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As an important oil and gas exploration target area in continental rift basins, the sedimentary bodies in the steep slope zone are mainly composed of glutenite, featuring proximal and rapid accumulation, forming glutenite reservoirs with high porosity and permeability, which are conducive to the storage of oil and gas. The activities of boundary faults not only control the spatial structure of the basin but also affect the material source supply, paleogeomorphic morphology and the changes in the accommodation space within the basin. Through the study of the Nanpu and Banqiao trough areas and the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone in the Huanghua Depression, the influence of the supply capacity, groove transport flux and the structural form of the catchment area on the development scale of the glutenite fan bodies is discussed in detail. The research shows that the glutenite bodies in the steep slope zone are adjacent to the hydrocarbon-generating depression, forming a good source-reservoir contact hydrocarbon supply mode, presenting a deep adjacent-source reservoir-forming structure, with superior reservoir-forming conditions and the characteristics of being prone to forming lithologic oil and gas reservoirs; the Xi’nanzhuang steep slope zone is a multi-layer adjacent-source reservoir-forming structure, with equally superior reservoir-forming conditions, which can form both lithologic and structural oil and gas reservoirs; while the Baigezhuang steep slope zone, due to its relatively far distance from the hydrocarbon-generating depression, shows the characteristics of multi-layer far-source reservoir formation, with relatively poor reservoir-forming conditions, and is more inclined to form structural oil and gas reservoirs. Through the division of different structural styles such as shovel-shaped, slope-flat type and fault-step type steep slope zones and the in-depth analysis of their sand control and reservoir control mechanisms, the decisive role of factors such as fault activities, paleogeomorphology and material source supply on the development of glutenite fan bodies and the reservoir-forming rules of oil and gas in the steep slope zone has been clarified, which provides strong geological theoretical support for further improving the exploration efficiency and reserve prediction of glutenite oil and gas reservoirs in the steep slope zone of the Bohai Bay Basin.
Keywords: steep slope zone, sand-conglomerate reservoirs, original source area, sediment transport channel, the morphology of sink area
1 INTRODUCTION
As a reservoir with high porosity and permeability, glutenite bodies have been recognized in global oil and gas exploration. For example, the Niger Delta sandstone reservoir in Africa (Osinowo et al., 2018), the Nile Delta glutenite reservoir (Eysa et al., 2024), the glutenite reservoir in Norway (Dooley et al., 2003), the fan delta glutenite reservoir in the Pannonian Basin in central Europe (Mallarino et al., 2022), and the conglomerate reservoir in the Garfield field in Kansas, USA (Rogers, 2007). The steep slope zone developed along the boundary fault is an important area for oil and gas exploration in continental rift basins. The sedimentary bodies in the steep slope zone are characterized by proximal source and rapid accumulation. The typical sedimentary body widely developed is the fan delta glutenite body (Mallarino et al., 2022), which is composed of coarse clastic materials such as conglomerate, glutenite, pebbly sandstone, and conglomeratic sandstone, forming thick and large-scale glutenite reservoirs, which are ideal reservoir media for oil and gas (Zhu et al., 2018; Liu et al., 2019; Yang et al., 2022). As of 2024, based on literature retrieval, although this type of reservoir is distributed around the world, due to the influence of the current status of oil and gas exploration in various countries, currently, only in China has the exploration and research developed the fastest with the most research results. Among them, the published literature in the Bohai Bay Basin of China is the richest. The activity and evolution of the boundary fault directly affect the spatial configuration of the basin and have a profound impact on the sediment supply in the source area, the paleogeomorphology, and the change of accommodation space in the basin (Gawthorpe and Leeder, 2000; Deibert and Camilleri, 2006; Chen H. et al., 2024; Chen Y. et al., 2024). The complex fault activities and paleogeomorphology in the rift basin often lead to strong differences in the spatio-temporal distribution of the steep slope zone, which is not conducive to the accurate prediction of the sand bodies in the steep slope zone. In the field of sedimentology, slopes with a gradient less than 1° are usually called gentle slopes, and slopes with a gradient greater than 5° are called steep slopes (Leeder, 1999; Miall, 2001). The steep slope zone described in this paper specifically refers to the secondary structural unit that transitions from the deep (subsag) zone to the bulge in the rift lacustrine basin, mainly referring to the supra-unconformity and denudation monocline zone connected to the bulge in the form of a steep slope (fault dip angle greater than 30°), including the relatively large fault near the boundary of the main trough in the sag to the edge of the bulge. Many scholars have carried out a series of corresponding studies on the reservoir performance and exploration prediction of the glutenite fans in the steep slope zone, and recognized that the boundary fault, tectonic evolution stage, paleo-uplift, and paleoclimate are the main controlling factors for the development of the glutenite bodies in the steep slope zone of the rift lacustrine basin (Wang et al., 2014; Zhu et al., 2018; Zhang et al., 2019; Deng et al., 2020; Chen et al., 2021; Liu et al., 2023; Zhong K. et al., 2024; Zhong Q. et al., 2024).
At present, studies on the structure, paleogeomorphology and other aspects of the steep slope zone are important ways to reveal the distribution of its fan bodies and their genetic mechanisms (Chen et al., 2021). Previous researchers took the steep slope zone of the Weixi’nan Sag in the South China Sea as the research object and believed that the structural styles of the steep slope zone could be divided into three types: shovel-shaped, slope-flat and fault-step (Liu et al., 2023). Based on the analysis of paleogeomorphology and source channel characteristics, some scholars pointed out the gully-fan correspondence relationship for the development of steep slope fan bodies (Fuller and Marden, 2008; Reitz and Jerolmack, 2012; Wang L. et al., 2021), and the distribution range of fan bodies was controlled by the scale and quantity of gullies. When scholars such as Jackson studied the turbidite system in the North Sea rift basin, they pointed out that fault structures such as shovel-shaped or plate-shaped controlled the shape and range of the subsidence center, and the gravitational flow sedimentation mechanism and the sedimentary distribution of sand bodies were mainly controlled by the changes of micro-geomorphology related to faults. When encountering a fault plane (whether shovel-shaped or plate-shaped), turbidity currents would experience a hydraulic jump due to the decrease in flow velocity, resulting in sediment unloading and deposition (Jackson et al., 2011). Scholars such as Deibert pointed out based on a simple half-graben model that the end of the boundary fault was a favorable location for the development of large gullies, which usually developed during low lake levels and were filled and preserved during high lake levels (Deibert and Camilleri, 2006). The development scale of steep slope fan bodies was also controlled by the type and supply amount of the source materials (Lyu and Song, 2022; Zhong K. et al., 2024; Zhong Q. et al., 2024). Therefore, clarifying the control effects of elements such as the source materials, paleogeomorphic forms, fault combination styles, and fault activity rates on the sedimentary characteristics and distribution patterns of fan bodies in the steep slope zone is the key to establishing the development model of steep slope fans.
At present, significant breakthroughs have been achieved in the exploration of oil and gas in glutenite bodies in the steep slope zone in both eastern, western China and the South China Sea: namely, in the Dongying Sag (Wang et al., 2014; Zhang et al., 2019; Yang et al., 2022), Chezhen Sag (Zhu et al., 2014; Room et al., 2023), Liaohe Sag and Liaodong Bay (Deng et al., 2020; Zhong K. et al., 2024; Zhong Q. et al., 2024), Shijiutuo Uplift (Chen et al., 2021), Bonan Uplift (Ma et al., 2015) and other areas in the Bohai Bay Basin in eastern China, Mahu Sag in the Junggar Basin in western China (Zhou et al., 2018; Zhou et al., 2021), Lufeng Sag (Zhong K. et al., 2024; Zhong Q. et al., 2024) and Weixi’nan Sag (Liu et al., 2023) in the Beibu Gulf Basin in the South China Sea, where billion-ton-level large oilfields have been discovered. From the perspective of literature retrieval, the exploration of oil and gas in the steep slope zone of the Dongying Sag and the Chezhen Sag in the Bohai Bay Basin has reached a relatively high degree with abundant achievements. The Bohai Bay Basin is a typical complex Cenozoic rift basin composed of multiple uplifts and depressions arranged alternately. The fourth resource assessment shows that the petroleum resources amount to 32.5 billion tons and the natural gas resources amount to 3.9 trillion cubic meters. At present, the cumulative proved petroleum geological reserves are 15 billion tons and the natural gas is 354.5 billion cubic meters. 36 large oilfields with proved reserves of over 100 million tons have been discovered, accounting for 49% of the national total. Since 2010, the annual crude oil output has remained at about 70 million tons, accounting for more than one-third of the national annual crude oil output, making outstanding contributions to stabilizing oil and gas exploration and development in eastern China. According to the investigation of oil and gas accumulation in the steep slope zone of the Bohai Bay Basin, glutenite oil reservoirs are widely developed in the northern steep slope zone of the Dongying Sag (Yang et al., 2022), with geological reserves of approximately 50 million tons. In 2012, the cumulative proved petroleum geological reserves of glutenite oil reservoirs have been reported as 3.5 × 108 tons; the remaining resources in the northern steep slope zone of the Chezhen Sag in the Jiyang Depression are approximately 2 × 108 tons, which is one of the important areas for oil and gas exploration in the Shengli Oil Region (Zhu et al., 2014; Li et al., 2021a; Li et al., 2021b; Wang R. et al., 2021; Room et al., 2023); the proved petroleum geological reserves of the Paleogene in the eastern steep slope zone of the western depression of the Liaohe Depression amount to 4 × 108 tons, and high-yield oil and gas flows have been obtained (Deng et al., 2020).
