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a b s t r a c t

Gravity flows in steep-slope zones of lacustrine rift basins interact with deep-water shales to form 

heterogeneous mixed sedimentation zones, yet their sedimentary evolution and hydrocarbon occur-
rence characteristics remain poorly understood. In this study, core and thin section observations, X-ray 
diffraction, scanning electron microscopy, mercury intrusion porosimetry, low-pressure nitrogen 
physisorption, total organic carbon testing, step-by-step Rock-Eval pyrolysis, and time series analysis, 
were conducted to decode sedimentology and hydrocarbon occurrence characteristics based on lith-
ofacies combinations controlled by astronomical cycles. Results reveal five microfacies (calcareous/felsic 
semi-deep lake, outer fan, channel front, braided channel) and six lithofacies combinations (LC1–LC6) 
shaped by debris flows, turbidity currents, and felsic mixed floating currents. The 406-kyr long ec-
centricity cycle governs sediment supply and reservoir heterogeneity. During high eccentricity phases, 
increased monsoon-driven terrigenous input enhances sandstone deposition, developing braided 
channel (LC5) and channel front (LC6) microfacies. These intervals exhibit elevated terrigenous quartz/ 
feldspar content and reduced organic carbon in fine-grained sedimentary rocks, with hydrocarbons 
occurring as quasi-continuous to discontinuous accumulations. Conversely, during low eccentricity 
phases, felsic mineral layers or isolated sandstone interlayers dominate, forming outer fan (LC3), 
channel front (LC4), and semi-deep lake (LC1–LC2) microfacies. These intervals show lower terrigenous 
content and higher TOC in fine-grained sedimentary rocks, with hydrocarbons occurring as continuous 
to quasi-continuous accumulations. A novel sedimentary evolution and hydrocarbon occurrence model 
demonstrates the ordered coexistence of conventional and unconventional reservoirs, driven by 
astronomically forced climate fluctuations. This framework advances theoretical understanding and 
optimizes exploration strategies for steep-slope lacustrine basins with mixed sedimentation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

In recent years, the study of mixed sedimentation has become a 
key focus in the field of sedimentology. The concept of Mixed

Sedimentation (Mount, 1984) is a universal and complex geolog-
ical process. It refers to a sediment comprised of a mixture of 
different components (terrigenous detritus and carbonate rock) or 
varying grain sizes (Garcia-Hidalgo et al., 2007; Palermo et al., 
2008; Yerejiepu et al., 2024). It is believed that the black shale is 
deposited in a deep, quiet and anoxic bottom-water environment, 
and is almost undisturbed (Hou et al., 2023; Lineback, 1968; Smith 
et al., 2019). However, bottom current, turbidity current and debris 
flow are common hydrodynamics in deep water and may affect 
shale deposition (Alexandre et al., 2012; Chao et al., 2016; Hou

* Corresponding author.
E-mail address: mcf-625@163.com (C.-F. Ma).
Peer review under the responsibility of China University of Petroleum 

(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2025.09.005
1995-8226/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Petroleum Science 22 (2025) 4875–4894

http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:mcf-625@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.09.005&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.09.005
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
https://doi.org/10.1016/j.petsci.2025.09.005


et al., 2023; Liu et al., 2019; Loucks and Ruppel, 2007). For 
example, due to emergencies such as earthquakes, floods or 
storms, gravity flow can transport debris from the continental 
shelf or upper slope to deep-water areas and mix with shale 
sediments (Hou et al., 2023; Loucks and Ruppel, 2007; Yerejiepu 
et al., 2024). Compared with the marine environment, the lacus-
trine sedimentary environment is particularly vulnerable to 
external factors such as tectonic movements, climate changes, 
earthquakes, floods, and storms (Palermo et al., 2008; Yerejiepu 
et al., 2024), and mixed sedimentation caused by these events 
often occurs more frequently (Dodd et al., 2019; Feng et al., 2021; 
Niu et al., 2023; Wang et al., 2020a; Yerejiepu et al., 2024). 

Recent advancements in lithofacies analysis have significantly 
enhanced the understanding of depositional processes and reser-
voir heterogeneity in shale-dominated successions (Liu et al., 
2019; Plantz et al., 2024). Notably, studies increasingly empha-
size the critical role of sedimentary structures—such as in-
terlayers, laminations, and deformation features—in refining 
lithofacies identification and predicting hydrocarbon sweet spots 
(Chen et al., 2017; Ougier-Simonin et al., 2016; Shu et al., 2021). 
These structures, often linked to dynamic processes like turbidity 
currents, debris flows, or seasonal sedimentation, directly influ-
ence organic matter preservation, porosity distribution, and frac-
ture networks (Liang et al., 2017; Zou, 2017). In lacustrine rift 
basins, where steep slopes and mixed sedimentation dominate, 
lithofacies combinations (e.g., alternating organic-rich shales, 
siltstones, and carbonate-rich layers) encode key information 
about depositional energy, redox conditions, and sediment supply 
cyclicity (Liang et al., 2024). Deciphering these relationships is 
pivotal for unraveling shale oil enrichment mechanisms and 
optimizing exploration strategies. While prior works have focused 
on either lithofacies or sedimentary structures in stable settings, 
few address their synergistic roles in mixed sedimentation sys-
tems with abrupt facies transitions. In petroliferous basins, con-
ventional oil and gas reservoirs and unconventional oil and gas 
reservoirs, or continuous, quasi-continuous and discontinuous 
reservoirs often coexist, indicating that they have a close rela-
tionship and share a unique distribution law (Chen et al., 2021; 
Law and Curtis, 2002; Masters, 1979; Pang et al., 2021; Selley 
and Sonnenberg, 2015; Zhao et al., 2017). Mixed sedimentation 
usually occurs in the transition zone between different sedimen-
tary facies, representing a form of facies mixing, as well as the 
mixing form between conventional and unconventional oil and 
gas reservoirs. The development of mixed sedimentation signifi-
cantly increases the heterogeneity of the reservoir, which may 
have a negative impact on oil and gas exploration (Yerejiepu et al., 
2024). In order to promote the exploration of conventional and 
unconventional reservoirs, it is necessary and important to carry 
out the research on the hydrocarbon occurrence characteristics of 
mixed sedimentations (Law, 2002; Pang et al., 2021; Xi et al., 2015; 
Zagorski, 1988; Zhang et al., 2018).

Due to the stability and continuity of lacustrine fine-grained 
deposition, obvious signals of the Milankovitch cycles have been 
identified in lacustrine deposits worldwide (Abels et al., 2009, 
2013; Colcord et al., 2018; Huang et al., 2010; Machlus et al.,
2008; P € alike et al., 2001; Shi et al., 2020; Wu et al., 2014), and
astronomical cycles have been shown to control the depositional 
processes of fine-grained sedimentary rocks in lake basins (Shi 
et al., 2020; Smith et al., 2014). The distribution of event sedi-
mentation is mostly controlled by water depths and climate 
changes, which are related to astronomical cycles (Chen et al., 
2021; Xu et al., 2023). Although some studies were conducted on 
the relationship between astronomical cycles and event sedi-
mentation (Wang et al., 2015; Xu et al., 2023), there are limited 
studies on the relationship between mixed sedimentation and

astronomical cycles in the case of integrating fine-grained sedi-
mentary rocks with event sedimentation. Therefore, it restricts the 
further exploration of the control factors and distribution rules of 
mixed sedimentation, thereby hindering the effective integration 
of conventional and unconventional oil and gas exploration.

The Meso-Cenozoic lacustrine rift basins, including the Don-
gying Sag in the Bohai Bay Basin, cover a total area of over
2 × 10 6 km 2 in eastern China (Cao et al., 2018; Guo et al., 2012; 
Wang et al., 2014; Xian et al., 2007). The basin boundaries of 
these lacustrine rift basins are mainly controlled by faults and 
have steep slope zones. The steep slope zone has a steep topo-
graphic gradient along the high-angle fault plane (up to about 
30 ◦ ) and enough subaqueous accommodation space, which is 
generated by the episodic movement of boundary faults and used 
for deep-water deposition (Cao et al., 2018). These tectonic con-
ditions determine the extensive development of various genetic 
types of fans, such as nearshore subaqueous fans, sublacustrine 
fans, and turbidite fans. In the steep slope zone in the northern 
Dongying Sag, the nearshore subaqueous fans have an excellent 
source-reservoir-cap combination, forming abundant conven-
tional reservoirs (Guo et al., 2012; Kouassi et al., 2022). And the 
shale near the deep lake is thick, forming abundant unconven-
tional reservoirs. The Paleogene Shahejie Formation, located in 
the mixed sedimentation zone of the nearshore subaqueous fans 
and deep-lacustrine fine-grained sediments, contains thick black 
shale and well-developed gravity flow deposits, which provides a 
good opportunity to study the impact of gravity flow on shale 
development and hydrocarbon occurrence characteristics in 
lacustrine settings under the control of astronomical cycle. The 
area is less affected by geological tectonics, and the fine-grained 
sedimentary rocks are sensitive to climate change, making it 
suitable for identifying astronomical cycle signals (Xu et al., 
2023). Based on the identification of Milankovitch cycles, previ-
ous studies have made some progress in high-frequency sequence 
delineation, relative lake level variation, optimal sedimentation 
rate, paleoclimatic and paleoenvironmental variation restoration 
in the Dongying Sag (Jin et al., 2022; Shi et al., 2019, 2020; Sun 
et al., 2017; Xu et al., 2023).

