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Abstract: Turbidite fans, serving as good reservoirs for petroleum accumulation, are typically formed during deep faulting periods in continental basins, particularly in steep slope zones. However, gentle slope zones are also significant and unique for the formation of turbidite fans. These turbidite fans hold immense importance in exploring concealed lithological reservoirs. Taking the Chezhen Depression of Bohai Bay Basin as an example, we conducted a comprehensive study of the turbidite fan deposits in the gentle slope zone. Our results indicate that: 1) Small-scale distal-source turbidite fans are a common sedimentary type in the Chezhen Depression of the Bohai Bay Basin; 2) The study area is characterized by mainly seven lithofacies; 3) There are incomplete Bouma sequences in the study interval. This study is an important turbidite research in the continental faulted basins, and it can also provide an important reference value for the exploration and development in unconventional reservoirs of the same type.
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1. Introduction
The study of turbidite fan reservoirs has become an increasingly popular research topic due to its significance as an important lithologic reservoir. Turbidite fans are diverse and can be classified into various types, such as submarine fans, lacustrine fans, nearshore subaqueous fans, and slump turbidite fans, all of which are mainly formed by turbidity currents. Since the middle of last century, the study of turbidity current and its sedimentary products has been highly valued by researchers. For example, Bouma (1962; 1964; 2004) systematically summarizes the characteristics of the vertical sequence of turbidite deposits and puts forward the Bouma sequence. Later, some studies have combined modern sedimentation with laboratory experiments and seismic data to gain insights into the internal geometry of turbidite lobes, leading to the establishment of classical facies models (Walker, 1965; 1992; Shepard et al., 1979; Gervais et al., 2006; Stow, 2008). With the advancement of analytical testing and computer simulation methods, the triggering and movement mechanisms of turbidity currents, as well as their interaction with other geological conditions, have been extensively studied. Additionally, the theories of the genesis, classification, and internal properties of turbidite reservoirs have been continuously updated and refined (Shanmugam, 1982; 1995; 2009; 2013; Pellegrini et al., 2016; Fonnesu et al., 2020; Gauchery et al., 2021).
In continental faulted basins of eastern China, turbidite fans formed during deep faulting periods provide many good reservoirs for oil and gas resources. Many researchers have put forward localized models, and have made a lot of important achievements for understanding. For Jiyang Sub-basin, especially for its steep slope zone, many detailed models have been put forward, such as fault-erosion type of steep slope model, intermittent type of steep slope model and continuous type of steep slope model (Zhang S et al., 2001). As for the plane distribution, geophysical identification method and the forming mechanism of the reservoirs of the steep slope zones, many other scholars have also made a lot of in-depth contribution (Wang and Sui, 2003; Jiang et al., 2003).

Compared with those in steep slope zones, the turbidite fans developed in the gentle slope zones are also very important and unique (Hou, 2016). However, previous studies mostly focused on steep slope zone or depression zone, and less on gentle slope zone. 

In this paper, we introduced a kind of small scale turbidite fan developed in the gentle slope zone of a continental fault basin. A case from the 3rd member of Shahejie Formation in Chezhen Depression was used as an example to analyze its internal structure, and explore its spatial distribution rules. The results of this paper is expected to provide some theoretical support for the hydrocarbon exploration and development of such kind reservoirs.

2. Geological Settings
The Chezhen Depression is a dustpan-shaped sag, with steep slopes to the north and gentle slopes to the south. The northern steep slope zone is attached to the south side of Chengzikou Uplift, while the southern gentle slope zone is adjacent to the north slope of Wudi Uplift and Yihezhuang Uplift. Within the southern gentle slope zone, a group of NE-trending arc-shaped faults have developed, forming the Caozhuang fault zone. The study area is located at the transition between the fault zone and the center of the sag (Fig. 1). Based on sedimentological studies, the provenance of the sediment in the study area can be traced back to the Wudi and Yihezhuang uplifts, indicating a distant sediment source (Lao et al., 2019; Wang et al., 2021). 

