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Dpo3ust U ocanouHbie GopMbl penbeda CBI3aHBI MEXKIY COOOW MyTSIMH MEPeHOCA OTIOKEHHIA, KOTO-
pbie 00pasyrT cucremy ucTouHUK—OoTaoKeHue (S2S). Konnenmus S2S moguepkuBacT B3aMMOCBS3b pa3iiny-
HBIX KOMIIOHEHTOB B CUCTEME OOJIOMOYHBIX OTIOKEHHH. Takke mpearaeTcst HOBBI METOJ XapaKTePUCTUKU
0CaJ0YHOTO Mpolecca B KOHTHHEHTAIBHBIX pUPTOBBIX OacceliHax. Jloka3aHO, YTO TPeThsl Madka TOPHU30HTA
[Tax»i3e (Es3) Ha ckione Ulymy B Oacceline 3anmuBa boxait B Kurae obmamaer GoraThIM IMOTEHIIHATIOM IS
Pa3sBE/IKM, HO IIPY OTHOCUTENBLHO HU3KOU JOObIYE. YUUTBIBAS CIIOKHYIO CTPYKTYpY Es, na cknone Llyiny, Tpa-
JIUIIAOHHBIC METOJIbI UCCIe0BaHus Hed()(EKTHBHBI MPH pa3pabdOTKe TEKYIIUX CTPATeTHil OCBOCHUs. TakuM
00pa3oM, B TaHHOI paboTe MpUMEHsIETCs Teopus S2S, a AIEMEHThI CHCTEMbI XapaKTEPU3YIOTCS C HCIOIb30Ba-
HHUEM JIaHHBIX KEepHa, KapoTaxa M celicMopa3BelKH. Pe3ynbraTel MOKa3bIBAIOT, 4TO S2S B 3TOM HCCIIELyeMOM
paifone OblIa oOecrieueHa NoaHATHEM HUHII3HHE B 3a11aTHOM PETHOHE, a KOHYC BEIHOCA U 03€pHBIC OCaI0YHbIC
CUCTEMBI OBLTH CPOPMHUPOBAHBI IECKOM, TIEPCHECEHHBIM Yepe3 JOJMHBI U IPUPA3IOMHBIC BIaIuHbl. Paspabo-
TaHa Mojieb B3auMocBszu S2S: «[lomgasaTre HUHI3WHD, UCTOYHUK TIeCKa — MPUPA3IIOMHAS BIIaIUHA, IEPEHOC
B JIOJIMHY — KOHYC BBIHOCA M OCAXK/ICHHE HA MEIIKOBOJIbE 03epay». JTa 00IaCTh UCCICIOBAHHIA TTO3BOJISIET TPO-
THO3UPOBATH MeCYaHbIe TeIa B KOHTHHEHTAJIbHBIX PU(TOBBIX OacceifHax co CXOAHBIM CTPYKTYPHBIM (POHOM.

O3zepHolil pugpmoswiil 6acceiin, cucmema «UCMOYHUK — ONMIONCEHUE», 0CAOOUHbIE XAPAKMEPUCTIUKY,
Es;, cknon Llyny

THE SOURCE-TO-SINK CHARACTER OF THE SHAHEJIE FORMATION IN THE SHULU SLOPE
(Bohai Bay Basin, China)

L. Liu, Z. Liu, R. Zhao, X. Li, X. Li, X. Luo, L. Zhao, T. Liu

Erosion and sedimentary landforms are linked through sediment transport pathways, which forms a
source-to-sink system (S2S). The coupling relationship of different components in the clastic sediment system
is emphasized by the S2S concept. A new method for characterizing the sedimentary process of continental rift
basins is also provided. It has been proven that there is rich exploration potential in the third member of the
Shahejie Formation (Es,) in the Shulu Slope of the Bohai Bay Basin in China but with relatively low produc-
tion. With the complex structural background of the Es, of the Shulu Slope, conventional research methods are
ineffective in guiding the current development strategies. Therefore, this study adopts the S2S theory, and its
elements in the study are characterized using core, logging, and seismic data. The results suggest that the S2S
in this study area was supplied by the Ningjin Uplift in the western region, and a fan delta and lake sedimentary
systems were formed by the sand transported through valleys and fault troughs. The S2S coupling model, “the
Ningjin Uplift sand supply—fault trough, valley transport—fan delta, and shore—shallow lake sedimentation,” is
established. This research field permits prediction of sand bodies in continental rift basins with similar structural
backgrounds.