Previous studies on the steep slope zone of the Bohai Bay Basin have mostly focused on the central and southern parts of the basin. Key areas such as the steep slope zone of the Qikou Sag and the steep slope zone of the Nanpu Sag remain unstudied. Additionally, there is a lack of an overall understanding of the entire steep slope zone of the Bohai Bay Basin, and no summarization of the entire basin has been conducted. In view of this, based on the summary of previous research results and a large amount of 3D seismic data, drilling data, reservoir profiles, etc., this paper takes the Huanghua Depression as the key research area to conduct the evaluation and summary of the entire basin and conducts in-depth exploration of the unique geological characteristics of oil and gas reservoirs in the steep slope zone and their decisive influencing factors. The research results not only help guide the further exploration and development of oil and gas reservoirs in the steep slope zone of the Bohai Bay Basin, provide reference for the production research of the steep slope zone in other similar areas such as the Mahu Sag and the Lufeng Sag, but also open up a new vision and create more possibilities for the further exploration of oil and gas resources.
2 GEOLOGICAL SETTING
The Bohai Bay Basin is located at the intersection of land and sea in eastern China (Figure 1). It is a Mesozoic-Cenozoic faulted basin developed on the basis of Paleozoic sedimentation and Indosinian and Yanshanian movements of the Sino-Korean paraplatform, with an area of about 200,000 square kilometers. Its northern part is the Yanshan intracontinental orogenic belt, the southern part is the Luxi Massif, the western side is the Taihang Mountain, and the eastern side is the Jiaoliaoji orogenic belt (Yan and Qiu, 2020; Chu et al., 2023; Chu et al., 2024).
[image: Figure 1]FIGURE 1 | Division of tectonic units and distribution of oil and gas resources in Huanghua Depression.
The Bohai Bay Basin can be further divided into a depression part and an uplift part. The uplifts include Gaoyang uplift, Xinhe uplift, Neihuang uplift, Cangxian Uplift, Chengning Uplift, Shaleitian Uplift and Shijiutuo Uplift. The depression area can be divided into seven major depressions, namely Huanghua Depression, Jizhong Depression, Linqing Depression, Jiyang Depression, Bozhong Depression, Liaodong Bay Depression and Liaohe Depression. The interior of the seven major depressions can be further divided into multiple sags. For example, the Huanghua Depression includes Qikou sag, Banqiao Sag, Nanpu sag, etc. (Figure 1). The Huanghua Depression is located in the middle of the Bohai Bay Basin, with a total area of approximately 1.7 × 104 km2. It is adjacent to the Chengning Uplift and the Cangxian Uplift on the east and west sides respectively. It is distributed in the NE - SW direction as a whole, and the strata have been modified by the strong fault depression in the Cenozoic, forming the current shape of a half-graben fault depression with NW faults and SE overlap. There will be slopes between the uplift and the depression or sag. Among them, steep slope zones often develop at the edge-controlling faults, and the steep slope zones are exactly the areas enriched in oil and gas (Figure 1).
The basement of the Bohai Bay Basin is Archean metamorphic rock. In the Early Paleozoic, it was a shallow sea environment, with thick carbonate rocks intercalated with a small amount of mudstone and evaporites. In the Late Paleozoic, it sank as a whole and was a marine-continental transitional deposit. Coal was formed in the Carboniferous, and continental clastic deposits were received in the Permian. In the Triassic, there were sporadic continental clastic rock deposits in some areas. In the Jurassic and Cretaceous, they were deposited in fault depressions, with strong volcanic activities, the formation of deep and large faults at the edges, and the embryonic form of the basin appeared. The Cenozoic is the main development period of the Bohai Bay Basin, dominated by tensile fault depressions. Cenozoic sedimentary strata are widely developed, such as Kongdian Formation (abbreviated as Ek, 50–56.5 million years ago), Shahejie Formation (abbreviated as Es, 30–50 million years ago), Dongying Formation (abbreviated as Ed, 24.6–30 million years ago), Guantao Formation (abbreviated as Ng, 15.6–24.6 million years ago), Minghuazhen Formation (abbreviated as Nm, 2–15.6 million years ago), etc. (Figure 2), which are important oil and gas reservoirs. Among them, the Shahejie Formation can be further subdivided into the first member of the Shahejie Formation (Es1), the second member of the Shahejie Formation (Es2), the third member of the Shahejie Formation (Es3), and the fourth member of the Shahejie Formation (Es4). The source rocks of Ed and Es3 are the most important source rock strata in the Bohai Bay Basin.
[image: Figure 2]FIGURE 2 | Comprehensive columnar diagram of sedimentary strata in the Bohai Bay Basin.
3 DATA AND METHODS
The data sources of this article mainly include three - dimensional seismic data (with a total coverage area of approximately 30,000 km2), drilling data (data of about 300 wells), and literature materials published by predecessors. Among them, the three - dimensional seismic data of the Huanghua Depression is the main basis, including 7,600 km2 in the Qikou Sag and 5,000 km2 in the Nanpu Sag, and the three - dimensional seismic data in other regions are used as auxiliary references, such as the Liaohe Sag (7,000 km2) and the Jizhong Depression (11,000 km2). The dominant frequency of the three - dimensional seismic data in the Huanghua Depression is ∼35 Hz in the Cenozoic strata, and the vertical resolution is approximately 20–25 m. The three - dimensional seismic data is zero - phase, with a vertical and horizontal spacing of 1 × 1 km. All seismic data are displayed by Geoeast and Landmark software. There are approximately 500 two - dimensional seismic profiles, which are distributed in the northern part of the Cangxian Uplift and the Xiannangzhuang - Baigezhuang area. The main drilling data are the data of 91 wells in the Huanghua Depression, and the Jizhong Depression (190 wells) and the Liaohe Depression (35 wells) are used as auxiliary reference materials. The data of other peripheral depressions of the Huanghua Depression (Jiyang Depression, Bozhong Depression, and Dongpu Sag) mainly come from literature retrieval.
The research methods of this article mainly include literature data collation, seismic data interpretation, palaeogeomorphology characterization, fault activity rate statistics, etc.
Regarding the processing of the three - dimensional seismic data in the Huanghua Depression, it is divided into three aspects: data preprocessing, velocity analysis, and seismic imaging. Firstly, the three - dimensional seismic data is preprocessed, including operations such as trace editing, static correction, and gain recovery. Then, velocity analysis is carried out. The velocity field of the underground medium is determined by using the methods of stack velocity analysis and interval velocity analysis. Through the velocity scanning of the common midpoint gathers (CMP), the velocity information of different horizons is obtained, providing a basis for depth domain conversion and structural form characterization. Finally, seismic imaging is performed. The prestack depth migration or poststack migration technology is used to relocate the seismic reflection waves to their real underground reflection point positions, so as to obtain an accurate underground geological structure image. The prestack depth migration in the Huanghua Depression can better handle complex structures such as underground faults and salt domes, improving the imaging accuracy.
In terms of structural interpretation, first, horizon calibration is carried out. By making synthetic seismic records, selecting an appropriate wavelet and accurately calculating the reflection coefficient, and comparing and adjusting with the seismic traces. Among them, the bottom boundary of Es1z has strong energy and is located above the first peak, and the reflection wave impedance characteristics of the bottom boundary of Es3 are weak and change greatly in the plane. Eventually, the bottom boundaries of multiple horizons such as Nm, Ng, Ed, Es1, Es2 and Es3 are calibrated. The fine interpretation of the interwell strata is based on the results of horizon calibration. According to the strata development situation, the method mainly based on automatic tracking or manual picking is selected to carry out fine interpretation and verification of multiple horizons. In terms of fault interpretation, first, the obvious large faults are interpreted by using seismic profiles, and then combined with auxiliary means such as coherent data volume analysis and horizontal slices to interpret small faults. Among them, the horizontal slice can reflect the dip angle of the strata, the distribution of faults, etc. The coherent volume analysis can identify faults through the similarity of seismic data, but there is ambiguity. The variable density profile is helpful for determining faults through the change of wave groups. The well - to - well comparison ensures the correctness of fault interpretation from the well data. Finally, the fault system is combined following the principle of giving priority to the main faults.
In terms of palaeogeomorphology characterization, based on the high - resolution three - dimensional seismic data, the subsidence backstripping method is applied to backstrip the steep slope zone area, and it is corrected by the compaction correction algorithm. The palaeogeomorphology of the Es3 deposition period in the study area can be restored and visually displayed.
The statistics of fault activity rate are usually based on the measurement and analysis of the changes in strata thickness and fault displacement in different periods. By comparing the vertical displacement difference (fault throw) of the same fault between different horizons with the time interval experienced by the corresponding strata deposition, the activity rate of the fault during this period can be calculated. The core formula is: fault activity rate = (vertical displacement difference of the fault within a certain period)/(time interval experienced by the strata deposition). In the Bohai Bay Basin, the areas where there is no erosion or no obvious erosion amount in the Cenozoic are usually selected for fault activity rate statistics (Liu et al., 2019). Therefore, in this paper, the Cangdong Fault and others are selected for activity rate statistics.