The oil and gas production data show that there are significant 
differences in the hydrocarbon occurrence content of different 
types of lithofacies combinations. The sedimentary process and 
distribution of each lithofacies combination are not clear, which 
restricts the deployment of oil and gas exploration in the northern 
steep slope zone of Dongying Sag. Therefore, based on the study of 
the main oil production members (the upper fourth member and 
the lower third member of the Eocene Shahejie Formation) in the 
mixed sedimentation zone in the northern steep slope zone of 
Dongying Sag, the objectives of this research are: (i) to identify the 
types of lithofacies combinations and sedimentary microfacies and 
propose a new depositional model for the mixed sedimentation 
zone in lacustrine rift basins with steep slopes; (ii) to identify hy-
drocarbon occurrence content of different lithofacies combinations 
and propose a sedimentary evolution and hydrocarbon occurrence 
model for transition zone controlled by astronomical cycles.

2. Geologic background

The Bohai Bay Basin, established on the Archean basement, is a 
Mesozoic-Cenozoic rift basin including many continental sub-
basins in the North China Craton (Kouassi et al., 2022; Wang 
et al., 2016a). The Dongying Sag lies in the south-eastern part of 
the Jiyang Depression of the Bohai Bay Basin (Cao et al., 2018). It is 
a Cenozoic half-graben rift and down-warped lacustrine basin 
developed over a Palaeozoic basement (Cao et al., 2018). In planar 
view in Fig. 1(a), the Dongying Sag is further subdivided into
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several secondary structural units including the northern steep 
slope, the central anticline, the Niuzhuang Sag, and the southern 
gentle slope (Cao et al., 2018; Jiang et al., 2014; Kouassi et al., 2022; 
Ping et al., 2017). In cross-section in Fig. 1(b), the Dongying Sag is a 
half graben with a fault-controlled northern steep slope and a 
southern gentle slope (Cao et al., 2018). Located north of the 
Northern Sag zone, west of the Qingtuozi uplift, south of the 
Chenjiazhuan uplift (Lijin Sag, Shengtuo Area and Minfeng Sag), 
and east of the Binxian uplift, the northern steep slope zone of 
Dongying Sag covers a surface of 2000 km 2 (Guo et al., 2012; Ma 
et al., 2017; Ping et al., 2017; Yang et al., 2018).

The Palaeogene of the northern steep slope zone of the Don-
gying Sag can be divided into Kongdian (Ek), Shahejie (Es) and 
Dongying (Ed) formations from bottom to top (Fig. 2). The Sha-
hejie Formation can be further divided from bottom to top into 
four members including the Fourth Member (Es4), the Third 
Member (Es3), the Second Member (Es2) and the First Member 
(Es1), respectively (Cao et al., 2018). Member Es4 consists of an 
upper part (Es4s) and a lower part (Es4x) and Member Es3 con-
sists of an upper part (Es3s), a middle part (Es3z), and a lower 
part (Es3x). The upper Es4 (Es4s) and the lower Es3 (Es3x) 
contain the main source rocks and sandstone reservoir rocks. The
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upper Es4 (Es4s) consists of intercalations of brown-grey, grey to 
black shale, calcareous shale, calcareous mudstones, mudstone, 
dolomite, as well as marlstone. The lower Es3 (Es3x) interval is 
dominated by lacustrine oil shales, dark-grey mudstones and 
calcareous mudstones and is an important source rock within the 
Dongying Sag (Guo et al., 2012). Astronomically-forced climate 
cycles, widely recognized in sedimentary records of the Bohai Bay 
Basin, provide critical tools for refining geological timescales. In a 
landmark study, Shi et al. (2019) constructed a high-resolution 
cyclostratigraphic framework for the Es3x to Es4s interval in 
the Dongying Sag by integrating new paleomagnetic data from 

Well Fanye-1, which established an absolute age range of 
43.27–39.23 Ma for the studied section. Their work precisely 
constrained the Es3–Es4 boundary age to 41.38 Ma (Fig. 2) – a

value adopted in this study as the chronostratigraphic anchor for 
correlating equivalent strata (Fig. 2).

During the accumulation of the Es4 and Es3, controlled by the 
ancient tectonic background of a rift stage, terrigenous sediments 
were transported to deep waters by debris flows, mountain-
derived floods and normal mountain-derived river discharges 
during non-flood periods (Cao et al., 2018; Wang et al., 2016b). 
In the northern steep slope zone, large-scale sediments of near-
shore subaqueous fans and fan deltas formed close to deep-water 
source rocks (Kouassi et al., 2022; Wang et al., 2014). The study 
area is located in the mixed sedimentation zone between gravity 
flow sediments and deep-lacustrine fine-grained sediments, 
which is also the transition zone between conventional and un-
conventional reservoirs.
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3. Samples and methods

3.1. Samples

Eighteen Wells (F112, F143, F1, F1-1, F1-2, L89, L912, L3, L101, 
L102, L892, X1, T14, T726, T729, T771, T772, T792) with core 
through the Lower Member 3 and the Upper Member 4 of the 
Shahejie Formation were selected from the northern steep slope of 
Dongying Sag, Bohai Bay Basin in Fig. 1(a). The total length of 
continuous coring for these wells is 1408.39 m, and core obser-
vations on all of them for sedimentological analysis have been 
conducted. Based on properties such as sedimentary facies, sedi-
mentary texture, and oil content, 104 samples were selected from 

drilling cores of 18 wells for thin-section petrographical analysis. 
Forty representative samples were prepared for X-ray diffraction 
(XRD), FE-SEM, mercury intrusion porosimetry (MIP), low-
pressure nitrogen physisorption (LPNP), total organic carbon 
testing (TOC), step-by-step (SBS) Rock-Eval pyrolysis. The well 
data, such as gamma ray logging data, were collected from the 
Petroleum Exploration and Production Research Institute of China 
Sinopec Shengli Oilfield Company. Other than specifically stated, 
all analyses were performed in the State Key Laboratory of Deep 
Oil and Gas, China University of Petroleum (East China).

3.2. XRD mineralogy, thin section petrography and FE-SEM 

observations

Powdered rock samples with a size of less than #200 mesh 
were analyzed by XRD for bulk mineral composition by the PAN-
alytical X’Pert PRO MPD (PANalytical B.V., NL) X-ray diffractometer. 
Petrographical analysis focused on the identification of mineral 
type, particle structure, fluorescence recognition of hydrocarbon 
occurrence and two-dimensional features of micro-sedimentary 
structure within the mud-grade sediments, using a Zeiss micro-
scope and a scanning electron microscope (Zeiss Crossbeam 550 
FIB-SEM; Carl Zeiss AG, Oberkochen, Germany).

3.3. Mercury intrusion porosimetry (MIP)

The Micromeritics AutoPore IV 9520 MIP instrument (Micro-
meritics, USA) can obtain many parameters such as bulk density, 
porosity, pore throat size distribution, permeability and tortuosity 
in various porous media (Hu et al., 2017; Katz and Thompson, 
1987; Wang et al., 2016c; Washburn, 1921; Zhang et al., 2024a). 
The samples were cubes of 1 cm in length and were dried in an 
oven at 60 ◦ C for more than 48 h to remove moisture and volatiles 
from the connected pore space (Zhang et al., 2024a).