Lacustrine rift basin, source-to-sink, sedimentary characteristics, Es; Shulu Slope

INTRODUCTION

Rift basins are a significant source of oil and gas resources, accounting for approximately one-third of
global reserves, and, thus, have always been of interest to the petroleum industry (Tian et al., 2023). Rift basins
form during the process of lithosphere stretching and thinning and are characterized by long, narrow boundaries
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composed of normal faults and thinning crusts. These modes of continental extension can be categorized de-
pending on the width and deformation mechanism of the rift, namely, narrow rift mode, wide rift mode, and
core composite mode (Wang et al., 2022). By understanding these modes, we can gain a better understanding
of how rift basins form and how to best explore and exploit their resources. Lacustrine rift basins, such as the
offshore Bohai Bay Basin (OBBB) in eastern China, are characterized by diverse sedimentary sources and com-
plex filling (Li et al., 2023; Paisani et al., 2023; Ribeiro et al., 2023; Zhao et al., 2023), which correspond to
different stages in the evolution of each particular basin (Peng, 2018; Savelyev et al., 2018; Liu et al., 2020;
Cuitifio et al., 2023).

Within a rift basin, the slope encompasses approximately 50% of the total area and is highly significant
for the migration and accumulation of oil and gas resources (Zhao et al., 2016; Liang et al., 2020), since it gen-
erally develops of multiple sedimentary facies, including the fluvial, delta, and shallow lake facies (Zhu et al.,
2022). The slope zone of a rift lacustrine basin is not only a sediment deposition area but also a sediment trans-
port channel, which has a significant impact on the sediment distribution. Typically, slope zones in lacustrine
rift basins can be categorized as either steep or gentle slopes, depending on their gradients. Each is character-
ized by complexity and diversity and influenced by factors, such as tectonic activity, which play a significant
role in shaping the depositional environment and processes. In the past decade, research on the slopes of rift
lacustrine basins has focused generally on the rift style, sequence stratigraphy, and the diffusion model of lacus-
trine marginal sediments, thus laying a foundation for the analysis of sedimentary environments and the predic-
tion of the properties of reservoirs (Liu et al., 2020; Devyatov and Nikitenko, 2023; Kosenko et al., 2023;
Travin et al., 2023; Polyansky et al., 2024).

However, slope types are rarely considered in this study of the source-to-sink system (S2S) of faulted la-
custrine basins, and the study of the S2S steep slope with complex structural characteristics is particularly weak.
The width and slope of the strata are common geometric features of the slope zone, which can directly reflect its
genetic mechanism and sedimentary structure characteristics and are an important basis for the classification of
slope types. According to the previous slope classification scheme (Zhao et al., 2016), the average gradient of the
Shulu Slope is a typical steep slope. Continental rift basin steep slope belts are widely developed in the world,
such as the steep slope area of the Jiyang Depression in the Bohai Bay Basin (Gao et al., 2024), the slope zone of
the Ulyastai Depression in the Erlian Basin (Feng et al., 2021), the western slope of the Mahu Depression in the
Zhungeer Basin (Xiao et al., 2021), and the steep mountain range area of the Baikal Rift System (Byzov and
Sankov, 2024).