4 MECHANISMS OF SAND CONTROLLED BY THE STEEP SLOPE ZONE OF THE BOHAI BAY BASIN
The steep slope zone often refers to the steep part from the bulge to the trough due to the strong activity of the basin-controlling fault and the large drop between the upper and lower walls of the fault. The fault dip is mostly greater than 30°, and the range is roughly from the boundary of the trough to the edge of the bulge (Zhang, 2019; Wang S. et al., 2021; Liu et al., 2023). This paper summarizes the previous research results (Li, 2015; Zhu et al., 2018; Zhang, 2019; Liu et al., 2023), and believes that the steep slope zone has the following characteristics and key definition points: ① In terms of structural geological characteristics: The steep slope zone is located at the edge of the basin, adjacent to the bulge or uplift, connecting the bulge and the sag. Generally, there is a large topographic height difference and a relatively steep topographic slope. The fault activity is strong, which plays an important role in controlling the formation and evolution of the steep slope zone and also affects the migration and accumulation of oil and gas. ② In terms of sedimentary geological characteristics: The steep slope zone is an important channel for sediments to be transported from the bulge to the sag. It is rich in provenance and can quickly accumulate a large amount of coarse clastic materials such as glutenite. Due to the steep terrain slope and strong hydrodynamic conditions, the sedimentary facies change quickly. Sedimentary facies types such as fan deltas and subaqueous fans are often developed. ③ In terms of oil and gas accumulation conditions: The steep slope zone is close to the oil source. The oil and gas generated in the oil-generating sag can quickly migrate to the steep slope zone through channels such as faults, providing favorable conditions for oil and gas accumulation. Coarse clastic sediments provide a good material basis for the reservoir of oil and gas, making the steep slope zone an important place for oil and gas accumulation and having high oil and gas exploration value.
4.1 Classification of the steep slope zones in the Huanghua Depression
The type of the steep slope zone and the intensity of the boundary fault’s fracturing activity will control the connection mode of the source and reservoir and the hydrocarbon enrichment strata, which are the main controlling factors for the differences of various types of oil and gas reservoirs in the steep slope zone (Zhu et al., 2014; Li, 2015; Chen et al., 2021). The type of the steep slope zone is mainly controlled by the three-dimensional spatial form of the controlling-edge fault. Based on the morphology and occurrence of the main faults in the steep slope zone and the activity history of the main faults, this paper divides the steep slope zones of each sag in the Bohai Bay Basin into three types (Figure 3): shovel-shaped steep slope zone, slope-flat type steep slope zone (named chair-shaped or pedestal-shaped in some areas) and fault-step type steep slope zone (named stepped or horsetail-shaped in some areas) (Zhang, 2019; Deng et al., 2020; Gao, 2021).
[image: Figure 3]FIGURE 3 | Classification of the steep slope zones in the Huanghua Depression [(A) Shovel-shaped steep slope zone; (B) Slope-flat type steep slope zone; (C) Fault-step type steep slope zone].
The shovel-shaped steep slope zone refers to a steep slope zone controlled by a single main fault, with multiple secondary faults developing in the same or opposite directions. The main fault of the shovel-shaped steep slope zone is shaped like a shovel, directly shoveling into the underlying strata from the uplift, and has the characteristic of being steep on the top and gentle on the bottom (Figure 3A). The steep slope zone in the Nanpu Sag is formed under the control of the Baigezhuang Fault; the steep slope zone in the Banqiao Sag is developed by the Cangdong Fault, etc. The controlling concave faults of this type of shovel-shaped steep slope zone generally have an earlier active period, mainly during the sedimentary period from the Kongdian Formation (Ek) to the Fourth Member of the Shahejie Formation (Es4). With the increase in depth, the dip angle of the main fault gradually decreases, and the strata on the hanging wall of the fault block may tilt towards the fault plane and be accompanied by reverse drag structures. Shovel-shaped normal faults are generally transformed from planar faults. With the continuous regional tensile stress acting on the strata, the fault throw becomes larger and larger, and the strata on the hanging wall of the fault continue to thicken. Under the action of gravity, the fault gradually evolves from a plate shape to a shovel shape. During the development of the fault, the hanging wall of the strata is affected by the gravity of the overlying strata, and the dip angle of the fault gradually decreases with the increase in depth. Many sags in the Bohai Bay Basin have developed shovel-shaped normal faults, and the main faults of the steep slopes in the sags are usually the basin-controlling boundary faults.
The main controlling fault of the slope-flat type steep slope zone is in the shape of a slope-flat, composed of a fault slope and a fault flat. The dip angle of the fault slope is large, while the fault flat has a gentle slope and a large width (Figure 3B). For example, in the northern part of the Nanpu sag, the steep slope zone is developed by the Xi’nanzhuang Fault. The main controlling fault of the steep slope shows a change characteristic of steep - gentle - steep. There are mainly two formation mechanisms of the slope-flat type normal faults; one is the deformation of the faults caused by the difference in the physical properties of the rock layers. The slope-flat type normal faults develop fault slopes in the rock layers with stronger competency and fault flats in the rock layers with weaker competency; the other is the modification of the early faults by the later geological processes. For example, the early-formed faults are transformed into slope-flat type normal faults under the influence of compaction or isostatic gravity. The slope-flat type steep slope zone is mainly formed due to stress changes. In the early stage (before and during the sedimentary period of the Shahejie Formation), the strata were strongly stretched by stress, resulting in normal faults perpendicular to the stress direction. During the period from the Shahejie Formation (Es) to the Dongying Formation (Ed), the strata entered a strong tensile period. At this time, the early faults were modified, and secondary faults developed along the basement strata, thus forming the slope-flat type steep slope.
The fault-step type of steep slope zone refers to a stepped structural zone composed of one or several main faults with similar shovel-shaped or slope-flat shapes that have a genetic relationship and multiple secondary faults. A fault-step type steep slope zone is developed in the northern part of the Banqiao Sag. The fault dip angles are relatively large, mostly greater than 45°. Morphologically, multiple faults develop and penetrate multiple sets of strata, and the Paleogene strata above and below the faults do not contact each other, showing a stepped shape (Figure 3C). In some sags, the fault throw between the fault steps is relatively small, and the strata are not completely offset. The main difference from other types of steep slopes is the intense faulting activity in the late stage (Ed-Nm period). The fault-step type of steep slope zone in the Bohai Bay Basin is mainly formed due to the change of stress and the long-term existence.
If faulting activities continue at the same location and the subsidence rate is slightly greater than or equal to the sedimentation rate, a long-term and thick underwater fan deposit will form on the downthrown side of the fault. This sedimentary model is called continuous steep-bank deposition (Liu et al., 2019). The steep-bank deposition of the Chengnan Fault in the Jiyang Depression of the Bohai Bay Basin is a typical example of continuous steep-bank deposition. The types of steep slope zones can be divided into plate-type, shovel-type and fault-step type. The boundaries of the continuous steep-bank deposition steep slope zone are mostly composed of NE and SN faults with torsional tensile properties. The section morphology is mostly shovel-type or plate-type, and the boundary fault activities are relatively stable during each sequence period (Zhong K. et al., 2024; Zhong Q. et al., 2024), forming the described continuously descending basin boundary (Morley et al., 2004). In terms of section morphology, the plate-type steep slope is steep and straight, the shovel-type steep slope zone is shovel-shaped, and the fault-step type steep slope zone is a combination of the main faults in shovel shape and a series of consequent faults oblique to it, and multiple faults converge in the downdip direction.
4.2 Sedimentary types of glutenite bodies in the steep slope zones
Glutenite fan bodies are generally formed during the expansion period of the lake basin. The scale and morphology of glutenite fan bodies are mainly controlled by two factors: the paleogeomorphic form and the water volume (Liu et al., 2019; Liu H. et al., 2022; Liu J. et al., 2022). Sand bodies are generally developed on the steep slopes of the lake basin. According to the formation process of glutenite fan bodies, they are classified into four types according to sedimentary characteristics: alluvial fans, nearshore subaqueous fans, fan deltas, and deep-water turbidite fans (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram of the genetic classification of glutenite fan bodies.
4.2.1 Alluvial fan sedimentary system
The alluvial fan is a kind of rapid accumulation of coarse clastic sedimentary system in front of the mountain (Figure 4), and the main controlling factor is the flood event. Under the dry and hot climate conditions, in the areas with relatively intense crustal uplift and subsidence movement in the Bohai Bay Basin, the weathering and denudation are intense, and the detrital products formed are carried away by the temporary rivers (rain or flood) in the mountainous areas or the mountainous rivers. When the water flow exits the mountain pass, the terrain slope changes sharply and gradually, the water spreads out in all directions, the flow velocity drops sharply, and a large amount of detrital materials accumulate, forming a cone-shaped or fan-shaped coarse clastic sedimentary body, becoming a flood cone or proluvial fan. It has the characteristics of alluvial genesis of mountainous rivers, so it is also called an alluvial fan (Wang L. et al., 2021). The formation and development of alluvial fans in the Bohai Bay Basin are controlled by factors such as natural geography, climatic conditions and crustal uplift and subsidence movements (Lin et al., 2004). The stronger the tectonic movement, the greater the topographic height difference and the drier the climate, the more developed the alluvial fan sedimentary body.
