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The clinothem is the fundamental element of basin infill and plays an important role in the source-to-sink system of deep-water basins. In this study, which is based on 2D and 3D seismic data, the spatiotemporal evolution of clinothems and depositional systems from the Miocene to the Pleistocene in the Qiongdongnan Basin, northern South China Sea, is investigated. The following conclusions are drawn: (1) three variations of clinothems in the Qiongdongnan Basin were recognized respective O-, S- and F-type clinothems; (2) fluctuations in the relative base level, in combination with variations in sediment supply, result in different clinothem patterns that may be used to understand changes in these depositional factors; and (3) the development of O-type clinothem is usually accompanied by slope instability and slumping, leading to mass transport deposits on the basin plain. When suitable transport pathways exist (e.g., shelf canyons) on the shelf-edge or when the F-type clinothem develops, sediments can be dispersed basinward, promoting submarine fan development. Results from this study will help in understanding the sedimentological development of slope and basin plain areas and offers significant insights into the understanding of deep-sea depositional systems.
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1 Introduction

Shelf-edge clinoforms facilitate sediment transport from shallow- to deep-water areas, play a crucial role in source-to-sink systems and have drawn attention in various global basin environments (Pellegrini et al., 2020). The development of clinothems is influenced by multiple factors, including interactions between relative sea level changes, accommodation space, and sediment supply. Clinothems are important for revealing mechanisms of sediment transport into basins, aiding in palaeoenvironmental analysis and hydrocarbon reservoir exploration (Gong et al., 2016a; Patruno and Helland-Hansen, 2018; Gamberi et al., 2020; Patruno et al., 2020). Clinothems can also provide insights into global sea level fluctuations, indicating climate responses to sea level changes and sediment supply (Helland-Hansen and Hampson, 2009; Browning et al., 2013; Lin et al., 2018; Trincardi et al., 2020; Pellegrini et al., 2021, Pellegrini et al., 2024). Additionally, palaeogeographic and morphological studies of clinothems are important for understanding tectonic settings, with aggregational and progradational clinothems often associated with subsidence and uplift events (Bryn et al., 2020; Petersen, 2021).

In the marine system, a prograding shelf-edge, which advances seaward over a significant distance, allows transport of substantial amounts of coarse-grained terrigenous debris to the basin, forming submarine fan deposits, whereas a shelf-edge clinothem dominated by accumulation of sediment on the shelf exhibits the opposite characteristics, such as a lack of basin-associated deposits and submarine fans in the basin (Gomis-Cartesio et al., 2018; Cosgrove et al., 2020). In such cases, the application of sequence stratigraphy and shelf-edge trajectory analysis can provide a broader sight (Dafoe et al., 2023). Shelf-edge trajectory analysis can complement traditional sequence stratigraphy methods (Carvajal and Steel, 2006; Sanchez et al., 2012; Anell et al., 2014; Jones et al., 2015; Xu et al., 2018). This analysis aids in explaining the variations in sedimentary systems in deep basins during periods of high and low accommodation on the shelf, playing a crucial role in elucidating the changes in sedimentary systems specific to different geomorphic settings within the basin. Shelf-edge trajectory analysis allows for a better study of the dynamic evolution of sequences, focusing not only on the identification of key surfaces but also on the internal structural characteristics of the clinothem (Catuneanu et al., 2009).

The Qiongdongnan Basin (QDNB) is characterized by complex tectonic activity with a fast post-rift subsidence, an uneven sediment supply and diverse marine processes, making it a hotspot for offshore oil and gas exploration in China (Xie et al., 2008; Zhuo et al., 2019). The continental slope of the QDNB has developed since the late Miocene, with numerous studies focusing on (1) the accumulation and growth patterns of the shelf–slope system from the late Miocene to the Pleistocene (Gong et al., 2015; Zhao et al., 2019; Chen et al., 2020); (2) the impact of climate, hydrodynamics, sediment supply, and tectonic activities on the development of the shelf–slope system (Lin et al., 2018); and (3) the seismic reflection characteristics and quantitative analysis of clinothem parameters within the continental slope (Liu et al., 2023). Currently, there is still a lack of research on the evolutionary patterns of sedimentary systems under varying shelf-edge depositional trends.