3.4. Low-pressure nitrogen physisorption (LPNP)

LPNP was performed using a Micromeritics ASAP 2460 Surface 
Area and Porosimetry Analyzer to obtain pore volume, specific 
surface area (SSA) and pore size distribution of rock samples. 
Samples of 20–35 mesh were dried in an oven at 110 ◦ C for 24 h, 
and then degassed with a sample degassing system at the same 
temperature for 24 h to remove moisture and volatiles in the 
connected pore space (Zhang et al., 2024a). The physical adsorp-
tion isotherm of nitrogen was obtained at − 195.85 ◦ C, and a low-
voltage sensor can determine the pore size distribution in the 
diameter range of 2–300 nm (Zhang et al., 2024a). The SSA of shale 
samples was calculated by the Brunauer-Emmett-Teller (BET) 
method (Brunauer et al., 1938), and the pore volume and pore size 
distribution were calculated by Barrett-Joyner-Halenda (BJH) 
method based on Kelvin equation (Barrett et al., 1951; Gregg and 
Sing, 1982). After the first LPNP, the sample underwent solvent

extraction with a mixture of dichloromethane and methanol (the 
volumetric ratio is 93:7) at 48 ◦ C for at least ten days (Yang et al., 
2021; Zhang et al., 2024a), and then the second LPNP was per-
formed to compare and characterize the pore types and sizes 
associated with hydrocarbon occurrence.

3.5. TOC and step-by-step (SBS) Rock-Eval pyrolysis analysis

According to the procedure described by Jarvie (1991), Leco TOC 
analysis was performed on powdered samples using a LECO CS744 
Sulfur and Carbon Analyzer. And the SBS Rock-Eval experiment 
was conducted on powdered samples using a Rock-Eval 6 instru-
ment. According to the procedure described by Li et al. (2020), SBS 
pyrolysis was carried out to obtain the following products at each 
stage (Table 1). The sample was heated from 90 ◦ C to the first 
target temperature of 200 ◦ C at a programmed heating rate of 
25 ◦ C per minute and maintained for 3 min to obtain the S 1-1 
peaks, then heated from 200 ◦ C to the second target temperature 
of 300 ◦ C and maintained for 3 min to obtain the S 1-2a peaks, and 
then increased from 300 ◦ C to the third target temperature of 
350 ◦ C and maintained for 3 min to produce the S 1–2b peaks. After 
the third target temperature, the powdered sample was heated 
from 350 to 450 ◦ C for 3 min to produce the S 2-1 peaks, and then 
heated from 450 to 650 ◦ C to obtain the S 2-2 peaks (Li et al., 2020). 
The sum of S 1-1 and S 1-2 represents the free hydrocarbons (FHCs), 
corresponding to the maximum mobile hydrocarbon content; S 2-1 
is the adsorbed hydrocarbon (AHCs), and S 2-2 is the cracking hy-
drocarbons in kerogen. Although some unstable kerogen compo-
nents are cracked at or below 450 ◦ C, some heavy components will 
be cracked or evaporated at temperatures higher than 450 ◦ C. 
Therefore, the SBS pyrolysis method used in this study is consid-
ered to be a reliable method to characterize the total oil content 
(Jiang et al., 2016; Li et al., 2020).

3.6. Time series analysis

The analysis methods of astronomical cycle stratigraphy 
include directly identification of lithology and time series analysis. 
Time series analysis mainly involves data selection and pre-
processing, spectral analysis, time-frequency analysis, and corre-
lation research of geological sequences, which is a common digital 
signal processing technology of astronomical cycle research via 
well-logging data to extract ground response information about 
earth orbital parameters (Ma et al., 2023a; Xu et al., 2023). 
Westerhold et al. (2012) conducted a comparative analysis of the 
La2004, La2010, and La2011 astronomical solutions, identifying 
discrepancies in orbital parameters prior to ~43 Ma. Their evalu-
ation highlighted the La2010d solution as the most robust orbital 
model for the interval since 54 Ma. Accordingly, we selected the 
eccentricity (E), obliquity (T), and precession (P) parameters from 

the La2010d model to calculate the ETP curve using the Acycle 
software (Shi et al., 2019).

The gamma ray logging data of well T771 was selected because 
of its continuous coring of Es4s. And the linear interpolation was 
applied on the GR data to ensure that the sampling intervals were

Table 1
The products of SBS Rock Eval experiment.

Temperature, ◦ C Products Type of hydrocarbon

90–200 S 1-1 
Free hydrocarbons (FHCs) 200–300 S1-2a

300–350 S 1–2b 

350–450 S 2-1 Adsorbed hydrocarbons (AHCs) 
450–650 S 2-2 Cracking hydrocarbons
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equal. The raw GR data were detrended by subtracting the LOESS 
method (local regression using a 2nd degree polynomial model 
and weighted linear least squares) to remove the low-frequency 
long-term trends before spectral analysis (Li et al., 2019b; Ma 
et al., 2023a; Sun et al., 2023).

The Multi-Taper Method (MTM) spectral estimator was per-
formed to obtain the spectral peaks at the mean, 90%, 95%, and 99% 
confidence levels with robust red noise models (Li et al., 2019b; Ma 
et al., 2023a; Sun et al., 2023; Thomson, 1982). The La2010 theo-
retical astronomical model was used to identify which of these 
spectral peaks detected above 99% confidence levels corresponds 
to the orbital eccentricity, obliquity and precession (Laskar et al., 
2011; Ma et al., 2023a; Sun et al., 2023). The 406-kyr long eccen-
tricity cycle is the most stable astronomical orbital period to the 
noisy terrestrial stratigraphy (Ma et al., 2023a; Sun et al., 2023). 
Therefore, gaussian bandpass filtering was used to isolate the 
MTM-identified long eccentricity cycles. And the data of 406-kyr 
cycles was tuned from the depth domain to the time domain. 

The evolutionary correlation coefficient (eCOCO) method was 
performed to track variable sedimentation rates of the studied 
interval (Li et al., 2018; Ma et al., 2023a). Additionally, the eCOCO 
analyses were conducted with the sedimentation rate varying 
between 1 and 20 cm/kyr using Monte Carlo simulations (2000 
times). All the above analyses were conducted using Acycle v2.3 
software.

4. Results

4.1. Lithofacies characteristics

Fine-grained sedimentary rock is mainly defined from the 
perspective of particle size of the sediments, which is widely 
developed in the study area. Its composition includes clay min-
erals, silt (quartz and feldspar), carbonate, organic matter, etc. In 
actual oil and gas exploration and development, it mainly refers to 
sedimentary rocks with relatively small particle size composed of 
more than two kinds of materials (the content of particles finer 
than 0.1 mm exceeds 50%; Aplin and Macquaker, 2011; Chen et al., 
2016; Zou et al., 2014).

In recent years, some scholars have studied the lithofacies 
classification of the fine-grained sedimentary rocks in lacustrine

basin (Chen et al., 2016; Jiang et al., 2017; Ma et al., 2022). Based on 
established classification schemes and the current status of oil and 
gas exploration and development in the study area, a classification 
scheme of fine-grained sedimentary rocks is proposed, taking 
felsic minerals (quartz plus feldspars), clay minerals and carbonate 
minerals as the three end-members in Fig. 3(a). XRD results indi-
cate that there are six essential lithofacies types in the study area, 
which are silty limestone, calcareous mixed fine-grained sedi-
mentary rock (CMR for short), felsic mixed fine-grained sedi-
mentary rock (FMR for short), calcareous siltstone, clayey siltstone 
and siltstone. In addition, thin section identification indicates that 
sandstones are also present in the study area, such as fine sand-
stone and coarse sandstone.

Statistics show that shale oil production is closely related to 
TOC content (Jiang et al., 2017). Therefore, more scholars believe 
that the TOC content should be used in the fine-grained sedi-
mentary rock classification (Chen et al., 2016; Hickey and Henk, 
2007; Jiang et al., 2017; Ma et al., 2022). TOC content depends 
not only on the original productivity of organic matter, but also on 
preservation conditions. The deposition rate is fast and the 
reducibility is strong, which is conducive to the preservation of 
organic carbon. The original productivity is closely related to 
climate and nutrients, and TOC content can reflect physical and 
chemical conditions, not necessarily intrinsically linked to lith-
ofacies (Jiang et al., 2017; Lu et al., 2004). Therefore, this study 
considers TOC content as one of the key characteristics of sedi-
mentary environment and microfacies (lithofacies combination), 
rather than for lithofacies classification.