4.2.2 Fan delta sedimentary system
Fan deltas are glutenite bodies deposited at the junction of active fan bodies and stable water bodies with materials provided by alluvial fans under the premise of large topographic height difference at the lake shore, steep basin slopes, close proximity to the source and sufficient source supply (Lin et al., 2004; Jia et al., 2021; Zhang L et al., 2024; Zhang M et al., 2024; Zhang W et al., 2024) (Figure 4). The distribution of fan deltas is limited, and some are underwater. The structural characteristics are the main controlling factors for their formation and development. Their profile morphology is generally wedge-shaped and has obvious progradational reflection structures (Jia et al., 2021; Zhang L et al., 2024; Zhang M et al., 2024; Zhang W et al., 2024), which are medium-amplitude and medium-continuous “S”-shaped or imbricated reflections, converging towards the lake basin. From the mountain front to the lake basin, the thickness of the fan body gradually thins and the grain size of the sediments gradually becomes finer, eventually connecting with the lacustrine facies mudstone (Jia et al., 2021). According to the sedimentary facies characteristics, the fan deltas in the Bohai Bay Basin can be divided into fan delta plain subfacies, fan delta front subfacies and pro-fan delta subfacies.
The fan delta is an alluvial fan that advances from the adjacent highland into a stable water body (sea or lake), and its basic conditions for development are that the terrain of the source area is high, the slope is steep, and there are abundant material source conditions (Lin et al., 2004; Jia et al., 2021). Due to the intense faulting activities, it easily becomes a favorable location for the development of fan deltas. In terms of the evolution stage of the lake basin, fan deltas mostly develop during the rift and convergence periods of the basin, and they develop in both the transgressive system tract and the highstand system tract of Es3. Compared with the gentle slope fan delta system, the fan delta system in the steep slope zone has the following characteristics: The slope angle of the steep slope is large, it is close to the material source, and has high energy. Therefore, the material source is not sorted before entering the water, resulting in the mixed accumulation at the root of the sediment; Because the water body inside the steep slope is relatively deep, after the fan delta of the steep slope enters the lake, it can directly enter the deep lake or semi-deep lake. The high-energy material source continues to move forward under the support of the lake water, and has a strong ability to carry the material source and the ability to cut the bottom. Many facies zones show the characteristics of gravity flow, and the hydrodynamic conditions are complex; The underwater distributary channels of the fan delta in the steep slope zone are due to the relatively intense episodic nature of the material source entering the lake from the steep slope. The water channels often lack inheritance, and the bottom scouring and erosion effects are obvious. Subjected to the dual transformation of water channel scouring and lake water waves, it is not easy to form a complete sequence of estuary bars in front of the water channel, but instead forms a large-area distributed frontal floret-shaped sand sequence.
4.2.3 Nearshore subaqueous fan sedimentary system
The nearshore subaqueous fan is the main development type of glutenite bodies in the steep slope zone of the Bohai Bay Basin (Figure 4). It is a glutenite fan with the characteristics of both deep-water gravity flow deposition and tractive current deposition during the lake transgression or high water level system tract period when the rift lake basin expands and the water area expands, and a large amount of coarse detrital materials from the land source are carried by the seasonal mountain floods near the material source and directly enter the lake basin along the steep slope (Liu et al., 2020; Yang et al., 2023; Li X. et al., 2024; Li Z. et al., 2024). It can be divided into three subfacies: fan root, fan middle and fan end. The fan root is composed of thick or massive glutenite and conglomerate sandstone; the fan middle is mainly fine conglomerate and medium sandstone, reflecting the characteristics of rapid accumulation near the material source; the fan end is mainly mudstone with a small amount of sandstone. Due to the accumulation sedimentation mode of the nearshore subaqueous fan, a strong physical interface can be formed. Therefore, it has typical seismic reflection characteristics of the fan body on the seismic section, which is mound-shaped laterally and wedge-shaped longitudinally, and the internal reflection structure is chaotic or wedge-shaped and divergent. If there is a large main supply channel and the sedimentation rate is less than the subsidence rate, then with the continuous expansion of the water body, a complex of multi-stage nearshore subaqueous fans with the combination characteristics of longitudinal superimposition and stepped retreat will be formed; when the sedimentation rate is slightly greater than or equal to the subsidence rate, a group of nearshore subaqueous fans with the characteristics of vertical and lateral superimposition will be formed.
The nearshore subaqueous fan is formed under the condition of water body overcompensation (Liu et al., 2020; Xu et al., 2020; Li et al., 2022), and it is a fan-shaped conglomerate body formed underwater in the shore-shallow lake and semi-deep lake area. With the expansion of the lake water range, the fan body also keeps retreating, and the fan body is always distributed along the edge of the lake basin close to the foothills, which is particularly obvious in the steep slope section. With the generation, development and disappearance of the fan body, the planar facies belts gradually migrate towards the bulge direction. From bottom to top, it shows fan root - fan middle - fan end - shallow lake - deep lake deposition, constituting a vertical sequence that becomes finer and thinner upward. In addition, the periodic changes of tectonic activities, material source supply and the advance and retreat of lake water also affect the sedimentary characteristics and scale of the fan body. This type of sediment is widely developed in rift lake basins, especially during the water transgression and high water level periods of the rift lake basins. Compared with the proluvial fan, the degree of mixing is reduced, but the lithology becomes finer and the color becomes darker, reflecting the characteristics of near material source and rapid underwater accumulation. It is mainly composed of coarse- to medium-grained sandstone with pebbles, with reduced conglomerate and increased mudstone interlayers, mainly composed of light gray, gray and gray-green mudstone.
The planar distribution of the nearshore subaqueous fan is also controlled by the boundary faults of the steep slope (Gruszka and Zieliński, 2021; Li et al., 2022; Liu H. et al., 2022; Liu J. et al., 2022), and there is a good correspondence between the gullies and the fans. In terms of sedimentary structures, common grain-size sequence bedding, parallel bedding, horizontal bedding and deformation structures are often observed, but a single layer generally has the characteristics of normal grain-size sequence, with scour structures and massive bedding at the bottom, and changes to grain-size sequence bedding, parallel bedding, wavy bedding, etc. From the perspective of its grain size distribution characteristics, from the fan root to the fan end, it generally shows a change from coarse to fine. With the weakening of the hydrodynamic force, the facies changes to lacustrine mudstone. On the grain size graph, it shows the characteristics of coarse particle size, wide grain size range and high content of suspended components. In terms of the grain size probability curve, the main curve types include both gravity flow and tractive current. Different facies belts show different characteristics. The overall hydrodynamic environment is mainly underwater gravity flow, supplemented by tractive current.
4.2.4 Steep slope deep-water turbidite fan sedimentary system
Mountain floods directly discharged into the lake along the paleo-fault plane, and a large amount of debris was rapidly accumulated at the place where the slope became gentle (Cheng et al., 2023), forming a deep-water turbidite fan (Figure 4). Due to the high flow velocity, the water has the ability to continue to transport and cut downward after entering the lake, so it is easy to form a large fan body. Generally speaking, the fan body has poor sorting and rounding, and low compositional maturity, becoming a liquefied deep-water turbidite fan (Tian et al., 2023), that is, a turbidite fan that has just liquefied and has not yet been sorted and deposited. This type of fan body has poor reservoir performance.
Axial grooves are developed at the foot of the slope on the edge of the basin, and fault grooves are developed in the downthrown side of the fault, parallel to the fault and the lake shoreline. The supply of gravity flow of debris materials comes from multiple directions, including both the long-axis direction and multiple point sources on the short-axis slope. After the deep-water turbidite fan replenishment channel crosses the fault, it will spread along the fault groove and flow to the lowest end of the basin, finally forming axial turbidity current or channel turbidite fan sediments unique to the steep slope zone. The planar morphology of the fan body in this type of basin steep slope zone is controlled by the occurrence of the steep slope fault, and its strike is consistent with the gully and often intersects the shoreline at an oblique angle, showing a rootless distribution in the deeper water in front of or on the flank of the nearshore subaqueous fan. With the deepening of the lake water, the fan body also keeps retreating along the shoreline, and even superimposes on the subaqueous fan body.
4.3 Control factors of glutenite fan bodies in the steep slope zone
The sedimentary characteristics of the glutenite fan bodies in the steep slope zone are mainly closely related to the following three factors: The source supply capacity determines the source and abundance of the sediments; The sand transportation capacity directly affects the transportation efficiency and range of the glutenite; The carrying capacity determines the final scale and stability of the fan bodies (Hubbard et al., 2014; Turner, 2015; Cao et al., 2018).
4.3.1 The control effect of the source area on the fan body
A stable source supply is prone to form a wedge-shaped fan body with multiple superimposed periods and a large scale, while a conical structure reflects the feature of gradually diminishing material source supply and a small fan body scale. In the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone of the Bohai Bay Basin, through the detailed delineation of the fan body, the seismic section shows reflection structures such as wedge-shaped, long eggplant-shaped, and conical along the direction of the material source (Figure 5). Among them, the wedge-shaped fan body has a large development scale, with a planar distribution area of 51.56 km2 and a longitudinal extension distance reaching 7.2 km. It indicates a strong source supply capacity during this sedimentary period and a long-term stable source supply, enabling the long-term and stable superimposed deposition of glutenite. Moreover, its strong hydrodynamic conditions allow the sand body to penetrate deeply in the longitudinal direction; The fan body with a long eggplant-shaped structure has a medium-small scale, with a planar distribution area of 8.1 km2 and a longitudinal extension distance reaching 2.5 km. It reflects stable source supply and strong hydrodynamic conditions during the early sedimentary stage, with the sand body penetrating deeply in the longitudinal direction. During the middle and late stages, the source supply capacity rapidly weakens and the hydrodynamic conditions decline; The fan body with a conical structure has a small scale, with a planar distribution area of 3.2 km2 and a longitudinal extension distance reaching 1.3 km. It indicates a strong source supply capacity during the early sedimentary stage, with the sand body penetrating deeply in the longitudinal direction and gradually weakening in the later stage (Figure 6).
