shahejie Formation (EsY), (D) lower third submember of the Shahejie

Formation (Es}), and (E) upper fourth submember of the Shahejie Formation (Es).

value is 0.82%.

With increasing Ro, the hydrocarbon expulsion efficiency increases
gradually in all three environments. Clearly, the rate of increase in the
saline area is relatively slow, that in the transition area is faster, and that
in the freshwater area is the fastest, with maximum hydrocarbon
expulsion efficiencies of 85.32%, 86.42% and 85.5%, respectively
(Fig. 21). The mechanism underlying the highest hydrocarbon expulsion
rate and efficiency in the saline area but the lowest in the freshwater
area needs to be further studied.

6.3.2. Hydrocarbon expulsion history and quantity

6.3.2.1. Upper fourth submember of the Shahejie Formation. The Esy
source rock began to discharge hydrocarbon at approximately 45-33
Ma; the hydrocarbon expulsion center was located in the Qianliyuan
area, and the hydrocarbon expulsion area occurred across a large are in
both the north and south. The maximum hydrocarbon expulsion in-
tensity was 0.03 x 108 t/km? (0.22 x 108 bbl/kmz) in the north, and the
hydrocarbon expulsion amounts in the saline, transition and freshwater
area were 2 x 108t (14.60 x 108 bbl), 0.68 x 10® t (4.96 x 10® bbl), and
0.31 x 10% t (2.26 x 10% bbl), respectively. In the process of
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hydrocarbon expulsion from the Es source rocks, the area of hydro-
carbon expulsion underwent few changes, and the center of hydrocar-
bon expulsion remained unchanged. Currently, the maximum
hydrocarbon expulsion intensity is 0.07 x 10® t/km? (0.51 x 108 bbl/
km?). The amounts of cumulative hydrocarbon expulsion in the saline,
transition and freshwater areas are 9.77 x 108 t (71.32 x 108 bbl), 3.58
x 108 £ (26.13 x 108 bbl) and 2.59 x 10% t (18.91 x 10°® bbl), respec-
tively (Fig. 22).

6.3.2.2. Lower third submember of the Shahejie Formation. The Esj
source rocks began to discharge a small amount of hydrocarbon in the
Qianliyuan area at the end of Es3 (35 Ma). The hydrocarbon expulsion
amounts in the saline, transition and freshwater area are 0.02 x 10° t
(0.15 x 108 bbl), 0.85 x 108t (6.21 x 10® bbl) and 0.06 x 108 t (0.44 x
108 bbl), respectively. During the Ed depositional period (33-17 Ma), the
area of hydrocarbon expulsion was connected between the south and
north, and the hydrocarbon expulsion center was located in the Qian-
liyuan area, Gegangji area and Mengju area. The maximum hydrocarbon
expulsion intensity in the north was 0.02 x 108 t/km? (0.15 x 108 bbl/
km?), whereas the south had almost no hydrocarbon expulsion.
Currently, the hydrocarbon expulsion center of the Es§ source rocks
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Fig. 21. Hydrocarbon generation and expulsion quantitative model in different sedimentary environments of the Shahejie Formation in the Dongpu Depression: (A)
saline area, (B) transition area, and (C) freshwater area.
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Fig. 22. Hydrocarbon expulsion intensity map of the effective source rocks of the first member of the Shahejie Formation in different periods: (A) 17 Ma, (B) 12 Ma,

(C) 2 Ma and (D) modern.

remains unchanged. The maximum hydrocarbon expulsion intensity
reached 0.07 x 108 t/km? (0.51 x 10%® bbl/km?). The amount of cu-
mulative hydrocarbon expulsion in the saline, transition and freshwater
areas was 4.00 x 10% t (29.20 x 108 bbl), 18.81 x 108t (137.31 x 108
bbl) and 13.63 x 108 ¢ (99.50 x 108 bbl), respectively (Fig. 23).