4.2. Lithofacies combination characteristics

Based on detailed core observations and sedimentological 
analysis in the study area, the mixed sedimentation zone is sub-
divided into five sedimentary microfacies: (1) calcareous semi-
deep lake, (2) felsic semi-deep lake, (3) outer fan, (4) channel 
front, and (5) braided channel. This classification integrates lith-
ological composition (e.g., carbonate or felsic dominance; Chen 
et al., 2016; Jiang et al., 2017; Ma et al., 2022), sedimentary 
structures (e.g., laminations, deformation features; Mulder et al., 
2003), and depositional processes (e.g., turbidity currents, debris 
flows; Walker, 1978), following established fan-delta and

Fig. 3. Proposed classification scheme (a) and average composition of major minerals/TOC (b) for fine-grained sedimentary rocks. a. Limestone; b. Argillaceous limestone; c. Silty 
limestone; d. siltstone; e. Calcareous siltstone; f. Clayey siltstone; g. Claystone; h. Calcareous claystone; i. Silty claystone; j. Calcareous mixed fine-grained sedimentary rock (CMR); 
k. Felsic mixed fine-grained sedimentary rock (FMR); l. Argillaceous mixed fine-grained sedimentary rock (AMR); LC = Lithofacies combination.

X.-X. Fang, C.-F. Ma, F. Qin et al. Petroleum Science 22 (2025) 4875–4894

4880



lacustrine facies models (Cao et al., 2018; Catuneanu, 2022). The 
“outer fan”, “channel front” and “braided channel” microfacies 
align with gravity flow-dominated fan systems in steep-slope ba-
sins (Mulder et al., 2003; Walker, 1978), while “calcareous/felsic 
semi-deep lake” microfacies reflect compositional heterogeneity 
in transitional lacustrine environments. The lithofacies are sys-
tematically grouped into six lithofacies combinations (LC1–LC6) 
based on their spatial association, sedimentary structures, and 
microfacies context. The lithofacies classification of the fine-
grained rocks and the major mineral/TOC composition of each 
lithofacies combination are shown in Fig. 3. Each combination 
reflects distinct hydrodynamic regimes and depositional 
processes.

(1) Calcareous semi-deep lake microfacies is a low-energy, anoxic 
lacustrine environment dominated by suspension settling. 
LC1 is developed in this environment, characterized by lami-
nated silty limestone, commonly containing parallel calcite 
veins in Fig. 4(a)–(e). The dark coloration reflects high organic 
matter content, indicative of a high-quality source rock (oil 
shale). Persistent anoxia and low hydrodynamic energy favor 
the preservation of organic-rich, fine-grained sediments.

(2) Felsic semi-deep lake microfacies is a quiescent lacustrine 
setting punctuated by episodic felsic sediment influx. LC2 is 
developed in this microfacies, characterized by alternating 
laminated silty limestone and FMR Fig. 4(f)–(i). Thin-section

analysis reveals that the foresets are commonly recorded in 
the FMR and each foreset is separated by calcite mineral 
layers Fig. 4(h), signaling intermittent felsic plumes. Silty 
limestone mark pauses between felsic input events, with no 
sandstone deposition due to low-energy conditions.

(3) Outer fan microfacies is a distal fan environment influenced 
by dilute turbidity currents. LC3 is developed in this envi-
ronment, dominated by laminated FMR, commonly con-
taining felsic mineral layers in Fig. 5(a)–(d) (0.02–0.2 cm 

thick). Sedimentary structures include horizontal, defor-
mation, and wave bedding, formed by a more dilute 
turbidity current in Fig. 5(a)–(d) (Cantero et al., 2012). Felsic 
mineral layers and absence of sandstone reflect distal, low-
energy sediment gravity flows.

(4) Channel front microfacies is a proximal fan-delta zone 
subject to intermittent turbidity currents. LC4 and LC5 is 
developed in this microfacies. LC4 is made up of laminated 
silty limestone with interlayers of dolomitic fine sandstone 
in Fig. 5(e)–(g) (13.1% sandstone). LC5 is made up of lami-
nated FMR (or CMR) with interlayers of dolomitic coarse 
sandstone with gravel in Fig. 5(h)–(j) (34.8% sandstone). 
Sedimentary structures of turbidity current deposits such as 
the flame structure in Fig. 6(a), incomplete Bouma sequence 
(graded bedding), bottom scouring surface in Figs. 5(e) and 
6(b), lenticular bedding and rhythmic bedding in Figs. 5(h) 
and 6(c), reflecting episodic turbidity currents.
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Fig. 4. Characteristics of lithofacies combinations in semi-deep lake subfacies. (a) The core of LC1, silty limestone with parallel calcite veins, well F143, 4019.25 m. (b) The core of 
LC1, CMR with fibrous calcite veins, well T726, 3899.45 m. (c) The model of LC1. (d) Calcite veins in the process of formation, well F143, 4019.25 m. (e) Fluorescence characteristics 
of LC1, well T726, 3899.45 m. (f) The core of LC 2, silty limestone and FMR with interlayers of calcite minerals, well F143, 3825.25 m. (g) The model of LC2. (h) Microscopic 
characteristics of LC2, well F143, 3825.25 m. (i) Fluorescence characteristics of LC2, well F143, 3825.25 m.
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(5) Braided channel microfacies is a high-energy, channelized 
fan-delta system dominated by debris flows and turbidity 
currents. LC6 is usually interbedded with massive bedded 
fine sandstone or coarse sandstone with gravel and massive 
FMR (58.7% sandstone) in Fig. 5(k)–(m), with sedimentary 
structures of debris flow deposits such as the massive 
bedding in Fig. 5(k), floating torn mudstone debris in 
Fig. 6(d), inverse graded bedding in Fig. 6(e), and gravity 
sliding structure underlain the underwater collapse (twisted 
and disordered distributions of sandstone and fold defor-
mation) in Fig. 6(d). These characteristics reflect syn-
depositional slope instability, high-energy debris flows, 
and channelized gravity processes.

The lithofacies combinations are directly tied to microfacies 
shifts (e.g., semi-deep lake to outer fan). This hierarchical frame-
work—from lithofacies (compositional units) to lithofacies combi-
nations (process-driven assemblages)—clarifies how depositional 
dynamics govern reservoir heterogeneity.

4.3. Hydrocarbon occurrence

4.3.1. Pore types
The study on sandstone pore systems (reservoir quality) is 

relatively complete (Lin et al., 2024; Ma et al., 2024). The sandstone 
facies in the study area include two types: dissolution sandstone 
facies in Fig. 5(g)–(j) and (l) and cementation sandstone facies in 
Fig. 6(a)–(d) and (f). The appearance of dissolution sandstone 
facies indicates that hydrocarbons can be stored in sandstones in 
the channel front and braided channel microfacies (Fang et al.,

2024). It is common to see organic matter (OM) filling primary 
pores between mineral particles and filling secondary dissolution 
pores in Quartz and Calcite in Fig. 7(a) by the FE-SEM studies. 

However, fine-grained rocks have complex and diverse pore 
systems, and multiple categorizations based on pore size, shape, 
and accessibility have been proposed (Hu et al., 2023; Loucks et al., 
2012; Ma et al., 2023b; Slatt and O’Brien, 2011; Zhang et al., 2024a). 
By using fluorescence microscopy, hydrocarbons mainly occur 
within parallel calcite veins in Fig. 4(e) and calcite mineral layers in 
Fig. 4(i). Based on the relationship between pores and particles 
(Loucks et al., 2012; Zhang et al., 2024a), there are five types of 
inorganic mineral pores in the study area by the FE-SEM studies in 
Fig. 7: (1) InterP pores (i.e., pores between mineral particles and 
crystals in Fig. 7(b); (2) Dissolution intraP pores (i.e., pores within 
particles), which are formed by the internal dissolution of mineral 
particles (such as dolomite) and sub-rounded to sub-angular in 
shape in Fig. 7(c); (3) Intraplatelet pores and interplatelet pores, 
which are nanoscale and mainly occur inside the I/S to form organic 
clay complexes in Fig. 7(d); (4) Intercrystalline pores, which are 
generally nanoscale and mainly occur inside pyrite framboids in 
Fig. 7(d); and (5) fracture pores, which are formed by the tectonic 
microfractures in Fig. 7(e) or formed by the bedding fractures in 
Fig. 7(f). The above types of pores are often filled with OM.