[image: Figure 5]FIGURE 5 | Profile structure of fan bodies in the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone of the Bohai Bay Basin [(a) Wedge-shaped sedimentary body; (b) Long eggplant-shaped sedimentary body; (c) Conical sedimentary body].
[image: Figure 6]FIGURE 6 | Top surface structure map of fan bodies in the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone [(a) Wedge-shaped fan body; (b) Long eggplant-shaped fan body; (c) Conical fan body].
4.3.2 The control effect of the sand transportation channel on the fan body
The sedimentation of the glutenite fan body in the steep slope zone is mainly related to the source supply capacity, sand transportation capacity and carrying capacity. Among them, the spatial development characteristics of the sand transportation channel in the steep slope zone determine the sand body transportation flux and control the distribution pattern and scale of the sand body. The sand transportation channels of the glutenite bodies in the steep slope zone of the Huanghua Depression are mainly dominated by ancient gullies and fault troughs. There are mainly three types of cross-sectional shapes: V-shaped, U-shaped and W-shaped. The gully shape can reflect its sand transportation capacity and hydrodynamic conditions to a certain extent. The V-shaped groove is generally narrow and deep, which reflects a strong hydrodynamic condition and a strong downcutting and erosion effect. The U-shaped groove is generally relatively wide and shallow, providing a large cross-sectional area and a strong sand transportation capacity. The W-shaped composite groove has a large width and a large cross-sectional flux, and has a strong sand transportation capacity.
In the western steep slope zone of the Shaleitian Uplift in the Huanghua Depression, as indicated by the regional seismic framework profile in the NW-SE direction on the south side (Figure 7), both ancient gully material source channels (high potential area) and fault trough material source channels (relatively low potential area) are developed in the study area. The parameters of width, depth, width-depth ratio and cross-sectional area of the material source transportation channels are quantitatively statistically analyzed to comprehensively characterize their transportation and sedimentation fluxes. Among them, V2, V3 and V4 correspond to single fault troughs. The width of V3 is 2.227 km, the depth is 0.097 km, the maximum width-depth ratio is 22.96, and its cross-sectional area is 0.108 km2, indicating that its sediment transportation flux is the largest, and the transportation capacity of the V2 fault trough material source channel is stronger than that of V4; V5 and V6 correspond to ancient gullies. The width-depth ratio of V5 is 25.96, and the cross-sectional area is 0.041 km2, which is significantly larger than that of V6, indicating that the transportation capacity of the V5 ancient gully material source channel is stronger than that of V6. By comparing the ancient gully material source channels and the fault trough material source channels, it can be seen that the fault troughs are relatively wide and deep, but the width-depth ratio is smaller than that of the ancient gullies. Comprehensive indication suggests that the total spatial transportation volume corresponding to the ancient gully material source channels should be greater than that of the fault trough material source channels. Thus, among the same type of material source channels, when the parameters of the material source area and the sedimentation area are similar, the transportation flux is often closely related to the scale of the channel (width-depth ratio and cross-sectional area), and generally, the larger the width-depth ratio and cross-sectional area, the greater the material source transportation flux.
[image: Figure 7]FIGURE 7 | The distribution map of the provenance channels in the steep slope zone between the eastern part of the Huanghua Depression and the western part of the Shaleitian Uplift.
4.3.3 The control effect of the spatial structure of the sink area on the fan body
Taking the Laoyemiao Structure in the Xi’nanzhuang steep slope zone as an example, during the sedimentary period of [image: image], the Xi’nanzhuang Fault was active, causing the subsidence center of the Nanpu Sag to migrate westward. A huge accommodation space was formed in the Laoyemiao Structure - Nanpu No.5 Structure area of the Nanpu Sag, and large-scale fan delta deposits were developed. The scale of the deposited glutenite fan bodies was generally large, and the longitudinal extension distance was far. During this period, due to the lack of a water catchment unit in the eastern part of the Nanpu Sag, the sedimentation weakened or even discontinued. Until the [image: image] period, the fault activity weakened, and there was a large-scale lake transgression. The water catchment unit in the eastern part was formed, and the eastern part of the sag received sedimentation and developed a small-scale nearshore subaqueous fan system (Figure 8). During the Es3 sedimentary period, the Laoyemiao Structure was steep in the west and gentle in the east, with a watershed in the middle. Affected by the topography on the west side, the slope was relatively steep, and the sand bodies accumulated rapidly in the deep depression area, and the sand body thickness was large. The east side was relatively gentle, and the sedimentation was relatively stable and the thickness was thinner, indicating that the depression morphology of the steep slope zone would control the dispersed movement direction and distribution form of the sand body.
[image: Figure 8]FIGURE 8 | Superimposed map of paleogeomorphology and fan body distribution in the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone [(a) The composite map of paleogeomorphology and fan distribution in Es32 period of steep slope zone; (b) The composite map of paleogeomorphology and fan distribution in Es31 period of steep slope zone].
5 OIL AND GAS DISTRIBUTION AND CONTROL FACTORS OF GLUTENITE IN STEEP SLOPE ZONE
5.1 Types and distribution of oil and gas reservoirs in glutenite bodies of steep slope zone
The fan glutenite bodies in the steep slope zone of the Huanghua Depression develop conventional oil and gas reservoirs and a small amount of unconventional oil and gas reservoirs. The overall situation is dominated by conventional oil and gas reservoirs, including structural oil and gas reservoirs, lithologic oil and gas reservoirs, and a small number of stratigraphic oil and gas reservoirs (Figure 9). Structural oil and gas reservoirs are mainly formed on the cliff-type faulted surface and tuned by secondary faults, and they often develop in the shallow layer. Lithologic oil and gas reservoirs mainly include two types. One is the independent lenticular lithologic reservoir formed by slumped turbidite fans, and the other is the lithologic reservoir formed by physical sealing at the fan root, which is mainly developed near the faulted surface. If the fan middle and fan end of these fan bodies are cut by faults, fault-lithologic oil reservoirs are formed. Stratigraphic oil reservoirs are commonly developed in the middle and shallow fan bodies, mainly as stratigraphic overlap oil and gas reservoirs. Taking the steep slope zone of Bonan Subsag in the Bohai Bay Basin as an example, unconventional oil and gas reservoirs mainly develop continuous oil and gas reservoirs (Ma et al., 2015), and their main characteristics are: ① Lack of obvious trap boundaries; ② Reservoirs are often low or ultra-low porosity and permeability reservoirs; ③ Lack of obvious oil-gas-water boundaries; ④ Large-area distribution; ⑤ Generally contain oil and gas; ⑥ Have abnormal pressures (overpressure or underpressure); ⑦ Within the source or close to the source rock; ⑧ Generally have a low content of movable water.
[image: Figure 9]FIGURE 9 | Oil and gas distribution patterns in steep slope zones [(a) Oil and gas distribution pattern of shovel-shaped steep slope zone; (b) Oil and gas distribution pattern of slope-flat type steep slope zone; (c) Oil and gas distribution pattern of fault-step type steep slope zone].
5.1.1 Types of oil and gas reservoirs in shovel-shaped steep slope zone
The types of oil and gas reservoirs in the shovel-shaped steep slope zone are mainly structural and lithologic reservoirs, and the two account for more than 90% of the total oil and gas in the steep slope. On the plane, from the center of the depression to the edge of the steep slope, the shovel-shaped steep slope zone develops lithologic and structural oil and gas reservoirs successively. On the section, lithologic oil and gas reservoirs are mainly developed near the depression, and structural oil and gas reservoirs are developed near the main faults of the steep slope (Figure 9A).
According to the previous research results, the lower sub-member of the third member of Shahejie Formation ([image: image]) in the Dongpu Sag (Zhang L et al., 2024; Zhang M et al., 2024; Zhang W et al., 2024) and the western sag (Ye, 2022) of the Bohai Bay Basin is the main oil-bearing layer, and the steep slope zone is mainly composed of structural and lithologic oil and gas reservoirs. Lithologic oil and gas reservoirs are relatively developed in the Langgu Sag, and there are more of them than structural oil and gas reservoirs (Li, 2015; Li X. et al., 2024; Li Z. et al., 2024). The main oil-bearing layers of the shovel-shaped steep slope zone are generally located in the middle and lower sub-members of the third member of Shahejie Formation ([image: image] and [image: image]), and 80% of the oil and gas are enriched below the second member of Shahejie Formation (Es2), belonging to deep reservoirs. Affected by the exploration degree of the depression, there are differences in the distribution series of oil and gas. For example, the oil and gas resources in the steep slope zone of the Dongpu Sag are less and unevenly distributed, and the oil and gas are mainly accumulated in the Shahejie Formation strata. In the central and southern parts of the eastern steep slope zone of the western sag, a large number of oil and gas reservoirs have developed, and there is also oil and gas distribution in the Ed strata near the bulge. The oil and gas in the steep slope zone of the Langgu Sag are mainly distributed near the depression of the steep slope and are scattered. The oil and gas are mainly enriched in the upper sub-member of the third member of Shahejie Formation ([image: image]), and from the depression zone to the bulge zone, the oil and gas distribution is relatively uniform.