The primary objectives of our current study are as follows: (1) illustrate the changes in shelf-edge trajectories and accumulation patterns during the late Miocene to Pleistocene evolution of the QDNB; (2) highlight the significance of sedimentological evolution of slope regions and deep-sea plains; and (3) show that clinothem patterns control the development and distribution of deep-water sedimentary system. The findings and techniques applied in this research are expected to aid in future quantitative assessments of the features and evolution of continental shelf margins globally.




2 Geological setting

The QDNB is located in the southeastern waters of Hainan Island (Wei et al., 2020) and is a rift-type oil- and gas-bearing basin formed by extensional tectonics along the passive continental margin of the northern South China Sea (Figure 1A). The basin formed during the middle to late Eocene rifting phase and a subsequent middle Miocene to present post-rifting phase (Morley, 2016; Zhao et al., 2018; Liang et al., 2020).




Figure 1 | (A) Position of the Qiongdongnan Basin in its geographical and tectonic context. (B) Magnified view of seismic lines.



The shallow-water area of the QDNB has depths ranging from 0 to 200 m, transitioning to deeper-water regions beyond the shelf edge, where depths mostly exceed 2000 m. The QDNB is similar to most passive continental margin basins worldwide (Xie et al., 2006). These basins are influenced by extensional tectonic forces and are often associated with deep-sea sedimentation (Bauch et al., 2016; Septama et al., 2016; Zhang et al., 2019; Zhao et al., 2021). The continental shelf in the northern part of the South China Sea formed during the middle to late Miocene (Yuan et al., 2009; Jiang et al., 2015; Liu et al., 2022). The predominant sedimentary environment consists of a transition from the shallow sea to the deep sea (Cheng et al., 2023; Meng et al., 2021). In the study of the QDNB shelf margin, variations in the depositional trends along the shelf edge are believed to be linked to sea level changes, regional changes in tectonic setting, and sediment flux (Zhao et al., 2019; Zhuo et al., 2019; Chen et al., 2020). The growth of the continental margin in the QDNB during the Pliocene and the increased sediment flux are thought to have responded to the gradual cooling induced by icehouse periods and global sea-level lowering (Clift and Sun, 2006; Liu et al., 2010; Zhao et al., 2015). The western part of the basin is characterized by the infill of turbidite sand-rich canyons, whereas the eastern part is characterized by mass transport deposits originating from the northern slope (Li et al., 2021).

During the late Miocene to Pleistocene, the basin experienced a phase of rapid post-rift thermal subsidence (Figure 2). The Huangliu formation was deposited during the late Miocene. Seismic stratigraphic surface T40 is the boundary between the Huangliu Formation and Yinggehai Formation. The Yinggehai Formation developed during Pliocene, and surface T30 is the boundary between the Yinggehai and Ledong Formation. The boundary of Lower Ledong Formation and Lower Ledong Formation can be traced regionally on seismic profiles, referred to as the T14 surface. The main seismic stratigraphic surfaces and formations in QDNB were provided by the Research Institute of China National Offshore Oil Corporation, and the biochronologic stratigraphy of the QDNB was established based on calcareous microfossils in drilling cores has been established (Gong and Li, 1997). The seismic surfaces used in this study are T40, T30, T20 and T14. The unconformity surface T40 (10.5 Ma) is considered a crucial period marking the transition of the basin to a passive margin stage (Sun et al., 2010; Li et al., 2017; Lyu et al., 2021). The seismic stratigraphic surfaces overlying Huangliu Formation is T30 (5.5 Ma) (Sun et al., 2010; Liu et al., 2015). In the overlying succession, the main seismic stratigraphic surfaces are T20 (1.8 Ma) and T14 (0.8 Ma) (Li et al., 2024). The dating mentioned above is crucial for this study.




Figure 2 | Stratigraphy of the study area. The formations in this study are coloured yellow. The sea-level fluctuations are modified after Miller et al. (2020). The relative sea level in the Qiongdongnan Basin is drawn after Zhao et al. (2019). The accumulation rate of QDNB (blue block is cited form Clift and Sun, 2006; yellow block is cited from van Hoang et al., 2010; red line is cited from Zhao et al., 2015). The tectonic spisode is modified after Cheng et al. (2021).