The study area primarily consists of Cenozoic strata, including the Paleogene Shahejie Formation and Dongying Formation, as well as the Neogene Guantao Formation, Minghuazhen Formation, and Quaternary Pingyuan Formation, arranged from bottom to top. Within the study area, the third member of the Shahejie Formation (Es3) is a significant hydrocarbon-bearing interval. According to lithologic associations, the Es3 can be subdivided into three sub-members, from bottom to top: Es3L, Es3M, and Es3U. The lower part of Es3L mainly comprises sandy mudstone mixed with conglomeratic sandstone and biological limestone, while the rest of Es3L and Es3M consist primarily of brown oil shale and oil shale. Es3U is mainly composed of gray and grayish-brown mudstone with siltstone and fine sandstone. Among these three sub-members, Es3U is the most important target section for hydrocarbon exploration and development (Zhu et al., 2014; Li et al., 2020; 2021; Zhang et al., 2019).

Based on climate analysis, the sedimentation period of the Es3U in the study area was characterized by a humid climate with sufficient rainfall, and a forest-dominated vegetation. The sedimentation during this period was a typical lake regression deposit resulting from a lake-level drop. From the perspective of tectonic evolution, the sedimentation during the Es3U period occurred during the mid to late stage (deep faulting period) of the lake basin's rifting phase. Overall, this sedimentary environment was a semi-deep lake to deep lake depositional environment (Wang and Lin, 2008).
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Fig. 1  (a) Location map of the Bohai Bay Basin highlighting the Chezhen Depression. (b) Structural map of Chezhen Depression (Purple box: the study area; the red areas: Areas rich in oil and gas reserves). (c) Generalized stratigraphy of Shahejie Formation in the study area (Red box: the target interval) (modified from Li et al., 2018; Xian et al., 2011)
3. Materials and Methods
This study primarily utilized well logging data from 234 drilling wells with a mean horizontal distance of approximately 300 meters. Additionally, 13 of these wells contained core samples totaling 547.3 meters in length. Based on these core samples, many photographs were taken, and rock and mineral identification as well as physical property analysis were also conducted. 

In this study, we established an isochronous stratigraphic framework for the Es3U interval in the study area. To achieve this, we adopted a "cyclic comparison and hierarchical control" stratigraphic comparison method. We used stable shale marker beds as a reference to establish the framework, which are characterized by distinct lithological and electrical properties and exhibit relatively consistent distribution with good isochronous characteristics. By using these marker beds as a control, we made stratigraphic divisions and comparisons based on seismic characteristics and logging cycle variations. Within this isochronous stratigraphic framework, we analyzed lithology and sedimentary structure characteristics based on core and well-logging data, and classified the lithofacies according to their characteristics. We then combined these lithofacies with wire-line log curves to identify the log facies types. Next, we analyzed the sedimentary sequences of individual wells and examined the distribution characteristics of sand bodies between multiple wells. Based on these results, we analyzed the sedimentary environment of the turbidite fan, discussed the sedimentary microfacies, lithofacies characteristics, and then analyzed the lateral migration and evolution characteristics of the fan body. We conducted a case study of the migration and evolution of a turbidite fan body. Finally, on the basis of a detailed dissection of the internal structure of the turbidite fan body, we established a sedimentary model for the turbidite fan deposits.

4. Results
4.1 Lithology and sedimentary structures
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Fig. 2  Common sedimentary structures in the study area