5.1.2 Types of oil and gas reservoirs in slope-flat type steep slope zone
The types of oil and gas reservoirs in the slope-flat type steep slope zone are fully developed, including structural, lithologic and stratigraphic reservoirs, mainly structural and lithologic reservoirs. On the plane, from the center of the depression to the edge of the steep slope, lithologic, structural and stratigraphic oil and gas reservoirs are developed successively. On the section, lithologic oil and gas reservoirs are mainly developed near the depression, structural oil and gas reservoirs are developed near the main and secondary faults of the steep slope, stratigraphic oil and gas reservoirs are developed near the bulge, and a large number of buried hill oil and gas reservoirs are developed at the slope-flat of some depressions (Figure 9B). Among them, the oil and gas in the Baxian Sag are mainly enriched near the depression of the steep slope and are mainly composed of structural and lithologic oil and gas reservoirs (Zhang et al., 2023). The oil and gas in the Dongying Sag are widely distributed and have complete types. From the depression to the bulge, lithologic, structural and stratigraphic oil and gas reservoirs are developed successively. Among them, structural and lithologic oil and gas reservoirs are accumulated in the area near the depression of the steep slope, and stratigraphic oil and gas reservoirs are accumulated in the outer zone of the steep slope. The Damintun Sag develops structural and lithologic oil and gas reservoirs. In the slope-flat type steep slope zone, oil and gas are distributed from Es4 to Guantao Formation (Ng), and the main oil-bearing layers of oil and gas are generally located from Ed3 to Es2, belonging to medium-deep and medium-shallow reservoirs. For example, in the Baxian Sag, the oil and gas are mainly enriched in the third member of the Dongying Formation (Ed3) and the first member of the Shahejie Formation (Es1), and the second member of the Shahejie Formation (Es2) is the main oil-bearing layer in the Dongying Sag. The enrichment series of the slope-flat type steep slope zone are mainly the Paleogene strata above the source rock strata, and a small amount of oil and gas is developed in the Neogene strata.
5.1.3 Types of oil and gas reservoirs in fault-step type steep slope zone
The oil and gas distribution in the fault-step type steep slope zone is relatively concentrated, and it is generally enriched near the bulge of the steep slope (Zhang, 2019; Sun et al., 2020; Chen et al., 2021). The types of oil and gas reservoirs are relatively simple, with more than 90% being structural oil and gas reservoirs, and only a small amount of lithologic oil and gas reservoirs are developed near the depression. On the section, oil and gas are mainly enriched at all levels of faults, showing a stepped characteristic, mainly structural oil and gas reservoirs (Figure 9C). The main oil-bearing layer of oil and gas in the fault-step type steep slope zone is located in the Neogene, and the oil and gas are enriched in Ed1 and above, belonging to shallow reservoirs. There are also differences in the oil and gas distribution in each sag. Among them, the oil and gas in the steep slope zone of the Zhanhua Sag are mainly enriched near the Chengnan bulge and the Yihezhuang bulge, and the oil and gas are distributed near all levels of faults. The oil and gas in the Nanpu Sag are mainly distributed near the Xi’nanzhuang bulge and the Baigezhuang bulge, and the oil and gas are enriched near the main fault of the steep slope zone. The oil and gas in the Bozhong Sag are mainly distributed near the bulge, and there is basically no oil in the near-depression zone. A large number of structural oil and gas reservoirs are developed in the fault-step type steep slope zone, and the reserves of other types are small or not developed. The oil and gas are enriched near the bulge at the edge of the steep slope, belonging to far-source reservoirs.
5.2 Control factors of oil and gas reservoirs in glutenite bodies of steep slope zone
Through the investigation and summary of the oil and gas reservoirs of glutenite bodies in the Bohai Bay Basin, the types of steep slope zones and the intensity of fault activities of boundary faults control the docking mode of source and reservoir and the enrichment series of oil and gas, which are the main control factors for the differences of various types of oil and gas reservoirs in steep slope zones.
5.2.1 Control factors of oil and gas reservoirs in glutenite bodies of shovel-shaped steep slope zone
The source rocks of the depressions developed in the shovel-shaped steep slope zone are relatively deep, generally located from Kongdian Formation (Ek) to the third member of Shahejie Formation (Es3). The contact thickness between the shovel-shaped faults and effective source rocks is relatively small, and the cumulative thickness of source rocks in each layer is between 300 and 600 m. The hydrocarbon-generating layer system in Cangdong Sag is located in the second member of Kongdian Formation (Ek2). The main source rocks such as Dongpu, Langgu, eastern and western parts are all Es3 source rocks. Some depressions generate hydrocarbons in multiple layers. For example, there are also a small amount of source rocks in the upper sub-member of the fourth member of Shahejie Formation (Es4) in Langgu Sag, but the overall thickness is still less than 600 m.
The main faults of the shovel-shaped steep slope are generally single faults, source rocks are deposited in the center of the hydrocarbon-generating depression. From the depression to the steep slope, the strata gradually become shallower and the lithology gradually becomes coarser. A large amount of sand bodies are generally deposited near the main faults, resulting in more direct contact between the faults of the shovel-shaped steep slope zone and the sand bodies adjacent to the source rocks. A deep adjacent-source reservoir-forming structure is formed (Figures 10A, B). In the steep slope zone represented by Banqiao Sag, the dip angle of the main fault is relatively small, the depth of the source rock is relatively large, and some source rocks are in direct contact with the faults. Overall, the shovel-shaped steep slope zone shows the relationship characteristics of thin-layer source rocks adjacent to sand bodies and less contact with faults.
[image: Figure 10]FIGURE 10 | (a) Plan of fault distribution in Banqiao sag; (b) Contact mode of source and reservoir in shovel-shaped steep slope zone; (c) Average activity rate of main faults during reservoir formation period in shovel-shaped steep slope zone.
The oil and gas in the shovel-shaped steep slope zone are mainly accumulated during the Dongying period, featuring early reservoir formation (Figure 10C). Some depressions have late reservoir-forming oil and gas (after Ng and Ng periods), such as Banqiao Sag, Langgu Sag, Eastern Sag and Cangdong Sag (Li, 2015; Zhao et al., 2018a; Zhao et al., 2018b; Zhang, 2019; Gao, 2021). The main faults during the reservoir-forming period of the shovel-shaped steep slope have similar characteristics: during early reservoir formation, the fault activities are relatively strong, with an average activity rate ranging from 10 to 20 m/Ma; during late reservoir formation, the fault activity rate is relatively low, less than 5 m/Ma, such as in Banqiao, Langgu, Eastern, Western and Cangdong Sags. The faults in some depressions have stopped activities, such as in Dongpu Sag. During the main reservoir-forming period of the shovel-shaped steep slope zone, the ability of faults to transport oil and gas is weak, making it difficult to transport oil and gas to shallow strata.
5.2.2 Control factors of oil and gas reservoirs in glutenite bodies of slope-flat type steep slope zone
The depressions adjacent to the slope-flat type steep slope zone develop source rocks of Es4, Es3, and Es1. The contact thickness between the main faults of the steep slope zone and effective source rocks is relatively large, with a cumulative thickness ranging from 800 to 1,000 m. Among them, the contact thickness of Es3 and Es4 source rocks with faults is the largest. On the section, the first-level faults of the steep slope zone and the overlying sand bodies are in contact with the source rocks, and the second-level faults are in direct contact with the source rocks. This is because the slope-flat type steep slope zone generally extends far, and a large amount of sand bodies are often deposited at the slope-flat. Shallow source rocks have more contact with sand bodies, while at the bottom of the first-level faults, sand bodies develop less. Therefore, source rocks are in direct contact with deep faults, forming a multi-layer adjacent-source reservoir-forming structure (Figures 11A, B). In addition, secondary faults are often developed at the slope-flat of the slope-flat type steep slope zone. The secondary faults are in direct contact with the source rocks, providing migration channels for the transportation of oil and gas to shallow layers. The slope-flat type steep slope zone generally shows the composite relationship characteristics that source rocks are in contact with both primary and secondary faults.
[image: Figure 11]FIGURE 11 | (a) Plan of fault distribution in Baxian sag; (b) Contact mode of source and reservoir in slope-flat type steep slope zone; (c) Average activity rate of main faults during reservoir formation period in slope-flat type steep slope zone.
The main reservoir-forming period of oil and gas in the slope-flat type steep slope zone has two phases. Most of the sags have two phases of reservoir formation. Among them, the Baxian Sag does not have early reservoir formation. During the early reservoir formation, the faults in the slope-flat type steep slope zone are highly active, with an activity rate ranging from 20 to 40 m/Ma (Figure 11C), which plays a vertical conduction role for oil and gas, enabling the early-generated oil and gas to migrate to shallow strata, such as the Liaozhong Sag. During the late reservoir formation, the fault activities are relatively weak, with the maximum activity rate ranging from 10 to 25 m/Ma, which can still have a certain vertical conduction effect on oil and gas, causing some oil and gas to migrate along the main faults and form reservoirs in the middle zone of the steep slope. The faults in the steep slope of some sags show reactivation characteristics, with a relatively large activity rate, such as the Raoyang Sag.
5.2.3 Control factors of oil and gas reservoirs in glutenite bodies of fault-step type steep slope zone
The strata in the fault-step type steep slope zone have a large burial depth, causing the source rocks of the Dongying Formation (Ed) to also enter the hydrocarbon generation threshold, so multiple sets of source rock strata are often developed. The contact thickness between faults and effective source rocks is large, and the cumulative thickness of source rocks in each layer exceeds 1,000 m. Due to the long-term influence of the tensile stress field in the fault-step type steep slope zone, a large number of secondary faults have developed, and sand bodies are mainly distributed in the shallow strata and above the secondary faults. Therefore, faults in the steep slope zone are generally in direct contact with deep source rocks, forming a multi-layer far-source reservoir-forming structure (Figures 12A, B). The first-level faults connect deep source rocks, and sand bodies generally serve as migration channels for lateral transportation of oil and gas, and oil and gas are transported to shallow faults through the spatial configuration of faults and sand bodies.