3 Data and methods

In this study, 2D seismic reflection data and 3D seismic reflection data covering an area of approximately 20,000 km2 are utilized (Figure 1B). The both 2D and 3D seismic data, acquired in 2009 and provided by the China National Offshore Oil Corporation Hainan Branch in 2022, were obtained via a 3000-metre-long streamer with 240 channels at a spacing of 12.5 metres. The vertical sampling rate is 2-4 ms, and both the inline and crossline spacings are 12.5 metres. The frequency of the focus of the seismic reflections in the targeted strata is 30–40 Hz.

The interpretation of seismic data was carried out by the Geoframe® software (a prudt of Schlumberger®). Building upon previous exploration and research findings, key seismic stratigraphic surface and stratigraphic positions were identified and delineated on the basis of unconformities, stratigraphic stacking relationships, and significant amplitude reflections along the chronostratigraphic axis. Mapping and nomenclature adhere to conventions established in prior exploration and research. The major seismic surfaces include T40 (11.6 Ma), T30 (5.5 Ma), T20 (1.8 Ma) and T14 (0.8 Ma), corresponding to the bottom of Huangliu, Yinggehai, Lower Ledong and Upper Ledong Formation respectively. The age of seismic surfaces were mainly derived from the biochronostratigraphy of CNOOC and previous studies (Gong and Li, 1997; Sun et al., 2010; Liu et al., 2015; Li et al., 2017; Li et al., 2024). Moreover, the RMS attribute map and Variance volume slices were extracted by the Geoframe® to reveal the plan-view characters of the sedimentary facies.

An essential element of this research is the division of the extensive succession of the continental margin in the QDNB into stratigraphic units that can be correlated and dated along the margin. To determine the clinoforms and shelf edge trajectories evolution characteristics, the quantitative parameters of the shelf edge trajectories in the study area were calculated and characterized via the method of calculating the trajectory angle proposed by Helland-Hansen and Hampson (2009). And the time-depth relation transforms formula has been used in time-to-depth conversion was provide by China National Offshore Oil Corporation:



TWT is the Two-way travel time, ms.

The progradation and aggradation rates were calculated by:



Rp is the progradation rate, m/Myr; P is the prodradation distance, m; and T is the deposition time span of the slope, Myr.



Ra is the aggradation rate, m/Myr, A is the aggradation distance, m; and T is the deposition time span of the slope, Myr.

In addition, the classification method of clinothems is collected from the previous research results of Chen et al. (2018). The clinothem shapes have been defined by the changes in dominant thickness along any clinothem and this can change along-strike. They can be classified as F-type (Basin Floor Type) clinothem with thick basin floor deposits but relatively thin deposits on the shelf and deepwater slope; S-type (Slope Type) clinothem with relatively thick slope deposits but thinner deposits on both shelf and basin floor segments; and O-type (On the Shelf Type) clinothem with thick shelf deposits but relatively thin deposits on the slope and basin floor.




4 Results



4.1 Clinoforms, stacking patterns and shelf trajectories

Since the sedimentary period of Huangliu Formation, the slope in the QDNB has been continuously prograding towards the basin, resulting in the formation of a sedimentary body with a thickness exceeding 4 km above the bottom surface of Huangliu Fromation (Figure 3). Clinoforms advance progressively towards the basin, and the sedimentary layers accumulating on topset can characterize repeated transgressions and regressions of the coastline during growth of the shelf, leading to retrogradation.




Figure 3 | Uninterpreted (A) and interpreted (B) longitudinal (downdip) seismic section AA’ in the western part of the Qiongdongnan Basin (see locations in Figure 1B). The shelf edges are marked by red lines and green dots.