(a. Sand pillow, Well X408, 2649m; b. Sour face, Well X40, 2642m; c. Heavy-charge/flame, well X408, 2650.1m; d. Slump, Well X441, 2618.5m; e. Convolute bedding, Well X441, 2663.8m; f. Ripped mudstone clast, Well X408, 2643.8m; g. Wavy bedding, Well X142, 2874.3m; h. Massive structure in mudstone, Well X40, 2629.7m; i. Biogenic traces in shaly-sand, Well X40, 3153.5m.)
The most notable lithological feature of the Es3U sub-section of the Es3 member is the "sandstone enveloped by mudstone" with the mudstone primarily exhibiting gray and black in color. The sandstone is mostly gray or gray-white in color, composed mainly of lithic-feldspathic fine sandstone with sub-angular grains. Its sorting characteristics are typically moderate to well sorted, mainly supported by grain-to-grain contact and point-line contact, with the development of pore-type and pore-contact cementation (Tab. 1). Quartz content ranges from 40%-50%, feldspar accounts for approximately 30%-40%, and lithic fragments comprise 15%-25% of the composition. Overall, the sandstone exhibits relatively high feldspar and lithic content, as well as low sandstone maturity.

The sedimentary structures in the Es3U sub-section of the Sha-3 formation are diverse. By studying the core samples from 13 wells in the area, sedimentary structures such as pillow structures, load-flame structures, slump structures, pressure-solution structures, convolute bedding, mud-gravel transition structures, and mudstone tearing debris can be observed (Fig. 2).

Tab. 1  Petrographic analysis of the X40 well
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4.2 Lithofacies

Based on the sedimentary structure, bedding, and lithology characteristics, and with reference to previous studies, this research divided the facies of the turbidite fan in the study area into two categories, sandstone facies and mudstone facies, which were further subdivided into seven types, including conglomeratic sandstone facies, parallel-bedded fine sandstone facies, and interbedded fine sandstone facies (Tab. 2).

(1) Sandstone facies:

The sandstone facies in the study area include conglomeratic sandstone facies (Sc), parallel-bedded fine sandstone facies (Sh), interbedded fine sandstone facies (Sr), fine sandstone facies with Bouma sequences (Sbm), and slump facies (Sl).

Conglomeratic sandstone facies (Sc): This is an important rock type in the study area. It consists mainly of fine-grained sandstones or siltstones, with some layers containing pebbles or mud clasts. Different sizes of scour surfaces are developed, and sedimentary structures such as massive bedding or slight bedding are observed.

Parallel-bedded fine sandstone facies (Sh): This facies is generally fine-grained, mainly consisting of fine sandstones, and moderately well-sorted. Parallel bedding is commonly developed. However, this facies is not commonly observed in the study area.
Tab. 2  Lithofacies classification of the turbidite fan in the study area
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Interbedded fine sandstone facies (Sr): This facies is mainly composed of fine sandstones and siltstones, with small-scale cross-bedding and ripple bedding developed. This facies is commonly associated with the parallel-bedded fine sandstone facies, but it is not commonly observed in the study area.

Fine sandstone facies with Bouma sequences (Sbm): This facies is a typical turbidite, characterized by thin interbeds of sandstone and mudstone. The rock type mainly consists of fine sandstones and siltstones, with typical gravity flow sedimentary structures such as sand pillows and flame structures (Fig. 2c).

Slump facies (Sl): This facies mainly occurs in the interbeds of fine sandstones and mudstones, with typical soft-sediment deformation structures such as slumps and sand pillows developed (Fig. 2d).

(2) Mudstone facies:

The mudstone facies mainly include dark mudstone facies (Fsm) and sandy mudstone facies (Fl) (Fig. 3).

Dark mudstone facies (Fsm): The mudstone is mainly gray or dark gray in color, and massive in structure, sometimes with weak horizontal lamination.

Sandy mudstone facies (Fl): The rock type mainly consists of mudstones interbedded with thin sandstone beds, with fine horizontal lamination or weak ripple lamination developed.
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Fig. 3  Core photos of X408 well. a: Overall photo of the core box; b: a sample of Fsm; c: a sample of Fl.