4.3.2. Petrophysical properties
LPNP analysis is used to measure the pore structure properties 

of pores with diameter less than 300 nm (Zhang et al., 2024a). The 
BET surface area, BJH pore volume and BJH average pore diameter 
before solvent extraction ranged from 0.78 to 24.65 m 2 /g, 
6.09–37.41 mm 3 /g, and 5.70–37.28 nm (Table 2). These values
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Fig. 5. Characteristics of lithofacies combinations in fan subfacies. (a) The core of LC3, FMR with interlayers of felsic minerals, well F112, 3108.60 m. (b) The core of LC3, FMR with 
interlayers of felsic minerals, well T729, 3272.60 m. (c) The model of LC3. (d) Microscopic characteristics of LC3, well F112, 3108.60 m. (e) The core of LC4, silty limestone with 
interlayers of dolomitic fine sandstone, well F112, 3075.20 m. (f) The model of LC4. (g) Microscopic characteristics of dolomitic fine sandstone, well F112, 3075.20 m. (h) The core 
of LC5, FMR with interlayers of dolomitic coarse sandstone with gravel, well T771, 3701.05 m. (i) The model of LC5. (j) Microscopic characteristics of dolomitic coarse sandstone 
with gravel, well T771, 3701.05 m. (k) The core of LC6, fine/coarse sandstone and FMR, well L3, 2661.30 m. (l) The model of LC6. (m) Microscopic characteristics of fine sandstone, 
well L3, 2661.30 m.
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change to 4.95–25.57 m 2 /g, 15.79–44.47 mm 3 /g, and 5.61–16.16 nm 

after solvent extraction (Table 2). Based on the increment of BET 
Surface Area and BJH pore volume, the increment of LC1 and LC2 is 
the highest, followed by LC3, LC4 and LC5, and the increment of 
LC6 is the lowest (Table 2). The decrease in BJH average pore 
diameter may be due to the residual OM mainly being occur in 
pores below 10 nm.

Compared with LPNP, MIP determines a wider range of pore-
throat diameter (2.8 nm–50 μm) and pore structure properties, 
including porosity, permeability, average pore diameter, skeletal 
density, bulk density and tortuosity (Zhang et al., 2024a, Table 3). 
The ranges of these values are 2.43%–7.68%, 0.41–12.90 mD, 
8.65–13.88 nm, 2.48–2.85 g/cm 3 , 2.31–2.78 g/cm 3 , and 2.81–5.50, 
respectively (Table 3). The porosity and permeability of LC1 are 
both higher; LC2, LC4, LC5, and LC6 have relatively higher porosity 
but lower permeability; the porosity and permeability of LC3 are 
both lower (Table 3). The skeletal (particle) density, bulk density, 
and tortuosity of LC3 and LC6 are all relatively high (Table 3). 

Pore morphology analysis by isothermal hysteresis loop is a 
common idealized method (Song et al., 2023; Zhang et al., 2024a). 
Fig. 8(a) and (b) show LPNP adsorption/desorption isotherms of 
different lithofacies combinations before and after solvent 
extraction. At higher pressure, the adsorption and desorption 
isotherms do not overlap, and there are hysteresis loops. 
Isothermal hysteresis loop is similar to H3 and H4 types in the 
IUPAC classification (Sing, 1985; Zhang et al., 2024a), indicating 
that the pores of these six lithofacies combinations are slit-shaped

pores and narrow slit-like pores, and the pores of LC3 are mostly 
slit-shaped pores in Fig. 8(a). There was no significant change in 
isothermal adsorption before and after solvent extraction in 
Fig. 8(b), which confirmed that the pores containing OM are the 
above-mentioned pores. When the relative pressure is greater 
than 0.9, the adsorption of N 2 increases rapidly, indicating that the 
presence of macropores (>50 nm) has a significant contribution to 
the total pore volume (Zhang et al., 2024a).

For the pore size distribution plot of LPNP results after solvent 
extraction in Fig. 8(c), the vertical coordinate is dV/dlogD, which 
eliminates the influence of the number of data points on the pore 
size distribution and highlights the existence of relatively large 
diameter pores (Liu and Ostadhassan, 2019; Zhang et al., 2024a). 
The pore size distribution has two peaks, one at 2–10 nm and the 
other at 20–30 nm in Fig. 8(c). For the plot of the incremental pore 
size distribution after solvent extraction of the LPNP results, the 
vertical coordinate is dΔV/dlogD. Residual OM exists in pores be-
tween 2 and 30 nm, mainly in pores below 10 nm, followed by 
pores between 10 and 30 nm in Fig. 8(d).

The mercury intrusion and extrusion curves in MIP tests are 
shown in Fig. 9(a). Under low pressure, the intrusion volume of 
mercury increases slowly with the increase of pressure. However, 
when the intrusion pressure is greater than 10 MPa, the intrusion 
volume of mercury increases rapidly, accounting for more than 
half of the total volume, indicating the existence of nanoscale 
pores (Hu et al., 2017; Kuila and Prasad, 2013; Zhang et al., 2024a). 
The obvious hysteresis in the mercury extrusion curve indicates

Fig. 6. Sedimentary structures in fan subfacies. (a) Flame structure, well T772, 4379.15 m. (b) Incomplete Bauma sequence (parallel and graded bedding) and bottom scouring 
surface, well T772, 4363.60 m. (c) Rhythmic bedding, well T729, 3258.40 m. (d) Floating torn mudstone debris, well T729, 3515.50 m. (e) Inverse graded bedding, well L912 
3645.00 m. (f) Gravity sliding structure, well T771, 3831.70 m.
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Fig. 7. FE-SEM images of different types of pores. (a) Primary pores and secondary dissolution pores, Coarse sandstone, well T729, 3515.5. (b) InterP pores between carbonate 
mineral particles, FMR, well F1-2, 3831.30 m. (c) Dissolution intraP pores formed by the internal dissolution of dolomite, Silty limestone, well X1, 4381.00 m. (d) Intraplatelet pores 
and interplatelet pores inside the I/S, Intercrystalline pores inside the pyrite framboids; Clayey siltstone, well T771, 3800.89 m. (e) Fracture pores formed by the tectonic 
microfractures, FMR, well T14, 3767.85 m. (f) Fracture pores formed by the bedding fractures, Silty limestone, well X1, 4381.00 m; OM = organic matter; Qtz = quartz; 
Cal = calcite; Dol = dolomite. I/S = mixed illite-smectite; Py = pyrite; InterP pores = pores between mineral particles and crystals; IntraP pores = pores within particles.

Table 2
Pore structure parameters for fine-grained rocks of six lithofacies combinations based on LPNP analyses and solvent extraction comparison.

Lithofacies
combination

Before solvent extraction After solvent extraction

BET surface 
area, m 2 /g

BJH pore 
volume, 
mm 3 /g

BJH average 
pore diameter, 
nm

BET surface 
area, m 2 /g

BJH pore 
volume, 
mm 3 /g

BJH average 
pore diameter, 
nm

Incremental BET 
surface area, m 2 /g

Incremental BJH 
pore volume, mm 3 / 
g

Incremental BJH 
average pore diameter, 
nm

LC1 6.57 20.03 10.90 16.33 30.11 7.65 9.77 10.08 − 3.25
LC2 1.92 11.10 25.22 15.55 28.64 9.14 13.63 17.54 − 16.07
LC3 12.89 37.41 10.85 23.64 44.47 8.50 10.75 7.06 − 2.35
LC4 0.78 6.09 37.28 4.95 15.79 16.16 4.16 9.70 − 21.12
LC5 4.83 15.53 12.38 10.16 21.79 9.68 5.33 6.25 − 2.70
LC6 24.65 28.05 5.70 25.57 27.39 5.61 0.92 − 0.66 − 0.09

Notes: LC1 (Well F143, 4019.20 m); LC2 (Well F143, 3825.25 m); LC3 (Well T729, 3272.60 m); LC4 (Well F112, 3075.30 m); LC5 (Well T771, 3800.89 m); LC6 (Well L89, 
3451.35 m).

Table 3
Pore structure parameters for fine-grained rocks of six lithofacies combinations from MIP analyses.

Lithofacies
combination

Porosity,
%

Permeability,
mD

Average pore 
diameter, 
nm

Skeletal 
density, 
/cm 3

Bulk 
density, 
g/cm 3

Tortuosity Pore volume at different connected networks, mm 3 /g

2.8–5 nm 5–10 nm 10–50 nm 50–100 nm 0.1–1
μm

1–10
μm

10–50
μm

LC1 6.80 12.90 13.88 2.51 2.34 2.81 2.57 10.80 7.37 1.29 2.33 2.62 2.11
LC2 6.96 2.36 11.87 2.48 2.31 4.21 3.52 11.36 9.53 1.70 1.54 1.77 0.76
LC3 2.43 0.41 9.69 2.85 2.78 5.39 1.31 4.90 1.13 0.22 0.56 0.45 0.16
LC4 4.41 1.64 9.45 2.59 2.48 3.80 4.24 5.42 4.99 1.28 0.75 0.77 0.33
LC5 5.27 3.43 11.00 2.71 2.56 3.78 2.63 10.13 4.05 0.54 1.30 1.24 0.67
LC6 7.68 2.03 8.65 2.76 2.55 5.50 7.66 13.10 2.58 0.55 1.23 4.19 0.84

Notes: LC1 (Well T729, 3899.45 m); LC2 (Well F143, 3825.25 m); LC3 (Well X1, 4377.40 m); LC4 (Well F112, 3075.30 m); LC5 (Well F1-2, 3831.30 m); LC6 (Well L89, 
3451.35 m).
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that the connectivity of the pore network in LC2 – LC5 is poor 
(Zhang et al., 2024a).