Located in the Jizhong Depression in the northwestern part of the OBBB, the Shulu Slope features favor-
able conditions for the accumulation of oil and gas resources. However, to date little oil-gas exploration has
been conducted in this promising area. Thus, it is an important target for the increase of reserves and production
in the North China oilfield. This article presents the Shulu Slope as an example for exploring the characteristics
of the steep slope coupling mode. The main objectives of this study are threefold: (1) to investigate and charac-
terize the components of the S2S, utilizing the S2S theory as a framework; (2) to elucidate the types and spread
patterns of sedimentary systems within the Shulu Slope; and (3) to summarize the coupling mode of the S2S of
the Shulu Slope. Moreover, the overall aim of this work is to provide guidance for the prediction of sand bodies
with similar geologic backgrounds.

GEOLOGIC SETTING

The OBBB formed on the North China Craton basement in eastern China (Feng et al., 2016; Liu et al.,
2019) (Fig. 1). It is rich in oil reserves, and it has a development history of more than 40 years (Feng et al.,
2016). The tectonic evolution of the OBBB can be examined within four distinct stages with the Cenozoic con-
sidered to be the primary interval for the development of the petroliferous basin, including the Paleogene rifting
stage and the Neogene postrift thermal subsidence stage (Liu et al., 2016). The Shahejie Formation (Es) and
Dongying Formation (Ed) were established during the Paleogene. These sedimentary formations are especially
important, because they are associated with the deposition of organic-rich parental rocks and reservoirs within
the OBBB (Fig. le).

The Shulu Slope, localized in the southern section of the OBBB Jizhong Depression and the western part
of the Shulu Depression (Fig. 1), holds considerable significance as a key area for oil and gas exploration. The
eastern side is controlled by the Xinhe Fault, while the western side transitions gradually to the boundary of the
Ningjin Uplift; the southern part is the Xiaoliucun Uplift; and the northern part is controlled by the Hengshui
Fault (Zheng et al., 2015). The Shulu Slope is approximately 43 km long and 10 km wide (Fig. 1¢) and covers
an area of approximately 370 km?. Its development is determined by the structural events of the Jizhong De-
pression (Xiang et al., 2021). Three faults formed during the Middle Jurassic to Late Cretaceous Yanshanian
orogeny, namely, the Hengshui, Taijiazhuang, and Jingqiu faults, each of which played a crucial role in shaping
the topographic features within the basin, dividing it into three areas: north, middle, and south (Tang et al.,
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Fig. 1. Regional context: a — Location of the offshore Bohai Bay Basin (OBBB) in East China; b — tectonic
location of the Jizhong Depression in the OBBB, China:
1 — fault; 2 — secondary structural unit; 3 — study area; 4 — uplift area; 5 — depression area; 6 — slope area; 7 — city; ¢ — structural map of

the Shulu Slope; d — cross section and structural unit division of the Shulu Slope (see ¢ for location of the cross section); e — generalized
stratigraphic column of the Shulu Slope with red boxed strata representing the target interval of this study.

2018; Li et al., 2020b). The Shulu Slope Paleogene lacustrine strata lie on top of marine carbonate rock strata
from the Cambrian, Ordovician, and Carboniferous—Permian periods. They extend gradually toward the Ningjin
Uplift in the west (Kong et al., 2020), which is composed of Cambrian and Ordovician marine carbonate rocks.
They are the main parental rocks and control the composition of the basin fillings (Kong et al., 2019a; Li et al.,
2020b). From bottom to top, the Shulu Slope develops successively as follows: Jixian Wumishan Formation
(JXW), Cambrian System (€), Ordovician (O), Paleogene Shahejie Formation (Es), Dongying Formation (Ed),
Neogene Guantao Formation (Ng), Minghuazhen Formation (Nm), and Quaternary Plain Formation (Qp) strata.
The Es Formation is further divided from bottom to top into Es,, Es,, and Es, (Kong et al., 2019b; Li et al.,
2020a), bounded by seismic-interpreted basement units T6, TS, and T4. Es, is the main oil-bearing formation,
in turn, divided into the upper (Es}) and lower (Es;) submembers (Fig. 1e) (Zhao et al., 2014; Cai et al., 2022;
Liu et al., 2022). During the sedimentary period of Es;, the Shulu Slope was dominated by fan delta sedimenta-
tion and, consequently, developed carbonate breccia and sandstone reservoirs.