4.3 Log facies characteristics

Tab. 3  Classification of log facies in the study area
	Facies
	Subfacies
	Microfacies
	Lithological and electrical characteristics
	log facies

	Turbidite fan
	Inner fan
	Main channel
	Pebble-bearing sandstone is the main type, and the erosion surface is developed. The logging curve is bell-shaped or box-shaped, and the thickness of sandstone is generally > 4 ~ 6 m.
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	Main channel   levee
	The lithology is fine, and the SP curve is a low-amplitude straight or micro-toothed curve. The thickness of sandstone is generally less than 2-4 m.
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	Middle
fan
	Braided channel
	It is mainly composed of fine sandstone and silty fine sandstone. The ABC section of Bouma sequence is developed. The SP curve is box shaped, bell shaped and its combination type. The thickness of sandstone is generally > 4 m.
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	Between braided channels
	The shaly sandstone and siltstone are mainly intercalated with thin layers of mud. The SP curve shows a tooth shape and finger shape with medium-low amplitude. The thickness of sandstone is generally < 2 ~ 4 m.
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	The front of middle fan
	It is mainly composed of thin fine-siltstone and mudstone interbeds. The natural potential curve is medium-low amplitude finger shape, and the thickness of sandstone is generally less than 2 m.
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	Lobe
	It is dominated by silty fine sandstone, and the SP curve shows a medium-low funnel and funnel-box combination. The thickness of sandstone is generally > 2-4 m.
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	Outer fan
	Terminal
	They are mainly muddy siltstone and dark mudstone. The SP curve is characterized by serrated and mudstone baseline with extremely low amplitude. The thickness of sandstone is generally less than 1 m.
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Based on the analysis of lithology, sedimentary structures, and lithofacies characteristics, combined with logging response characteristics, Seven log facies types (I~VII) were identified, and the lithology and electrical characteristics of each log facies type were summarized (Tab. 3). Among them, types I and III are dominated by sandstones, typically exhibiting a thickness greater than 4m and representing the main sand body types. Types II, IV, V, and VI comprise both sandstones and mudstones, but the former is less abundant. Finally, type VII is primarily composed of mudstones.

4.4 Sedimentary sequence characteristics
Through detailed core description, we established a vertical sedimentary evolution sequence for Es3U in the study area. The sand bodies in the study area mainly exhibit regular rhythms, and the lithological distribution sequence from bottom to top generally comprises a combination of (muddy) fine-grained sandstone, siltstone, muddy siltstone, and mudstone. We also identified incomplete Bouma sequences in the study area, with visible ABC and BC sections in the channel sand bodies, and typical turbidite sedimentation between channels, commonly featuring CDE and DE sections (Fig. 4).

4.5 Characteristics of sand body distribution

The distribution of single-well turbidite fan bodies and inter-well comparisons indicate that in the study area, the thickness of single-stage turbidite sand bodies is generally less than 6m, and they exhibit a "mud enveloping sand" characteristic in the vertical direction, with sandstone content generally not exceeding 20%. The distribution of turbidite fan bodies is unstable in the lateral direction, with each individual fan body exhibiting a relatively small spread range, generally not exceeding 1-2 well spacings, and the majority of fan body areas are smaller than 3 km2, with an average of 1.7 km2. According to statistics, the width of the main channel in the study area ranges from 90 to 760m, with a large variation range, and most of them are distributed between 100 and 300m, with an average width of around 260m.
5. Discussions

5.1 Sedimentary environments

The study area is located in the gentle slope zone of a continental rift basin. Sediments have been transported over long distances, resulting in generally finer lithology, with mainly fine sandstone and siltstone, and some layers containing a small amount of mudstone. Mudstone is an important sedimentary environmental indicator that can reflect various information such as driving force, original topography, transport distance, and surrounding environment (Stow, 1994; Kuehl et al., 1986; Pellegrini et al., 2016; Gauchery et al., 2021; Amorosi et al., 2022; Miramontes et al., 2023). Specially, gray or black mudstone sediment represents a reducing environment (Schieber, 2016; Smith et al., 2019; Pellegrini et al., 2021; Li Z et al., 2021). Previous studies have shown that long transportation distances with a certain slope often lead to secondary transportation and/or a certain degree of sliding deformation, which favor the formation of diverse gravity flow sedimentary structures (Beaubouef et al., 2000; Posamentier and Venkatarathnan, 2003; Gamberi et al., 2020; Patruno et al., 2020; Pellegrini et al., 2020; Gauchery et al., 2021). The study area precisely meets these favorable conditions, being situated in the center of the depression and characterized by the development of turbidite fan sedimentation.
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Fig. 4  The vertical facies pattern of X408 well
The composition maturity and structural maturity of the sedimentary bodies of turbidite fans in the study area are low, which is closely related to the turbidite genesis of reservoirs, showing significant differences from deltaic or shoreface sand bodies in the gentle slope zone of a continental rift basin (Allen, 1983). Similarly, if deltaic or shoreface sand bodies are deposited in the same zone, and the sand body is transformed repeatedly by waves, the structural maturity and composition maturity of the sandstone will be significantly higher.