6.3.2.3. Middle third submember of the Shahejie Formation. The Esy
source rocks reached the hydrocarbon expulsion threshold at the end of
Es3 (35 Ma) with a very small amount of hydrocarbon expulsion. Hy-
drocarbon was not discharged in the south. The maximum hydrocarbon
expulsion intensity in the north was 0.01 x 108 t/km? (0.07 x 108 bbl/
km?). The hydrocarbon expulsion intensity increased during the period
from 33 to 17 Ma. There was a large amount of hydrocarbon expulsion in
the Qianliyuan area, Gegangji area and Qingzuji area, and expulsion
began in the Qiandugu area. Currently, the maximum of the hydrocar-
bon expulsion intensity is 0.10 x 108 t/km? (0.74 x 108 bbl/km?) in the
north. The amount of cumulative hydrocarbon expulsion in the saline,
transition and freshwater area is 4.05 x 108t (29.57 x 108 bbl), 14.79 x
108t (107.97 x 10® bbl) and 7.78 x 108t (56.80 x 10® bbl), respectively
(Fig. 24).

6.3.2.4. Upper third submember of the Shahejie Formation. The Esy
source rocks reached the hydrocarbon expulsion threshold at the end of
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Es; (33 Ma), with a small scope of hydrocarbon expulsion and a small
amount of hydrocarbon expulsion, which mainly occurred in the
northern region. Specifically, the hydrocarbon expulsion amount in the
saline area was 0.0005 x 108 t (0.004 x 108 bbl), that in the transition
zone was 0.30 x 108t (2.19 x 108 bbl), and hydrocarbon expulsion did
not occur in the freshwater area. At the end of Ed deposition (33-17 Ma),
the hydrocarbon expulsion area expanded; the hydrocarbon expulsion
amounts in the saline area and transition area were 0.03 x 10% t (0.22 x
108 bbl) and 1.42 x 108 t (0.37 x 10® bbl), respectively, and the
freshwater area just began to discharge hydrocarbons, at a hydrocarbon
expulsion amount of 0.03 x 10% t (0.22 x 102 bbl). Currently, the
maximum hydrocarbon expulsion intensity in the north has reached
0.04 x 108 t/km? (0.29 x 108 bbl/km?), and that in the south is 0.01 x
108 t/km? (0.07 x 108 bbl/km?). The amounts of cumulative hydro-
carbon expulsion in the saline, transition and freshwater areas are 0.07
x 108t (0.51 x 108 bbl), 3.57 x 108t (26.06 x 10% bbl) and 0.12 x 10%t
(0.88 x 108 bbl), respectively (Fig. 25).

6.3.2.5. First member of the Shahejie Formation. The Es; source rocks
began to expel hydrocarbons during the depositional period of the
Dongying Formation (33-17 Ma). During this period, only a small
amount of hydrocarbon was discharged from the northern region with a
low hydrocarbon expulsion intensity (no more than 0.01 x 10 t/km?



C. Zhu et al.

Journal of Petroleum Science and Engineering 201 (2021) 108477

Fig. 23. Hydrocarbon expulsion intensity map of effective source rocks in the upper third submember of the Shahejie Formation in different periods: (A) 33 Ma, (B)

17 Ma, (C) 12 Ma, (D) 2 Ma and (E) modern.

(0.07 x 108 bbl/km?)). The hydrocarbon expulsion intensity of the Es;
source rocks has increased gradually. Currently, the accumulated hy-
drocarbon expulsion amount of the Es; source rocks is 0.25 x 10% t (1.83
x 108 bbl) (Fig. 26).

6.3.3. Relative hydrocarbon expulsion contribution of different
environments

The relative contribution represents the ratio of hydrocarbon
expulsion amount in one sedimentary environment to total hydrocarbon
expulsion amount. In general, the depositional period of the Dongying
Formation (33-17 Ma) was the main hydrocarbon expulsion period of
the source rocks, and it provided hydrocarbon expulsion quantities up to
38.18 x 108 t, which accounted for 55.7% of the current cumulative
hydrocarbon expulsion quantity. The relative hydrocarbon expulsion
contribution of the transition area was 48.15% at the end of Ed; there-
fore, this area was the main hydrocarbon expulsion area. In addition, the
source rocks had a small amount of hydrocarbon expulsion in the Es3
(45-35 Ma) and Es; (35-33 Ma) periods, which accounted for 5.80% and
16.7% of the cumulative hydrocarbon expulsion quantity, respectively,
and the main hydrocarbon expulsion areas were the saline and transition
areas. The source rocks had the lowest hydrocarbon expulsion during
the deposition of the Guantao Formation (17-12 Ma), accounting for
only 1.26% of the cumulative hydrocarbon expulsion quantity. At the
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end of the Ny, om (2 Ma) period and at present (0 Ma), the hydrocarbon
expulsion quantity from the effective source rocks accounted for 8.29%
and 12.24% of the cumulative hydrocarbon expulsion quantity,
respectively. The main hydrocarbon expulsion formation was still the
EsY and Es§ source rocks during each period (Fig. 27).