DATA AND METHODS

This research employed seismic and geological data to describe the characteristics of the elements in the
S28 system of the Shulu Slope. Additionally, the research outlined the coupling model in the Es, formation
within this study area. Three-dimensional (3D) seismic, cable logging, and core data provided by PetroChina
Huabei Oilfield Company were utilized in determining the sedimentary characteristics of the Es; formation. The
bandwidth range of the 3D seismic data volume frequency was found to be approximately 0-50 Hz, with a main
frequency of around 30 Hz. Logging sequences in this study included mainly GR, SP, and resistivity curves. In
the research area, a grand total of 150 wells were drilled; however, only two thin slice photos of the core were
collected, which were used to discuss the characteristics of the original rock. The thickness of the rock layer in
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a single well was utilized to create a map of the distribution of the stratum thickness. The ancient valleys of Es;
in the research area were determined based on the two NE—-SW seismic profiles that cross the Shulu Slope, and
the types and morphology of its sediment transport channels were analyzed and observed from these two seis-
mic profiles. Logging data and lithologic characteristics were used to determine the sedimentary environment
of the target stratum in the research area, and a sedimentary microfacies map was generated using root mean
square (RMS) amplitude attribute slices. Finally, based on the analysis of the sources, transport channels, and
sedimentary environment, an S2S coupling model was established.

RESULTS AND DISCUSSION

Source characteristics. Source analysis was used to ascertain the foundation of sedimentary patterns and
sand body distribution, without which a complete S2S system cannot be formed. The Ningjin Uplift is the
dominant source area of the Shulu Slope, and, thus, it provided the material basis for the S2S system of the
research area.

Based on the seismic data and with reference to previous layered systems, contour maps of the strati-
graphic thickness of Es} and Es! were drawn. These revealed that their development was inherited (Fig. 2), with
both formations exhibiting features of high landforms in the west and low landforms in the east, indicating that
the sediment in the convergence area had entered the study area mainly from the west. The main provenance
area of the study area is the western Ningjin Uplift, in line with our previous understanding of the direction from
which the Shulu Slope derives.

Lithologic characteristics. The main types of bedrock in the Ningjin Uplift are dolomite and limestone,
while the main rock types in the Es, formation of the Shulu Slope are argillaceous limestone and dolomitic
limestone. The lithology of the Es, formation in the Shulu Slope is similar to that in the Ningjin Uplift area.

The Mesozoic bedrock of the Ningjin Uplift consists mainly of large-scale dolomite and limestone for-
mations, serving as the basement. The J75 well is situated in the northern part of the Ningjin Uplift, and its
bedrock is composed primarily of gray-white dolomite with a layered agglomerate structure, formed by algal
activity in the sediment. In contrast, the J19 well, located in the northern part of the slope, contains mainly argil-
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Fig. 2. Stratigraphic thickness contour maps.

a — Stratigraphic thickness distribution of Es}; b — stratigraphic thickness distribution of Es}": / — thickness contour; 2 — fault; 3 — boundary;
4 —well. The numbers on the pictures are labeled as the stratigraphic thickness in the time domain.
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Fig. 3. Micrograph image of bedrock in the Shulu Slope.

a — Laminated gravelly limestone, 3895.76 m; b — massive marl, 4096.2 m; ¢ — massive gravelly marl, 4315.2 m; d — laminated micrite
limestone, 4211.5 m; e — laminated gray argillaceous limestone, 4212.2 m; f — laminated dark gray marl, 4212.7 m.

laceous limestone. Some oolites exhibit a spherical shape and have undergone metasomatism, resulting in re-
crystallized dolomite, while others are composed of microcrystalline calcite, indicating the influence of late
thermal metamorphism. The J34 well, located in the central part of the Ningjin Uplift, contains bedrock that
consists of fine-grained crystalline dolomite.