The pore size distribution obtained by MIP tests has a clear main 
peak and a smaller secondary peak in Fig. 9(b). The main peaks are 
in the range of nanoscale pore-throat size (2.8–400 nm), and the

small secondary peaks are in the range of pore-throat size greater 
than 4 μm, which may be related to the presence of microfractures 
in these samples in Fig. 7(e) (Zhang et al., 2024a). Table 3 shows that 
the pore-throat size is mainly within the range of 5–50 nm in LC1, 
LC2, LC4 and LC5, and 2.8–10 nm in LC3 and LC6.

Fig. 8. LPNP results of fine-grained sedimentary rock with different lithofacies combinations. (a) Adsorption and desorption isotherms before solvent extraction. (b) Adsorption 
and desorption isotherms after solvent extraction. (c) Pore size distributions after solvent extraction, with the vertical coordinates dV/d(logD) (V: pore volume; D: pore diameter). 
(d) Incremental pore size distributions after solvent extraction, with the vertical coordinates dΔV/d(logD) (ΔV: incremental pore volume generated by extraction; D: pore 
diameter).

Fig. 9. MIP results of fine-grained sedimentary rock with different lithofacies combinations. (a) Intrusion/extrusion curves of MIP. (b) Pore-throat size distribution.
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4.4. OM properties of lithofacies combinations

The abundances of OM in fine-grained sedimentary rocks 
among the six lithofacies combinations are significantly different 
in Fig. 3(b). And the content of OM in laminated shale was much 
higher than in massive shale in Fig. 10(a). Moreover, there is a rule 
that the OM content increases with the increase of clay mineral 
content in Fig. 10(b), which may be due to the OM content in the 
organic clay complexes was high in Fig. 7(d) (Hou et al., 2023). 
However, this rule does not apply in LC6 in Fig. 10(b), suggesting 
that clay minerals with high surface area (Table 2) in the high-
energy braided channel microfacies may primarily host pore wa-
ter rather than hydrocarbons. Similar observations in nearshore 
marginal lacustrine facies have been attributed to rapid sedi-
mentation and limited organic-clay interactions under dynamic 
hydrodynamic conditions (Gorynski et al., 2019; Li et al., 2019a; 
Zhao et al., 2023). 

An innovative methodology was developed to study OM 

properties based on lithofacies combinations from the perspective 
of mathematical weighted average. According to statistical prin-
ciples, the comprehensive OM properties of lithofacies combina-
tions are obtained by calculating the thickness-weighted average 
of OM parameters of different lithofacies. The principle of its 
calculation formula is as follows:

N = 
d 1

∑ n
i=1d i

N 1 + 
d 2

∑ n
i=1d i

N 2 + 
d 3

∑ n
i=1d i 

N 3 + … + 
d n

∑ n
i=1d i

N n

Notes: The N n is the average quantitative parameter of the 
nth lithofacies within a lithofacies combination; the d n is the 
total thickness of the nth lithofacies within a lithofacies com-
bination; the N is the comprehensive OM parameters of the

lithofacies combination. The thickness-weighted average 
method is also applicable to the analysis of petrophysical 
properties.

Calculation results from MIP, TOC and SBS Rock-Eval pyrolysis 
analysis are shown in Table 4. For the six lithofacies combinations, 
calculated average porosity falls between 0.22% and 6.38%; TOC 
varies from 0.53% to 5.84%; T max ranges from 427.28 to 445.33 ◦ C, 
indicating that most of the LCs are in the early mature stage. FHCs 
are in the range of 1.08–6.64 mg HC/g rock, and AHCs values vary 
from 0.53 to 10.81 mg HC/g rock, indicating that LC1, LC2, LC4 and 
LC5 have higher hydrocarbon content and LC3 and LC6 shows poor 
hydrocarbon content (Table 4).

4.5. Geological response to astronomical cycles

To assess astronomical forcing mechanisms, we first generated 
the power spectrum of the ETP theoretical series spanning 
39.2–44.4 Ma (Fig. 2) using the La2010d orbital solution (Laskar 
et al., 2004, 2011; Wang et al., 2020b). This analysis quantified 
the theoretical astronomical period ratios as 406: 127: 97: 40: 23: 
19 for the studied interval. The 2π MTM power spectra shows that 
the corresponding ratio of the 6 peaks is 406: 127.2: 96.6: 39.9: 
22.9: 18.9 in Fig. 11(a), which is almost consistent with the 
theoretical astronomical period ratio. The corresponding depth-
domain thicknesses for these cycles are 30.18 m: 9.45 m: 
7.17 m: 2.96 m: 1.70 m: 1.41 m. And the 406-kyr long eccentricity 
cycle, exhibiting the highest spectral power in Fig. 11(a), is 
interpreted as the dominant orbital control on sedimentary 
cyclicity in the study area (Huang and Hinnov, 2019; Ma et al., 
2023a; Shi et al., 2020). The eCOCO analyses indicate a likely 
mean sediment accumulation rate of ~7.6 cm/kyr for the studied

Fig. 10. XRD, TOC and SBS Rock-Eval pyrolysis analysis results of different structures (a) and different lithofacies combinations (b).

Table 4
Thickness weighted calculation results of petrophysical/OM properties for each lithofacies combination.

Lithofacies combinations Sedimentary microfacies Porosity, % TOC, % T max , ◦ C FHCs, mg/g AHCs, mg/g

LC1 Calcareous semi-deep lake 5.12 4.68 445.33 6.64 4.68
LC2 Felsic semi-deep lake 2.26 2.78 442.65 5.00 4.66
LC3 Outer fan 0.22 2.64 437.50 1.34 1.40
LC4 Channel front 5.03 5.84 438.79 5.53 10.81
LC5 Channel front 6.38 3.23 440.63 6.11 3.98
LC6 Braided channel 5.30 0.53 427.28 1.08 0.53

Notes: FHCs = free hydrocarbons; AHCs = adsorbed hydrocarbons.
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Fig. 11. Interpreted cyclostratigraphy of Es4s of well T771 and well F1-2. (a) The 2π MTM power spectra of detrended gamma ray data depth (3500–4100 m). Results of 
evolutionary correlation coefficient (eCOCO) analyses (b), the sedimentation rate curve (black line) based on 406-kyr tuning and evolutionary null hypothesis (H 0 ) significance 
level (c) of the gamma ray series. The relationship between event sedimentation and filtered cycles. Detrended gamma ray (black line) of cored interval of well T771 (d) and well 
F1-2 (e) are Gaussian filtered (red line) for ~30.18 m cycles (0.033 ± 0.007 cycles/m). The filtered cycles are interpreted as 406-kyr cycles. The lithofacies combination division 
results (blue line connecting the median depth of each lithofacies combinations) are based on cores observation of well T771.
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interval in Fig. 11(b) and (c), which is consistent with the value of 
7.5–11.0 cm/kyr obtained by previous studies (Xu et al., 2023). 
After the above analysis, a suitable and reliable Milankovitch 
cycle curve can be obtained through filtering in Fig. 11(d) and (e).

The sedimentation rate curve in Fig. 11(b) (black line) based on 
406-kyr age tuning of the longest statistically significant cycles in 
the data in Fig. 11(a) confirms the accuracy of the 406-kyr filter in 
Fig. 11(d) and (e).

Fig. 12. The depositional model for mixed sedimentation zone in the northern steep slope zone of the Dongying Sag.
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The identification result of lithofacies combinations in well 
T771 in Fig. 11(d) and (e) indicate that the 406-kyr long eccen-
tricity cycle modulates sandstone-mudstone alternations in the 
northern steep slope zone: high long eccentricity phases (406-kyr 
maxima) correlate with thick sandstone units (LC5–LC6), while 
low phases correspond to mudstone-dominated lithofacies 
(LC1–LC4) in Fig. 11(d) and (e). The integrated evolution of sand-
stone and mudstone (i.e. lithofacies combination) based on as-
tronomical cycle theory analysis has shown a clear regularity in 
the mixed sedimentation zone in the northern steep slope zone of 
Dongying Sag.