Then, the hydrocarbon expulsion quantity and the relative contri-
bution of the three sedimentary environments in each formation were
calculated by the hydrocarbon generation potential method (Table 6).
The hydrocarbon expulsion area of Esy source rocks is 232.45 km?
(89.73 mi?), and there is only one hydrocarbon expulsion center, which
is located in the Qianliyuan area in the north, and the hydrocarbon
expulsion quantity is 15.95 x 108 t (116.44 x 108 bbl). Specifically, the
saline area has the highest hydrocarbon expulsion amount, with a value
of 9.78 x 108 t (71.39 x 108 bbl), and the relative contribution is
61.30% in this formation. The area of hydrocarbon expulsion from the
E‘.s% source rocks is 226.45 km? (87.41 miz), and the location of the
hydrocarbon expulsion center remains unchanged, although the area of
hydrocarbon expulsion starts to expand. The amount of hydrocarbon
expulsion in this formation is 36.44 x 108 £ (266.01 x 108 bbl), and the
relative contribution of the transition area is 53.64%. The hydrocarbon
expulsion area of the EssM source rocks is 235.72 km? (90.99 mi%). The
Mengju, Qianliyuan, Liutun and Gegangji areas are hydrocarbon
expulsion centers, and abundant hydrocarbons are discharged, with a
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Fig. 24. Hydrocarbon expulsion intensity map of effective source rocks in the middle third submember of the Shahejie Formation in different periods: (A) 35 Ma, (B)

33 Ma, (C) 17 Ma, (D) 12 Ma, (E) 2 Ma and (E) modern.

total hydrocarbon expulsion quantity of 26.63 x 10° t (194.40 x 10°
bbl). The transition area of this formation is a main expulsion area, with
a hydrocarbon expulsion amount of 14.79 x 108 ¢t (107.97 x 108 bbl),
accounting for 55.54% of the total hydrocarbon expulsion amount. The
hydrocarbon expulsion area of the Es§ source rocks is the same as that of
the Es¥ source rocks, which is 240.67 km? (92.90 miz), reaching the
Puwei area in the north and the Gegangji area in the south. The hy-
drocarbon expulsion center is located in the Qianliyuan and Mengju
areas in the north. The hydrocarbon expulsion quantity of Es§ source
rocks is 3.77 x 108t (27.52 x 108 bbl), and that of the transition zone is
3.57 x 108 ¢ (26.06 x 108 bbl), accounting for 94.70% of the hydro-
carbon expulsion quantity. The Es; source rocks have a small amount of
hydrocarbon expulsion, and the hydrocarbon expulsion area is only
34.66 km? (13.38 mi%). The hydrocarbon expulsion center is the same as
that of the Es§ source rocks, with a hydrocarbon expulsion quantity of
0.25 x 108 t (1.83 x 10% bbl) (Fig. 28).

Overall, the relative contribution of hydrocarbon expulsion in the
freshwater area is the lowest in each formation due to the poor quality of
the source rocks, poor oil generation capacity and low thickness of the
effective source rocks. The contribution of effective source rocks in the
saline and transition areas is relatively high. Furthermore, the hydro-
carbon expulsion contribution of some formations in the transition area
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is higher than that in the saline area because the quality of the source
rocks in the saline area is excellent, while that of the transition area is
only slightly worse. Moreover, the effective source rock is thinner in the
saline area due to the development of the pure gypsum-salt rocks. The
depositional centers are mostly developed in the transition area; thus,
the thickness of the effective source rocks in the transition area is rela-
tively thicker than that in the saline area. Therefore, the amount of
hydrocarbon expulsion is slightly higher than that in the saline areas.
Generally, the effective source rocks in the saline and transition areas in
the Dongpu Depression have a high contribution of hydrocarbon
expulsion, and those of the freshwater area have the lowest contribution
(Fig. 29).