Limestone and argillaceous limestone, which are the major types of bedrock in the Es} formation, were
found to be distributed extensively across the entire region. Among them, ST3 (Fig. 3a) on the left side of the
middle trough in the Shulu Slope belt begins at a depth of 3895.76 m with grainy-bedded limestone that exhib-
its a gravel structure, with an argillaceous matrix and calcite distributed between the grains. At a depth of
4096.2 m, a massive formation of marlstone was identified (Fig. 3b).

The rock composition of the Shulu Slope is primarily argillaceous calcite with a small amount of silty
dolomite, displaying a weak lamellar structure. The sandstone debris components at 4315.2 m (Fig. 3¢) have
relative stability and further reflect the characteristics of the bedrock of the Shulu Slope. Mudstone limestone is
mainly developed in ST1H, generally composed of calcite and argillaceous material, with local bedding frac-
tures and pores filled with organic matter (Fig. 3d—f).

Continental rift basins are often accompanied by volcanic activities due to active tectonic movements.
The volcanic hydrothermal material generated by volcanic activity not only compensates for the concentration

Table 1. Parameters of the Shulu Slope valley

Valley Valley depth, m Valley width, m Cross-sectional area, m? Transport competence
Vi 10.62 90.40 480.02 moderate
V2 5.24 156.49 410.00 moderate
V3 20.50 204.88 2100.02 powerful
V4 10.32 100.78 520.02 powerful
\%A 14.60 42.47 310.03 moderate
Vo6 22.80 45.61 519.95 powerful
\'% 19.20 13.54 129.98 weak

V38 10.65 97.65 519.98 powerful
A% 27.50 182.17 2504.84 moderate
V10 8.56 165.99 710.44 moderate
Vi1 30.50 271.73 4143.88 moderate
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Xiaoliucun Uplift

Fig. 4. Distribution of valleys in the Es; of the study area:

1 —trough; 2 — paleovalleys; 3 — direction of source.

of SOZ-, CO%, Ca?*, Mg?*, and other ions in the formation water near the fault and the holes of spring but also
increases the crystallization temperature and promotes the formation of nutrient-rich lake basins (Kong et al.,
2017; Liu et al., 2021a,b; Bergal-Kuvikas et al., 2023; Eliseev et al., 2024; Nemova et al., 2024; Velivetskaya
et al., 2024). The Shulu Slope is controlled by the carbonate source, and the Ningjin Uplift on the west side of
the Shulu Slope is the main source area of the study area (Jiang et al., 2021).

Xiaoliucun Uplift

Fig. 5. Distribution of fault troughs in the Es, of the Shulu Slope.

The left figure shows the plane position of the seismic profile; the blue solid line on the seismic profile represents the top interface of Es;';
the purple solid line represents the top interface of Es,¥; the red solid line represents the fault formed before sedimentation; the green solid
line represents the fault layer formed after sedimentation; and the transparent purple polygon represents the fault groove.
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Sediment transport system. The sediment transport system, or channel (Liu et al., 2017), serves as a
link between the source area and the sediment area. It is a key factor in shaping the erosion and sedimentary
landforms of different sections and serves as a record of the geologic history of an area. In this study area, two
modes of sediment transport were identified, namely, ancient valleys and fault troughs, with the sand body
distribution most significantly influenced by the valleys.

Ancient valleys. Ancient valleys can be referenced to not only determine the direction of material sourc-
es but also predict the planar distribution of sand bodies. They form through surface erosion that occurs once
the base level falls beneath the point where the slope changes. As the lake level rises, hydrodynamic forces
weaken, and the erosion gullies are filled with terrigenous debris, forming paleovalleys. These paleovalleys
serve as important channels for source transport, with their planar distribution indicating the direction of water
flow and sediment extension. Additionally, valleys play a crucial role in the control of sedimentary systems and
the distribution of sand bodies. The characterization of ancient valleys is, thus, an effective method for clarify-
ing the direction of source supply and the distribution patterns of sediment transport.