[image: Figure 12]FIGURE 12 | (a) Plan of fault distribution in Bozhong sag; (b) Diagram of source-reservoir contact mode in fault-step type steep slope zone; (c) Diagram of average activity rate of main faults during reservoir formation period in fault-step type steep slope zone.
The main reservoir-forming period of each sag in the fault-step type steep slope zone is after the Ed period, and the late reservoir-forming period is dominant (Figure 12C). Some sags have early reservoir-forming periods, such as the Bozhong Sag (Xu et al., 2024), and the fault activity is strong during the reservoir-forming period. During the early reservoir-forming period, the maximum fault activity rate is between 35 and 70 m/Ma. During the late reservoir-forming period, the fault activity is still very strong, with a maximum activity rate of between 30 and 65 m/Ma, which plays a vertical conduction role for oil and gas. Overall, during the reservoir-forming period of each sag in the fault-step type steep slope zone, the fault activity is strong and lasts for a long time. These faults and the hydrocarbon generation and expulsion periods have formed a good match, providing the driving force for the vertical migration and accumulation of oil and gas, and controlling the vertical distribution of oil and gas. This is also one of the influencing factors for the shallow enrichment of oil and gas in the fault-step type steep slope zone. For example, in the Shinan fault step zone of the Bozhong Sag, the oil and gas are basically enriched in the strata near the bulge, and there are few oil and gas shows in the inner and middle zones of the steep slope.
5.2.4 Discussion on the formation mechanisms of hydrocarbon reservoirs in three types of steep slope zones and their difference comparisons
For the shovel-type steep slope zone, in terms of hydrocarbon migration channels, the faults in the shovel-type steep slope zone are generally steep in the upper part and gentle in the lower part, and the fault plane is often arc-shaped. This shape enables the fault to provide a good migration channel for hydrocarbons during its activity. Hydrocarbons can migrate from the deep source rocks to the shallow reservoirs along the fault plane, promoting the primary and secondary migrations of hydrocarbons. In terms of trap conditions, when the boundary fault in the shovel-type steep slope zone is active, the strata in the hanging wall will slide and rotate, easily forming structural traps such as rollover anticlines. These traps provide favorable places for hydrocarbon accumulation, and hydrocarbons will accumulate in the traps after migrating into them. In terms of the influence on reservoir physical properties, the rocks near the faults in the shovel-type steep slope zone will generate fractures and fracture zones due to the stress, thus improving the physical properties of the reservoir, increasing the porosity and permeability of the reservoir, and making it easier for hydrocarbons to be stored and flow in it.
For the slope-flat type steep slope zone, in terms of hydrocarbon migration channels, the slope-flat type fault is composed of multiple fault flats and fault slopes alternating, and this structure forms a stepped migration channel. Hydrocarbons can migrate upward step by step along the channels composed of fault flats and fault slopes. During the migration process, hydrocarbons will accumulate at different fault flats, forming multiple hydrocarbon reservoirs. In terms of sealing and accumulation effects, the rocks in the fault flat part are relatively dense and have good sealing properties, which can prevent the further migration of hydrocarbons and make hydrocarbons accumulate in the reservoirs above the fault flat to form hydrocarbon reservoirs. At the same time, the fractures and fracture zones in the fault slope part also provide channels for the lateral migration of hydrocarbons, enabling hydrocarbons to accumulate in the reservoirs on both sides of the fault slope. In terms of the control of hydrocarbon distribution, the distribution and shape of the slope-flat type master boundary fault determine the distribution range and scale of hydrocarbon reservoirs. Hydrocarbons usually accumulate in the reservoirs in the upthrown and downthrown blocks of the fault, and form hydrocarbon-rich areas at the intersections of fault flats and fault slopes.
For the fault-step type steep slope zone, there are multi-stage migrations and accumulations in the fault-step type steep slope zone. The fault step zone is a stepped structural zone formed by the cutting of multiple main faults. This structure provides multi-stage migration channels for hydrocarbons. Hydrocarbons can migrate upward successively along different levels of faults and accumulate at the sealing positions of each level of faults to form hydrocarbon reservoirs, thus forming a multi-layer hydrocarbon accumulation pattern. For the complex fault type traps, the faults in the fault step zone intersect with each other, forming various complex trap types, such as fault block traps, fault - lithology traps, etc. These traps provide a variety of places for hydrocarbon accumulation, increasing the complexity and diversity of hydrocarbon reservoirs, and enabling hydrocarbons to accumulate in different types of traps. In terms of enhancing the degree of hydrocarbon enrichment in the fault-step type steep slope zone, due to the multi-stage migration and complex trap effects of the fault-step type faults, hydrocarbons can be continuously enriched and adjusted during the migration process, and finally form a hydrocarbon-rich zone within the fault step zone. In this rich zone, the number of hydrocarbon reservoirs is large, the reserves are large, and the degree of hydrocarbon enrichment is high.
In terms of migration channels, the hydrocarbons in the shovel-type steep slope zone mainly migrate along the arc-shaped fault plane, and the migration direction is relatively single, but the migration distance may be relatively long. The hydrocarbons in the slope-flat type steep slope zone migrate through the stepped channels composed of fault flats and fault slopes, and the migration direction has a certain stage and directionality, and hydrocarbons may accumulate at each fault flat. The hydrocarbons in the fault-step type steep slope zone migrate in multiple stages along multiple parallel or approximately parallel faults, and the migration path is relatively complex, and hydrocarbons can communicate and adjust between different levels of faults.
In terms of trap types and distributions, the shovel-type steep slope zone mainly forms structural traps such as rollover anticlines, and the traps are usually distributed in the hanging wall of the fault and are relatively concentrated. The trap types in the slope-flat type steep slope zone are mainly structural - lithology traps above the fault flat and fault - lithology traps on both sides of the fault slope, and the traps are distributed at and near the intersections of fault flats and fault slopes, showing a banded distribution. The trap types in the fault-step type steep slope zone are rich and diverse, including fault block traps, fault - lithology traps, etc., and the traps are distributed in various parts of the fault step zone, forming multiple hydrocarbon accumulation areas, and the distribution is relatively scattered but has a certain regularity.
In terms of the influence on the scale and enrichment degree of hydrocarbon reservoirs, the scale of hydrocarbon reservoirs in the shovel-type steep slope zone is relatively large, the reserves of a single hydrocarbon reservoir are relatively high, but the number of hydrocarbon reservoirs is relatively small. Hydrocarbons accumulate in traps such as rollover anticlines, and the enrichment degree is relatively high. The scale of hydrocarbon reservoirs in the slope-flat type steep slope zone is relatively small, but due to its stepped structure, the number of hydrocarbon reservoirs is relatively large, and the overall reserves are also considerable. Hydrocarbons are enriched at the intersections of fault flats and fault slopes, and the enrichment degree is relatively high. The number of hydrocarbon reservoirs in the fault-step type steep slope zone is large, and the scale varies. The overall reserves are large. Hydrocarbons are enriched in different parts of the fault step zone, forming a hydrocarbon-rich zone, and the enrichment degree is relatively high.
6 EXPLORATION POTENTIAL OF STEEP SLOPE ZONE
In recent years, the Bohai Bay Basin has based on the key areas and zones for increasing reserves in oil-rich sags, conducted overall research, overall evaluation, and overall deployment, and achieved remarkable results in oil and gas exploration. As people’s understanding of the importance of finding subtle oil reservoirs has deepened day by day, lithologic-stratigraphic oil and gas reservoirs in slope areas have become a realistic field for large-scale increase of oil reserves. There have been new breakthroughs in oil exploration in the steep slope zone. In recent years, significant exploration discoveries have been made in the northern steep slope zone of the Zhanhua Sag, the northern steep slope zone of the Nanpu Sag, the Lengdong steep slope zone in the western sag of Liaohe, the west steep slope of Damintun in Liaohe, and the west wing of the central uplift, showing good exploration prospects (Zhang, 2019; Deng et al., 2020; Gao, 2021; Li et al., 2021a; Li et al., 2021b; Ye, 2022). As a typical representative of lithologic oil reservoirs, glutenite bodies in the steep slope zone are an important exploration and reserve-increasing type in the Bohai Bay Basin.
The Huanghua Depression is located in the center of the Bohai Bay Basin and belongs to the Cenozoic rift basin. Within the depression, eight positive structural belts such as the Kongdian Buried Hill Structural Belt, the Nandagang Buried Hill Structural Belt, the Beidagang Buried Hill Structural Belt, the Banqiao Fault Structural Belt, the Shenqingzhuang Fault Structural Belt, and the Xiaoji Fault Structural Belt, and five negative sub-level structural units such as the Qikou Sag, the Banqiao Sag, the Cangdong Sag, the Nanpu Sag, and the Beitang Sag have developed, forming a structural pattern of “alternating concave and convex”, among which the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone is the key research area of the Huanghua Depression.