7. Conclusion

(1) There are five formations of the source rocks in the Paleogene
Dongpu Depression, among which the EsY source rocks are the
thickest and the Es; source rocks are the thinnest. In contrast, the
saline areas have the highest organic carbon content, while the
freshwater areas have the lowest. Es}! and Esj source rocks have a
higher TOC content than the other formations. The saline and
transition areas are mainly type II; and II; kerogen, and the
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Fig. 25. Hydrocarbon expulsion intensity map of effective source rocks in the lower third submember of the Shahejie Formation in different periods: (A) 35 Ma, (B)
33 Ma, (C) 17 Ma, (D) 12 Ma, (E) 2 Ma and (E) modern.

(2

—

(3)

freshwater areas are mainly type IIl. The organic matter type in
the Es3 source rocks is developed better than in the other for-
mations. Moreover, most Esy and Esj source rocks have entered
the mature stage.

Based on the hydrocarbon generation potential index profile and
the S1/TOC content, the lower limit of effective hydrocarbon
source rocks in different sedimentary environments in lacustrine
basins was identified for the first time. The lower limits of
effective source rocks in the saline, transition and freshwater
areas in the Dongpu Depression are TOC values of 0.3%, 0.4%
and 0.5%, respectively.

The hydrocarbon expulsion characteristics in different sedimen-
tary environments in the Dongpu Depression are different. The
hydrocarbon expulsion thresholds of effective source rocks in the
saline, transition and freshwater areas are Ro values of 0.65%,
0.68% and 0.7%, respectively. The effective source rocks in the
saline and transition areas have a high hydrocarbon expulsion
ratio, although the hydrocarbon expulsion rates and efficiency
increase slowly before reaching the peak of hydrocarbon expul-
sion. The hydrocarbon expulsion rate in the freshwater area is
low, although the hydrocarbon expulsion rate and efficiency in-
crease rapidly.
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(4) The hydrocarbon expulsion amount is substantially different in
different sedimentary environments. Specifically, the hydrocar-
bon expulsion amount values in the saline, transition and fresh-
water area are 18.14 x 10% t (132.42 x 10® bbl), 40.77 x 108 t
(297.62 x 108 bbl) and 24.13 x 10% t (176.15 x 10% bbl),
respectively. The main hydrocarbon expulsion areas are located
in the saline and transition areas, and the relative contribution
value is 71%. The total hydrocarbon expulsion amount of the five
sets of source rocks in the Dongpu Depression is 83.04 x 10° t
(606.19 x 108 bbl), and the relative contributions of Esy! and Es§
source rocks are 32% and 44%, respectively, indicating that the
two formations are the main source rock formations. The results
of the hydrocarbon expulsion history show that the main peak of
hydrocarbon expulsion in the Shahejie Formation of the Dongpu
Depression was at the end of Ed (17 Ma).
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Fig. 26. Hydrocarbon expulsion intensity map of effective source rocks in the upper fourth submember of the Shahejie Formation in different periods: (A) 35 Ma, (B)
33 Ma, (C) 17 Ma, (D) 12 Ma, (E) 2 Ma and (E) modern.
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Fig. 27. Hydrocarbon expulsion quantity of effective source rocks in different sedimentary environments during different periods of each formation: (A) 45-35 Ma,
(B) 35-33 Ma, (C) 33-17 Ma, (D) 17-12 Ma, (E) 12-2 Ma and (E) 2-0 Ma.

Table 6

Hydrocarbon expulsion amount in different sedimentary environments in

different periods (1t = 7.35 bbl).

Geological 35 33 17 12 2 0

age (Ma)

Saline area 2.019 x 2.311 x 8.114 x 0.17 x 0.66 x 3.26 x

108t 108t 108t 108t 108t 108t

Transition 1.573 x 6.205 x 18.38 x 0.36 x 3.29 x 3.92 x
area 10% ¢ 10% ¢t 10% ¢t 10% ¢ 108t 108t

Freshwater 0.38 x 2.931 x 11.68 x 0.33 x 1.74 x 1.22 x
area 108t 108t 108t 108t 108t 108t
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Fig. 28. Hydrocarbon expulsion quantity of effective source rocks in different
sedimentary environments of each formation.
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Fig. 29. Relative contribution of hydrocarbon expulsion of effective source rocks in different sedimentary environments of each formation: (A) first member of the
Shahejie Formation (Es;), (B) upper third submember of the Shahejie Formation (Es‘gj), (C) middle third submember of the Shahejie Formation (ES3M), (D) lower third
submember of the Shahejie Formation (Eslg), and (E) upper fourth submember of the Shahejie Formation (ESH).
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