5. Discussion

5.1. Depositional model

Based on the comparison of ancient and modern fine-grained 
sediments, it is found that as the water depth increases from the 
lake basin edge towards the center of the basin, the content and 
particle size of quartz and feldspar decrease due to sedimentary 
differentiation in Fig. 3(b) (Cao et al., 2018). And OM is adsorbed 
onto clay minerals and its content gradually increases in Fig. 10(b), 
but the occurrence of deep-water slope gravity-flow deposits may 
lead to a regional decrease of OM content in the vicinity of the

basin center in Fig. 3(b) (LC3). Studies on the influence of mineral 
and OM composition on particle density have shown that a 
decrease in OM content and an increase in clay mineral content 
indicate an increase in particle density (Joerg and Martin, 2020; 
Robinson et al., 2022). LC3 exhibits particle and bulk densities 
comparable to LC6 (FMR), indicating that it is caused by the 
enrichment of terrigenous organic-lean clay minerals carried by 
turbidity currents. Based on the lithofacies classification of XRD 
data, the fluid that forms FMR carried by deep-water gravity flow 

is defined as the felsic mixed floating current in this study, which is 
the hypopycnal plume for floating river water that has lower 
density than basin water (Bates, 1953; Shanmugam, 2018). Felsic 
mixed floating current extends as far as felsic semi-deep lake and 
appears as thin layers in LC2 in Fig. 4(f). The fine-grained sedi-
mentary rock of LC4 are mainly composed of silty limestone, 
indicating that LC4 is almost unaffected by felsic mixed floating 
current, while the fine-grained rock of LC5 and LC6 is FMR, indi-
cating that there is a gap of the felsic mixed floating current at LC4. 

A depositional model was further established in order to clearly 
describe the sedimentary process for the mixed sedimentation 
zone in the northern steep slope zone of the Dongying Sag (Fig. 12). 
As the water depth decreases from the center of the basin towards 
the lake basin edge, there are five microfacies: calcareous semi-
deep lake (LC1), felsic semi-deep lake (LC2), outer fan (LC3),

Fig. 14. Sedimentary evolution and hydrocarbon occurrence model for transition zone between conventional and unconventional hydrocarbon reservoirs controlled by high (a) 
and low (b) 406-kyr long eccentricity cycles for mixed sedimentation zone in the Northern Steep slope zone of the Dongying Sag (modified from Shi et al., 2020; Xu et al., 2023; 
Zhang et al., 2024b). The data in the lithological profile are derived from well-to-well correlation, with the well locations illustrated in Fig. 1(a).
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channel front (LC4 and LC5) and braided channel (LC6) in the 
middle fan.

(1) In calcareous semi-deep lake above the CCD where the rate 
of supply of calcium carbonate is greater than the rate of 
dissolution, the minerals are mainly carbonate and clay. The 
reducibility of lake water results in the higher OM content in 
Fig. 13(a). Controlled by chemical deposition caused by 
biological forces and seasonal stratification of the lake water 
(Fig. 12), LC1 developed horizontal laminated organic-rich 
silty limestone containing parallel calcite veins in 
Fig. 4(a)–(e) (Bai et al., 2018). And hydrocarbon generation 
processes likely induced the formation of bedding-parallel 
calcite veins of fibrous sparry calcite through recrystalliza-
tion from sedimentary layers in Fig. 4(d) (Zhang et al., 2016).

(2) In felsic semi-deep lake, interbedded FMC developed on the 
basis of silty limestone in the calcareous semi-deep lake 
(LC1) due to the influence of the felsic mixed floating cur-
rent (Fig. 12). As a result of the low supply of OM and diffi-
culty in preservation in the felsic mixed floating current, the 
OM content in LC2 is lower than that in LC1 in Fig. 13(a). 
During the transportation of fine-grade felsic particles by 
felsic mixed floating current from north to south in the 
northern steep slope zone of the Dongying Sag, fine-grade 
felsic particles are prone to form foresets within the bot-
tom currents. Lateral migration and frontal progradation of 
foresets under the action of bottom currents results in 
multiple stacked and laterally-connected foresets in 
Fig. 4(h) and (i), ultimately controlling the accumulation 
and preservation sites of the FMR (Cao et al., 2024).

(3) In outer fan, the basis lithofacies has completely changed to 
the laminated FMR controlled by the felsic mixed floating 
current, resulting in LC3 becoming a key lithofacies combi-
nation for the accumulation of terrigenous organic-lean clay 
minerals. Due to the influence of terrigenous fine-grained 
debris under the suspended load of dilute turbidity cur-
rents (Fig. 12) and hydrodynamic conditions, FMR are 
formed with deformation bedding in Fig. 5(b), and wave 
bedding in Figs. 5(d) and 12. The physical and OM properties 
of LC3 are inferior to those of LC1 and LC2, but the TOC 
content is still more than 2% in Fig. 13(a).

(4) In channel front of the middle fan, LC4 has not been 
significantly affected by felsic mixed floating current, and 
the basis lithofacies remains silty limestone. But LC4 has fine 
sandstone interlayers with a thickness of 5–23 cm affected 
by turbidity currents, and dissolution pores are developed in 
sandstone in Figs. 6(g) and 12. The small amount of felsic 
mixed floating current carried by the turbidity current can 
control the formation of thin interlayers of FMR beside the 
sandstone in Figs. 5(e)–(g) and 12. As the hydrodynamic 
force increased significantly, LC5 are controlled by turbidity 
current and felsic mixed floating current, resulting in the 
development of coarse sandstone interlayers with a thick-
ness of 0.4–56.0 cm on the basis of FMR in Figs. 5(h) and 12. 
At the same time, the content of terrigenous felsic minerals 
in the fine-grained sediments developed in LC5 has also 
significantly increased in Fig. 3(b), which may have led to 
the improved physical properties (porosity, permeability, 
and pore diameter) of fine-grained sediments in Table 3 and 
Fig. 8(c). The thermal evolution of OM in organic-rich silty 
limestone and FMR can produce plenty of organic acids 
(Dutton, 2008). These acids can partially dissolve unstable 
minerals in sandstones such as feldspar, forming a large 
number of secondary dissolution pores in LC4–LC5 in 
Fig. 6(g) and (j) (Fang et al., 2024). In summary, the OM

properties and physical properties of LC4 and LC5 are su-
perior to those of LC3 in Fig. 13(a).

(5) In underwater braided channel of the middle fan, the LC6 
consists of interbedded massive bedded (0.54–1.40 m) fine 
sandstone or coarse sandstone with gravel and FMR (Fig. 12). 
Sediments are mainly supplied by debris flows, tractive cur-
rents generated by normal mountain-derived river dis-
charges during non-flood periods, and fine-grained 
suspension sedimentation (Cao et al., 2018). Controlled by the 
weakest deep lake influence and the strongest terrigenous 
input influence, LC6 becomes a key lithofacies combination 
for the accumulation of terrigenous felsic minerals in 
Fig. 3(b). Therefore, fine-grained sediments of LC6 have the 
worst OM properties but the highest porosity among the six 
lithofacies combinations in Fig. 3(b) and Table 3. As the 
thickness of the sandstones increases, the average content of 
carbonate cements gradually decreases from LC4 to LC6, 
resulting in a gradual increase in porosity in Fig. 13(b). 
Diagenesis plays a decisive role in this process, as thinner 
sandstones are often more easily cemented (Fang et al., 2024). 
Hydrocarbons can migrate from semi-deep lake to braided 
channel through faults, bedding, and other mechanisms. 
Under the control of formation pressure and oil-water 
displacement (buoyancy), hydrocarbons can migrate again 
towards higher positions within the braided channel sand-
stones (Pranter and Sommer, 2011). On the whole, LC6 has 
high porosity, but poor OM properties in Fig. 13(a) and (b).