Eleven valleys were identified in the Es, of the research area (Table 1, Fig. 4). Analysis of their depths,
widths, and cross-sectional areas revealed that V7 has the smallest cross-sectional area and the weakest carrying
capacity among them. The cross-sectional areas of V1, V2, V5, V9, V10, and V11 were found to range from
0.03 to 0.05 km?, indicating moderate carrying capacity, while the cross-sectional areas of V3, V4, V6, and V8
are relatively large, reflecting strong handling capabilities.

Fault troughs. Fault troughs are another major pathway for the transportation of sediment in this study
area. Relatively low-lying troughs or valleys develop under the influence of one or two adjacent main normal
faults. The development of the fault troughs in the J6 well in the Es} unit has had a controlling effect on the
distribution of sandstone bodies. At the early stage of development, synsedimentary fault troughs were first
filled and then tilted, with the internal in-phase axis nearly parallel and at an angle to the bottom boundary. This
controlled the direction of the reservoir sandstone body. At the late stage, nonsedimentary fault troughs were
first deposited, then tilted and staggered, with the same phase axis near the top and bottom interfaces, which did
not control the reservoir sand body (Fig. 5).

Depositional system. The Shahejie Formation, composed of fan deltas and shallow lake deposits, is a
key oil reservoir in the Shulu Slope. To gain a clearer comprehension of the spatial arrangement of sand depos-
its, an RMS amplitude attribute slice was extracted from the Es; and Es} units as a reference for the identifica-
tion of sand bodies.
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Fig. 6. Sedimentary distribution map of Es}.

a — RMS amplitude attribute slice of the Es,! formation: / — fan boundary; b — sedimentary microfacies distribution map of the Es}
formation: / — channel; 2 — delta plain; 3 — delta front; 4 — shore—shallow lake; 5 — slope wash facies; 6 — well; 7 — floodplain; § — valley
location; 9 — interdistribution bay; /0 — reverse trough fault breaking range; /7 — fan range.
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Sedimentary system distribution characteristics in Es}. The sedimentary environment of the Es} unit
was characterized by the development of a fan deltaic plain, a fan deltaic front, and the shore—shallow lake
subfacies. In Es}, the RMS amplitude attribute slice clearly depicted the boundary of the fan deltaic body
(Fig. 6a). Moreover, as can be seen in Fig. 6, there was a small sediment supply capacity from the source area
during the sedimentation period of the Es; unit in this study area. Consequently, the fan delta spatial extent was
restricted, and the development scale of river sand bodies was relatively small. During this period, the main
sediment source was from the west (Fig. 6b).

Sedimentary system distribution characteristics in Es}. The Es; unit was found to develop mainly a
fan deltaic plain, a fan deltaic front, and the shore—shallow lake subfacies. In Fig. 7a, the RMS amplitude at-
tribute in green represents thicker sandstone, while blue represents thinner sedimentary sandstone. The bound-
ary of the fan delta was delineated according to the thickness of the attribute slice, and the internal microfacies
were finely delineated based on logging data. The Esj unit in the research area exhibited significant develop-
ment of fan deltas, on a relatively large scale. The main source direction of sediment supply for these fan deltas
is from the west. Additionally, the development of river sand bodies in this unit was clearly evident; it was also
characterized by a relatively large scale (Fig. 7b).

Paleogeomorphology. The Shulu Slope formed during the late Mesozoic to early Tertiary period, through
gradual division against the background of regional uplift. Previous studies have shown that the Eocene Period
was a warm period, during which precipitation increased (i.e., from dry to wet), leading to a transition of the
lake surface from shallow to deep (Wu et al., 2017; Sun et al., 2022), during which the lake level rose from Es}
to Es¥. However, the well data in this study area show that the lake level in Es! is deeper than that in Es} (Figs.
8, 9), indicating that the distribution of ancient landforms caused by the structure in this area is the main factor
controlling the sedimentary characteristics of the source-to-sink system, while climate and lake level changes
under its influence are secondary factors.