The deep source rocks in the steep slope zone of the Banqiao Sag and the Nanpu Sag are mainly the dark mudstones of Es3, which are widely distributed on the plane, with a central thickness of 600–1,000 m. They have a high organic matter abundance, the kerogen type is II2 - III, and the evolution degree of the source rocks is high. The vitrinite reflectance (Ro) of Es3 is 1.2%–2.5%, and the gas generation intensity is greater than 20 × 108 m3/km2, which are the main source rocks of the Banqiao Sag and the Nanpu Sag. The large-scale fans in the steep slope zone have formed abundant glutenite reservoirs, providing effective reservoir space for glutenite oil reservoirs. In the fan delta development zone of the Xi’nanzhuang steep slope zone, it can be divided into three types of reservoir development areas. Type I reservoirs are mainly coarse-grained sediments of the near-source underwater distributary channels at the front of the fan delta, mainly composed of glutenite or unequal-grained sandstone. Type II reservoirs are mainly distributed in the underwater distributary channels or estuary bar sediments in the middle section of the fan delta, with relatively fine grain size, mainly fine sandstone. Type III are mostly fine - siltstone deposited at the distal end of the front of the fan delta or the prodelta. In the nearshore subaqueous fan development zone of the Cangdong steep slope zone, three types of reservoir development areas are divided. Type I reservoirs are mainly coarse-grained sediments deposited in the middle channel of the fan, mainly composed of glutenite. Type II reservoirs are mainly distributed at the fan end, mainly composed of unequal-grained sandstone or fine sandstone, with relatively fine grain size. Type III are mostly distributed at the fan root, mainly composed of dense glutenite from near-source deposition, with relatively coarse grain size.
With the advancement of exploration technology, a considerable number of lithologic oil and gas reservoirs are produced in the lower parts of hydrocarbon-generating sags or even negative structural centers. Therefore, lithologic traps within the sags have become the focus of oil and gas exploration. The characteristics of multiple material sources, multiple subsidence centers, and alternating uplifts and depressions in the Banqiao Sag and the Nanpu Sag have created multiple types of sedimentary systems. The nearshore subaqueous fans and fan deltas within the sag are separated and surrounded in three-dimensional space, forming a good source-reservoir-cap assemblage. After the source rocks around them mature, oil and gas can be directly transported from the source rock layer to the reservoir layer under the action of capillary force and accumulate, forming self-generated and self-stored oil and gas reservoirs.
The supply capacity, groove transport flux, and the structure, shape and area of the catchment area of the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone have an important control effect on some parts of the fan conglomerate fan body. Based on the previous understanding of the discovered fan conglomerate bodies in the Bohai Bay Basin, the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone mainly develops fan delta systems and nearshore subaqueous fan systems. The nearshore subaqueous fan system is widely distributed in the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone, and is distributed in a continuous skirt-shaped zone in the Cangdong steep slope zone of the Banqiao Sag, and is also continuously distributed in the eastern section of the Xi’nanzhuang steep slope zone and the Baigezhuang steep slope zone of the Nanpu Sag (Figure 13).
[image: Figure 13]FIGURE 13 | Sedimentary System of Es3 in Cangdong - Xi’nanzhuang - Baigezhuang Steep Slope Zone [(a) Sedimentary System of [image: image] in Steep Slope Zone; (b) Sedimentary System of [image: image] in Steep Slope Zone; (c) Sedimentary System of [image: image] in Steep Slope Zone].
During the [image: image] period, the overall characteristics of the steep slope zone were manifested as a wide distribution range, small scale, short vertical extension, and the lateral width was generally greater than the vertical extension length (Figure 13A). The Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone as a whole had a good correspondence between gullies and fans. Large fan bodies often corresponded to wide gullies and stable supply capacity. For example, the fan delta system of the Laoyemiao Structure corresponded to the W-shaped composite incised valley. The wide gully provided a huge transport flux for it, and under favorable bearing conditions, a large-scale sedimentary body was bound to form. In contrast, such as the Baigezhuang steep slope zone, where small segmental troughs were developed, with a maximum width of less than 1,000 m, the corresponding fan body was relatively small in scale.
The catchment area is the place where sediments accumulate. Therefore, the structural form of the catchment area affects the dominant accumulation direction of the sand body. The area and depth of the catchment area also determine the volume of sediments it can carry. For example, the Xi’nanzhuang fault was strongly active during the [image: image] period, which led to the migration of the subsidence center of the Nanpu Sag. During this period, a huge catchment area with an area of more than 632 km2 and a depth of about 1,480 m was provided for the region. Thus, it provided an effective accommodation space for the formation of large-scale fan deltas during this period and laid the foundation for the development of scale fan bodies (Figure 13B). At the same time, due to the westward migration of the subsidence center, the eastern part of the Nanpu Sag was relatively uplifted, and the catchment area was underdeveloped, resulting in the underdevelopment of fan bodies in the eastern part of the Nanpu Sag during this period. The Zengfutai uplift in the Banqiao Sag generally played a role of obstruction and division for the distribution of the sedimentary system. It was divided into two small-scale catchment units, the Shenqingzhuang area in the west and the Xiaozhan area in the east, providing effective soluble space for glutenite sedimentation during this period.
During the [image: image] period, due to the weakened fault activities and widespread lake transgression, the area of the catchment areas in the Banqiao Sag and the Nanpu Sag increased significantly. On the basis of the original development of the catchment area in the Nanpu Sag, the Gaoliu catchment area in the east and the No. 4 structure catchment area of Nanpu were formed. It provided an effective accommodation space for the trench unloading of the eastern section of the Xi’nanzhuang steep slope zone and the Baigezhuang steep slope zone. The eastern section of the Xi’nanzhuang steep slope zone and the Baigezhuang steep slope zone developed continuous nearshore subaqueous fan systems during this period. Based on the significant increase in the area of the catchment area in the Banqiao Sag, the subsidence center and the Guliangzi were constantly migrating, controlling the sedimentation and lateral distribution of the sand body (Figure 13C).
Through the overall study of the fan conglomerate fan bodies in the Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone (Figure 13), combined with the quantitative anatomy of the glutenite fan bodies in the steep slope zones of other sags in the Bohai Bay Basin and the regional reservoir-forming rules (Li, 2015; Chen et al., 2021; Gao, 2021; Yang et al., 2022; Chen H. et al., 2024; Chen Y. et al., 2024), it can be known that the glutenite bodies in the Cangdong - Xi’nanzhuang steep slope zone are adjacent to the hydrocarbon-generating depression, and the glutenite reservoirs are buried in the high-quality Es3 source rocks, forming a hydrocarbon supply mode of direct contact between the source and reservoir; after the source rocks mature, they can directly enter the glutenite reservoirs; oil and gas are laterally conducted within the glutenite bodies, and at the same time, they are transported through secondary faults to control the vertical distribution and adjustment of oil and gas; finally, they accumulate and form reservoirs in effective structural traps or lithologic traps. The source, channel and catchment of the steep slope zone have a very good coupling relationship and have excellent exploration potential.
Overall, the glutenite bodies in the Cangdong steep slope zone are adjacent to the hydrocarbon-generating depression, belonging to the deep adjacent-source reservoir-forming structure, with a short oil and gas migration distance and superior reservoir-forming conditions, and it is easy to form lithologic oil and gas reservoirs; the Xi’nanzhuang steep slope zone is a multi-layer adjacent-source reservoir-forming structure, with a short oil and gas migration distance. The secondary faults adjust the oil and gas migration to the upper reservoirs. The reservoir-forming conditions are superior, and it is easy to form lithologic and structural oil and gas reservoirs; the Baigezhuang steep slope zone is relatively far from the hydrocarbon-generating depression. It is a multi-layer far-source reservoir-forming result. Compared with the Cangdong and Xi’nanzhuang steep slope zones, the oil and gas migration distance is long, and the reservoir-forming conditions are poor, it is easy to form structural oil and gas reservoirs.
7 CONCLUSION

1. According to the spatial morphology and activity history of boundary faults, the steep slope zone can be divided into spade-shaped steep slope zone, slope-flat steep slope zone and stepped steep slope zone. A large amount of coarse clastic materials rapidly accumulated in the steep slope zone will form glutenite fan bodies (alluvial fans, nearshore subaqueous fans, fan deltas, deepwater turbidite fans), which have the characteristics of high porosity and high permeability and are conducive to oil and gas accumulation.
2. The control effect of the steep slope zone on the glutenite fan body is reflected in three aspects: “source-channel-sink”. The area of the source region determines the source supply capacity, and the material source supply affects the vertical morphology and scale of the fan body. The development characteristics of the sand transportation channel determine the transportation flux and control the distribution pattern and scale of the sand body. The structure and morphology of the sink area control the distribution direction of the fan body and the dispersed form of the sand body.
3. The glutenite bodies in the steep slope zone are mainly composed of structural oil and gas reservoirs and lithologic oil and gas reservoirs. The type of steep slope zone and the activity intensity of boundary faults are the main controlling factors for the differences of various types of oil and gas reservoirs in the steep slope zone. Among them, the boundary fault controls the docking relationship between oil source and reservoir and the oil and gas enrichment horizon.
4. The Cangdong - Xi’nanzhuang - Baigezhuang steep slope zone in the Bohai Bay Basin mainly develops fan delta systems and nearshore subaqueous fan systems. The glutenite body in the Cangdong steep slope zone is close to the oil-generating sag and belongs to the deep-seated reservoir-forming structure close to the oil source, and is easy to form lithologic oil and gas reservoirs. The Xi’nanzhuang steep slope zone is a multi-layer reservoir-forming structure close to the oil source with a short oil and gas migration distance. Secondary faults adjust the migration of oil and gas to the upper reservoirs and are easy to form lithologic oil and gas reservoirs and structural oil and gas reservoirs. The Baigezhuang steep slope zone is relatively far from the oil-generating sag and is a multi-layer reservoir-forming structure far from the oil source, and is easy to form structural oil and gas reservoirs.
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