The AA’ seismic line, situated outside the three-dimensional seismic working area, represents a high-quality 2D seismic line that comprehensively captures the stratigraphic stacking patterns of the western shelf–slope–deep-sea plain in the southeastern QDNB (Figure 3). Between the T40 and T30 surface the clinothem is in a distinct progradational stage (Figure 3). Between the T30 and T20 surface (Figure 3), as a result of repeated shelf edge progradation, the trajectory prominently rises. The clinothem display a stacking pattern characterized by initial aggradation followed by progradation. Between the T20 surface up to the seafloor, the clinothem underwent a distinctive pattern of progradation followed by aggradation. Accordingly, there is a pronounced etendency for aggradation on the slope. This seismic profile in western QDNB show that clinoform is categorized into three distinct stages: a progradational phase characterized by descending shelf-edge trajectories (e.g., Huangliu Formation), exhibiting an average angle of 0.38°; a progradational and aggradational phase characterized by low-angle ascending shelf-edge trajectories (e.g., Yinggehai and Lower Ledong Formation), exhibiting an average angle of 2.90°; and an aggradational phases characterized by high-angle ascending trajectories (e.g., Upper Ledong Formation), exhibiting an average angle of 3.36°.

On the BB’ seismic line, the shelf-edge trajectories exhibit an ascending pattern (Figure 4). Notably, the trajectory pattern on this profile is similar to that of the AA’ seismic line. In the central part of the QDNB, the clinoform is subdivided into three stages: a progradational phase characterized by descending shelf-edge trajectories, exhibiting an average angle of 2.88° (e.g. Huangliu Formation), a progradation and aggradation phase characterized by low-angle ascending trajectories (e.g., Yinggehai and Lower Ledong Formation), exhibiting an average angle of 3.79°, and aggradational phases characterized by high-angle ascending shelf-edge trajectories (e.g., Upper Ledong Formation), exhibiting an average angle of 30.03°.




Figure 4 | Uninterpreted (A) and interpreted (B) longitudinal (downdip) seismic section BB’ in the western part of the Qiongdongnan Basin (see locations in Figure 1B). The shelf edges are marked by red lines and green dots.



The CC’ seismic line is located in the eastern part of the QDNB (Figure 5). Similarly, the shelf noticeably narrows here, and the clinoform exhibits chaotic stratigraphy with reduced sediment volume. The clinoform show an aggradation pattern, shelf-edge trajectory is very steep (from Huangliu Fromation to the sea floor), with an average angle of 62.54°.




Figure 5 | Uninterpreted (A) and interpreted (B) longitudinal (downdip) seismic section CC’ in the western part of the Qiongdongnan Basin (see locations in Figure 1B). The shelf edges are marked by red lines and green dots.



Significant variations are observed in the trajectory, stack pattern and sedimentary system. A notable feature is the transition from dominantly progradation to aggradation in the shelf edge trajectories from west to east. The trajectories in the west are S-shaped and show continuous progradation, whereas those in the east are dominated by aggradation, with steeper and shorter slope trajectories. This significant difference indicates that the growth rate of the western shelf of the QDNB far exceeds that of the eastern shelf. On the basis of shelf growth, progradation and sedimentation rates can be estimated (Table 1), inferring changes in the sediment supply (Figure 6).


Table 1 | Progradation and aggradation distance, progradation and aggradation rate and Shelf-edge trajectories in the Miocene -Pleistocene succession of the Qiongdongnan Basin.






Figure 6 | Growth rate of the shelf margin. Progradation (A) and aggradation (B) rates for each seismic line. Note that from older to younger sequences, the progradation and aggradation rates increase from west (No. 1 section) to east (No. 26 section). The seismic sections in Figures 2–4 correspond to the No. 2, No. 15 and No. 24 seismic sections, respectively.






4.2 Clinothem types

Three shelf-edge clinothem variations can be identified in the QDNB. O-type (On the Shelf Type) clinothems are characterized by thicker deposits in the topset and thinner deposits in the foreset and bottomset, indicating higher aggradation rates and lower progradation rates on the shelf (Figures 7, 8). The S-Type (Slope Type) clinothems, both the topset and bottomset have relatively thin sedimentary layers compared to the thicker deposits on the foreset (Figures 7, 8). F-type (Basin Floor Type) clinothems, thinner deposits are present in the topset and foreset, but thicker deposits are present in the bottomset (Figures 7–9). This type represents two scenarios: extensive sediment transport to the basin floor, forming a highly progradational clinoform, or slope erosion by the overlying progradational clinoform (Chen et al., 2018).