During the sedimentation period of the Es, unit, the structural conditions of the Shulu Slope were rela-
tively stable, and the ancient geomorphologic characteristics had a significant impact on its S2S elements. The
width of the slope zone was small, and the main structure exhibited an upward tilt. Under the condition of a
steep formation slope, gravity detachment may have occurred, causing the Shulu Slope shovel fault in the
Jizhong Depression of the OBBB to slide gradually downward along the slope, which led to detachment.
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Fig. 7. Sedimentary distribution map of Es;"

a — RMS amplitude attribute slice of the Esy formation; b — sedimentary microfacies distribution map of Es;. See legend in Fig. 6.
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Fig. 8. Paleogeomorphology map of Es}. Fig. 9. Paleogeomorphology map of Es'.

Under slopes with different terrains, debris exhibits varying transport ability, and the selective deposition
of debris occurs under the influence of ancient landforms. The Shulu Slope, with its steep gradient, facilitates
higher energy in the transport of detrital material. With a continuous supply of material sources, near-source
sediment accumulates rapidly, leading to the smaller distribution area of the fan body compared to that of the
gentle slope zone.

During Es} (Fig. 10), the terrain in the northwest was low, while the terrain in the west remained higher.
The fault trough was not developed, so sediment was transported mainly along valleys and distributed below

D e —w - — S RENEg

Fig. 10. Coupling mode of the source-to-sink system in Es}:

1 —sand; 2 — channel; 3 — hydrothermal; 4 — fault; 5 — paleovalley; 6 — volcanic.
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Fig. 11. Coupling mode of the source-to-sink system in Es;'.

See legend in Fig. 10.

the ancient valley. The ancient geomorphology of the Esj (Fig. 11) is characterized by the higher elevation on
the western side, while that on the eastern side is lower with a developed fault trough in the middle of the slope.
Sediment entering the study area from the west is transported along the fault trough and distributed at the end
of the slope.

S2S coupling mode. In the Es,, the Shulu Slope is characterized by a steep terrain, with the provenance
area being the Ningjin Uplift. The ability to provide sediment varies through different evolutionary periods, influ-
enced by landforms and lake levels, and weathering and denudation products from the source area of the Ningjin
Uplift were transported to the end of the slope through valleys and fault troughs.

During the sedimentation period of Es}, the lake level was relatively low, and the debris material from the
west gradually discharged along the ancient valleys and spread below them. During the sedimentation period of
Esj, the climate became humid, but under the influence of tectonic uplift, the lake level lowered. Clastic materi-
als from the western Ningjin Uplift were transported through ancient valleys and fault channels and gradually
unloaded along the slope, which resulted in the formation of a large-scale fan delta in this study area. Finally, an
S2S model was proposed for the subfacies sedimentation of the Ningjin Uplift, including sand supply, fault
trough, valley migration, fan delta, and shallow lake. This model has universal applicability and has guiding
significance for predicting large-scale sand bodies in areas, such as the steep slope area of the Jiyang Depression
in the Bohai Bay Basin (Gao et al., 2024), the slope zone of the Ulyastai Depression in the Erlian Basin (Feng et
al., 2021), the western slope of the Mahu Depression in the Zhungeer Basin (Xiao et al., 2021), and the steep
mountain range area of the Baikal Rift System (Byzov and Sankov, 2024).

CONCLUSIONS

(1) The geologic features and lithologic properties of the ancient OBBB environment suggest that the
primary source of material at the research site is from the west. Previous studies have identified the Ningjin
Uplift in the western region as the primary source area for the material found in this study area;

(2) Two types of sand transport trajectories developed in the Es, of the Shulu Slope, among which Es,
developed valleys and fault troughs, while Es! developed only valleys. Their seismic characteristics indicate
that the valleys that developed in Es, are of inherited nature;

(3) Based on the characteristics of the S2S system elements, an S2S coupling model has been proposed,
namely, “The Ningjin Uplift sand supply—fault trough, valley transport—fan delta, and shore—shallow lake subfa-
cies sedimentation.”
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