5.2 Characteristics of facies and lithofacies.

Based on the sedimentary characteristics of the fan bodies in the study area, turbidite fans can be divided into three sub-facies: inner fan, middle fan, and outer fan . The inner fan can be further divided into the main channel and the main channel margin microfacies, while the middle fan comprises braid-channel, inter-braid-channel, lobe, and fan body front microfacies ( Tab. 3).

The middle fan sub-facies constitute the main body of turbidite fan sedimentation, and the braid-channel sedimentation determines the shape and size of the fan body, serving as the most important sand body type in turbidite fan sedimentation. Typically containing mud clasts and scour surfaces at the bottom, braid-channel sedimentation forms the framework of fan body sedimentation. The main channel and lobe sedimentation in the inner fan can also form good reservoirs, but their distribution range is relatively small. The main channel margin, inter-braid-channel, fan body front, and outer fan are mainly composed of muddy or thinly layered siltstone sedimentation, resulting in poor reservoir properties and thus are not the main reservoir types.

From the lithofacies analysis, conglomeratic sandstone facies (Sc), parallel laminated fine sandstone facies (Sh), cross-laminated fine sandstone facies (Sr), which typically occur in the inner fan main channel or middle fan braided channel, are products of deposition under strong hydrodynamic conditions and generally form high-quality reservoirs (Gardner and Borer, 2000; Kane and Hodgso, 2011). On the other hand, fine-grained sandstone facies with Bouma sequences (Sbm), slumping facies (Sl), and other facies typically develop in the middle fan braided channel, fan front and outer fan facies belts. The sediment grain size is finer than that of facies developing in the channels, and they can form some reservoirs, but the quality is significantly worse. Dark mudstone facies (Fsm) and sandy mudstone facies (Fl) often develop between the braided channels, which are the result of flood deposition and are generally non-reservoir facies.

5.3 Characteristics of fan body migration

The planar migration of a turbidite fan is frequent, and the size of the fan changes continuously during different stages (Gervais et al., 2006). Taking the example of the three-stage fan developed in a certain interval, the migration and evolution process of the fan is explained. During the deposition of the first-stage fan, the size of the fan was relatively small. The main part of the fan was encountered in well X-18-19, and the edge of the fan was revealed in well X-21-19. The second-stage fan was developed on the basis of the first-stage fan, and the size of the fan was slightly expanded. Due to the infilling effect of earlier sedimentation, the second-stage waterway sedimentation migrated slightly to the left. Well X-18-19 still located at the main part of the fan, while the fan migrated to well X-17-17 on the left. The third-stage fan continued to increase in size on the basis of the second-stage fan, and basically covered the first and second-stage fans (Fig. 5).

[image: image14.jpg]X-19-23 X-17-17 X-18-19 X-19-11 X408-3
GR SP COND SP COND

(WK

b I e

2540

2550

N
o
On
oL

2560

200m (

X-15-11 X-17-13 X-18-19 X-21-19
SP COND SP R4 SP COND SP COND

2480|

2485]

12490}
)

2495
!

| M- X19-23 — | |a A
250q °
Well name Fault Section line Phase 1 Phase 2 Phase 3
(c)





Fig. 5  Schematics of a 3-phase fan migration evolution. (a) Longitudinal section comparison chart of 3 fan bodies (AA '); (b) Cross-section comparison chart of 3 fan bodies (BB'); Plane migration diagram of 3 fan bodies; (c) Plane map of the 3 fan bodies.