5.2. Sedimentary evolution and hydrocarbon occurrence model

Orbital forcing exerts first-order controls on sedimentary evo-
lution through modulation of paleoclimate dynamics at both 
global and regional scales. During the Eocene greenhouse climate, 
orbital parameters (eccentricity, obliquity, precession) exerted 
latitude-dependent controls on solar radiation distribution, at-
mospheric circulation, and monsoon intensity (Licht et al., 2014; 
Westerhold et al., 2020; Zhao et al., 2025). While prior studies 
emphasize the role of long obliquity (1.2 Ma) in regulating low-
latitude lake-level fluctuations and organic matter burial at 
million-year scales (Zhao et al., 2025), our work highlights the 
dominance of the 406-kyr eccentricity cycle in controlling meter-
scale lithofacies heterogeneity. This distinction aligns with global 
frameworks where eccentricity dominates low-latitude hydro-
climate under greenhouse conditions, as obliquity signals weaken 
without polar ice sheets to amplify their effects (Westerhold et al., 
2020). Specifically, the 406-kyr cycle amplified seasonal contrasts 
in East Asia, driving monsoon intensification and pulsed sediment 
delivery to the Dongying Sag (Huang and Hinnov, 2019; Liu et al., 
2018; Ma et al., 2023a; Shi et al., 2020; Wang et al., 2020b; Wei 
et al., 2024a; Xu et al., 2023; Zhang et al., 2024b). High eccen-
tricity phases enhanced terrigenous input, forming sandstone-rich 
lithofacies (LC5–LC6), while low phases favored organic-rich 
shales (LC1–LC4). These findings bridge latitudinal climate dy-
namics with basin-scale sedimentation processes, resolving how 

orbital forcing cascades from global insolation gradients to lith-
ofacies combination-scale heterogene. Differences in lithofacies 
combinations govern source-reservoir assemblage characteristics 
and hydrocarbon distribution, which affect the development 
methods and engineering processes of the conventional reservoirs 
and unconventional reservoirs (Guo et al., 2023; Hu et al., 2024; 
Shen et al., 2021). After summarizing the above process and 
completing well-to-well correlation (T748, T770, T771, T125 and 
T180 in Fig. 1(a)), a sedimentary evolution and hydrocarbon 
occurrence model of ordered coexistence of source and reservoir is
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established for mixed sedimentation zone in the northern steep 
slope zone of the Dongying Sag (Fig. 14).

During high eccentricity phases, increased solar radiation 
enhanced latitudinal thermal gradients, strengthening the East 
Asian monsoon (Xu et al., 2023). Warm-humid conditions inten-
sified seasonal rainfall, triggering frequent floods and hyperpycnal 
flows. These processes delivered coarse-grained sediments (e.g., 
LC5–LC6 lithofacies) via debris flows and turbidity currents, while 
high-energy conditions diluted organic carbon preservation in 
fine-grained sediments in Figs. 3(b) and 14(a).

During low eccentricity phases, reduced solar radiation at 
perihelion led to drier climates with weakened monsoons (Xu 
et al., 2023). Limited rainfall stabilized sediment supply, favoring 
suspension settling of clay and organic matter (LC1–LC4 in 
Fig. 14(b)). However, episodic hyperpycnal flows during lake-
level lowstands deposited isolated sandstone interlayers in 
Fig. 5(e), while slope instability under low hydrodynamic energy 
promoted slump and turbidite deposition (Xu et al., 2023). These 
conditions enhanced organic carbon accumulation in laminated 
shales (LC1–LC4 in Fig. 3(b)), contrasting with high-energy phases. 

Under the combined action of structural location and gravity 
flow distribution controlled by the long eccentricity cycle, the or-
dered coexistence of conventional and unconventional reservoirs 
has been formed in the study area. Based on the differences in 
hydrocarbon occurrence characteristics of different lithofacies 
combinations and source-reservoir assemblage types of different 
sedimentary microfacies controlled by astronomical cycles, three 
hydrocarbon occurrence models are identified: (1) continuous 
(“united source-reservoir”), (2) quasi-continuous (“adjacent 
source-reservoir”), and (3) discontinuous (“separated source-
reservoir”) hydrocarbon accumulations (Fig. 14).

(1) Continuous hydrocarbon accumulation

Continuous hydrocarbon accumulation refers to unconven-
tional oil and gas resources accumulated within source rocks (Li 
et al., 2015). Due to the fact that the source rock is both a source 
rock and a reservoir, it can also be referred to as “shale oil and gas”. 
Controlled by organic-rich shale, continuous hydrocarbon accu-
mulation mainly developed in the semi-deep lake and outer fan 
microfacies (LC1–LC3). Hydrocarbons remain in situ in clay mineral 
layers with high OM content (organic clay complexes, Fig. 7(d)), or 
undergo micro-migration from organic rich layers to adjacent 
calcite veins and calcite mineral layers in Figs. 4(e), (i) and 10. 
Inorganic pores, particularly recrystallization intercrystalline 
pores in calcite developed in the laminations in Fig. 10(a), are the 
key matrix pores for lacustrine shale oil (Fig. 7(b); Liang et al., 
2022). Recent advances in micro-migration characterization (e.g., 
Hu et al., 2024; Pan et al., 2023; Yuan et al., 2025) provide new 

insights into differential enrichment mechanisms of shale oil.

(2) Quasi-continuous hydrocarbon accumulation

Quasi-continuous hydrocarbon accumulation refers to uncon-
ventional oil and gas resources accumulated in tight reservoirs that 
are in close contact with organic-rich source rocks, also known as 
“tight oil and gas”. After hydrocarbon generation in source rocks, 
free hydrocarbons undergo short distance primary or secondary 
migration, occurring in thin interlayers of sandstone. Tight reser-
voirs can be sandwiched within source rocks or located above and 
below them, forming a “sandwich” or interbedded structure verti-
cally in Fig. 5(e) and (h). Controlled by organic-rich shale with in-
terlayers of sandstone, quasi-continuous hydrocarbon accumulation 
mainly developed in the channel front microfacies (LC4 and LC5), 
and the lower limit of the single-layer thickness of effective tight

reservoirs observed in the study area is 0.05 m (Sandstone pores 
below this lower limit are completely cemented).

(3) Discontinuous hydrocarbon accumulation

According to the traditional oil and gas reservoir formation 
model, in the case of discontinuous hydrocarbon accumulation, oil 
and gas generally undergo a migration process to form conven-
tional resources. After the source rock generates hydrocarbons, 
hydrocarbons undergo secondary migration under the action of 
formation pressure and oil-water displacement (buoyancy), 
forming conventional oil with traps as structural units. It is influ-
enced by various factors such as source rock, migration channels, 
and structural traps. Discontinuous hydrocarbon accumulation 
mainly developed in the braided channel microfacies (LC6). In the 
study of hydrocarbon occurrence, evaporation loss of light hy-
drocarbons is commonly present throughout the entire process of 
drilling and core sample preservation (Huang et al., 2022; Wei 
et al., 2024b). Light hydrocarbons rapidly migrate or dissipate 
due to high sandstone porosity, which may be the reason why the 
sandstone in LC6 has high porosity but poor oil-bearing properties 
in the test results of this study.

6. Conclusion

(1) This study first proposes a new depositional model for the 
mixed sedimentation zone between gravity flow sediments 
and deep-lacustrine fine-grained sediments in lacustrine 
rift basins with steep slopes. As the water depth decreases 
from the center of the basin towards the lake basin edge, 
there are five microfacies: calcareous semi-deep lake, felsic 
semi-deep lake, outer fan, channel front and braided chan-
nel in the middle fan, influenced by three types of fluids: 
debris flow, turbidity current, and felsic mixed floating 
current. There are six types of lithofacies combinations 
under the control of the five microfacies.

(2) Proposed a sedimentary evolution model for transition zone 
controlled by astronomical cycles. This study shows the 
control of 406-kyr long eccentricity cycles on the fluid 
evolution and sedimentary development of lithofacies 
combinations in the lake basin. During high eccentricity 
phases, increased monsoon-driven terrigenous input en-
hances sandstone deposition, developing braided channel 
(LC5) and channel front (LC6) microfacies. These intervals 
exhibit elevated terrigenous quartz/feldspar content and 
reduced organic carbon in fine-grained sedimentary rocks. 
Conversely, during low eccentricity phases, felsic mineral 
layers or isolated sandstone interlayers dominate, forming 
outer fan (LC3), channel front (LC4), and semi-deep lake 
(LC1–LC2) microfacies. These intervals show lower terrige-
nous content and higher TOC in fine-grained sedimentary 
rocks.

(3) The novel hydrocarbon occurrence model based on the 
sedimentary evolution model demonstrates the ordered 
coexistence of conventional and unconventional reservoirs, 
driven by astronomically forced climate fluctuations. High 
eccentricity amplifies monsoon-driven sediment influx, 
forming sandstone-rich lithofacies with discontinuous hy-
drocarbon accumulation, while low eccentricity stabilizes 
deposition, favoring organic-rich shales with continuous 
hydrocarbons accumulation. Based on the differences in 
hydrocarbon occurrence characteristics of different lith-
ofacies combinations and source-reservoir assemblage 
types of different sedimentary microfacies controlled by 
astronomical cycles, the ordered coexistence of shale oil,
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tight oil and conventional oil in the study area have been 
formed. The model offers actionable insights for optimizing 
exploration in analogous lacustrine rift basins.
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