The turbidite fan in the study area exhibits an obvious migration pattern. Early fan sedimentation occurred in the low-lying areas of the basin. With the increasing effect of infilling and compensation, the original paleogeomorphology was changed. Later, the fan would migrate to the side that had been transformed into a relatively lower-lying area. Due to differences in sediment supply and accommodation space, the size of the fan will undergo varying degrees of change during the migration process.

5.4 Sedimentary model
Based on lithology, sedimentary structures, and facies analysis, this study analyzed the sedimentary characteristics of the turbidite fan system in the study area and summarized the sedimentary model of the fan system. The study area is located in the gentle slope zone of the Chezhen Depression, with the source mainly from the Wudi and Yihetuan uplifts in the south. During the deposition of the Es3U, sediments from the uplifts was sequentially deposited as river and delta sediment along the gentle slope zone, and the turbidite fan system in the study area was deposited at the front end of the delta. After long-distance transportation, the sediment size on the gentle slope zone had become finer, resulting in the overall fine-grained composition of the turbidite fan system in the study area, with mainly siltstone forming the vertical facies sequence pattern of siltstone turbidite. The overall performance of the fan system is characterized by thin layers, small scale, and fast facies changes (Fig. 6).

This model does not show typical Bouma sequences and only incomplete Bouma sequences can be seen in sedimentary facies belts such as the mid-fan braid channel and the front edge of the fan. However, layer segments equivalent to Bouma sequences can be identified. A complete Bouma sequence segment includes a bottom graded layer (A segment), lower parallel lamination layer (B segment), flow ripple lamination layer (C segment), upper parallel lamination layer (D segment), and deep water mud shale layer (E segment) from the bottom up. In the siltstone turbidite facies sequence of the study area, because the sediment size is relatively fine, the A segment shows a massive sandstone facies (Sc) with mud gravel at the bottom, generally with poor or no grading. The same point is that scour surfaces and mud gravel are often developed at the bottom. The B segment is the lower parallel lamination layer, but parallel bedding is often not developed in the sedimentary sequence in the study area, and even if it is developed, it is similar to the massive sandstone facies with finer grains and basically no mud gravel. The typical feature of the C segment is flow ripple bedding, and a small amount of weak to moderate cross-bedding can be recognized in the study area, generally a combination of ripple cross-bedding and sand wave cross-bedding, showing weak grading characteristics, but the C segment is not common in the study area. When the D segment was deposited, the water energy was obviously weak, and the lithology was fine, characterized by the interbedding of silt and mud, with weak parallel lamination commonly occurring, and sedimentary structures such as slides, load casts, and sand pillows were developed, possessing the typical characteristics of turbidite rocks. The E segment is a shale section, with thin layers of silt and muddy silt developed, generally massive or with weak horizontal bedding (Fig. 6).
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Fig. 6  Sedimentary model of a turbidite fan in the study area. (a) The geological and environmental context in which a turbidite fan was formed. (b) Planar distribution and vertical sequence profile of a turbidite fan. 
6. Conclusions

(1) Chezhen Depression, is a continental faulted basin with a gentle slope and a small far-source turbidite fan. Due to long-distance transportation, the grain size of the turbidite fan is fine, forming a vertical facies sequence pattern of siltstone turbidite. In the vertical direction, an incomplete Bouma sequence can be observed.
(2) The turbidite deposits in the study area have characteristics such as small scale, frequent migration and evolution, and complex internal structure. Seven lithofacies could be identified within the study interval. Based on the combination of the lithofacies, a turbidite fan could be classified into seven micro-facies and three sub-facies. Among them, the braided channel micro-facies in the middle fan sub-facies is the most important sand body type.
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