Figure 7 | Patterns of the shapes of clinothem sets (B) from the seismic section (A) shown in Figure 2. F-F-type (Basin Floor Type) clinothems; S-S-type (Slope Type) clinothems; O-O-type (On the Shelf Type) clinothems.






Figure 8 | Patterns of the clinothem sets (B) from the seismic section (A) shown in Figure 3. F-F-type (Basin Floor Type) clinothems; S-S-type (Slope Type) clinothems; O-O-type (On the Shelf Type) clinothems.






Figure 9 | Patterns of shapes of clinothem sets (B) from the seismic section (A) shown in Figure 4. O-O-type (On the Shelf Type) clinothems.



The three varieties of clinothems are distributed along seismic line AA’ (Figure 7): F-type (clinothems 1, 2, 3, 5, 6, and 10), O-type (clinothems 4, 7, and 8), and S-type (clinothems 9, 11-15). During the initial stages of slope development during the deposition of the Huangliu Formation and the Yinggehai Formations, the dominant feature that developed was the forwards-prograding F-type clinothem, which transitioned to O-type or S-type clinothems at the sequence tops. The clinothems along seismic line BB’, similar to those along seismic line AA’, generally follow an “S-F-O” pattern (Figure 8). During the deposition of Huangliu Formation, the resulting clinothem was the F-type and the O-type, indicating a shift in sediment transport patterns. Seismic line CC’ exhibits a distinct distribution pattern of slope morphologies (Figure 9), is dominated by the O-type, with significant sediment accumulation above the shelf and some transport to the basin but minimal preservation of sediments on the slope.




4.3 Sedimentary facies types and characteristics

In the following, the RMS attribute map (Figure 10) in the bottom surface of Lower Ledong Formation (T20) and the variance body slices map (Figure 11) in the bottom surface of Upper Ledong Formation (T14) are taken as examples to introduce the sedimentary facies identification and draw a sedimentary facies map of the study area.




Figure 10 | RMS amplitude map of the Qiongdongnan Basin (20 ms (twt) window below the T20 surface).






Figure 11 | Variance slice map of the Qiongdongnan Basin (20 ms (twt) window below the T20 surface).





4.3.1 Seismic facies 1-2: shelf-edge delta and sand barriers

Owing to the limitations of the surveyed 3D seismic area, a complete shelf-margin delta system cannot be identified within the study area. The delta system deposits are present mainly at the northernmost end of the surveyed area, and they continuously prograded into the basin (Figure 10). The deposits exhibit moderate to strong amplitudes with sigmoid or oblique seismic reflection characteristics. The shelf-margin delta deposits in the Huangliu Formation study area are large in scale and become progressively smaller towards the Ledong Formation (Figure 12). In the topset layers near the shelf edge, small-scale incised channel sand deposits can be locally observed (Figures 11A, C).




Figure 12 | Mio–Pleistocene sedimentary facies map. (A) Sedimentary facies map of the Huangliu Formation. (B) Sedimentary facies map of the Yinggehai Formation. (C) Sedimentary facies map of the Lower Ledong Formation. (D) Sedimentary facies map of the Upper Ledong Formation.



The sand barrier ridges developed mainly in the topset near the shelf edge during deposition of the Ledong Formation. Some moderate- to strong-amplitude, parallel continuous seismic reflections are considered deposits of coastal barrier ridges.




4.3.2 Seismic facies 3: slope fan

Slope fan deposits exhibit distinct morphologies in seismic data. Specifically, these deposits downlop the underlying sediments in the slope direction while thickening towards the basin. They show moderate to high continuity and wedge or trough-shaped reflections in seismic profiles (Figure 13A).




Figure 13 | (A–D) Seismic sections of the west to east slope and basin plane area of the Qiongdongnan Basin.






4.3.3 Seismic facies 4: Submarine fan

Submarine fans are located at the basin bottom, adjacent to slope fans. Their deposits display strong, continuous-amplitude reflections, distinct from the continuous weak-amplitude seismic characteristics of the overlying and surrounding submarine mudstones (Figures 13B, D). Turbidite channels are primarily distributed within the basin plains, reflecting the process of the basin receiving gravity flow deposits in a relatively calm environment, characterized seismically by “U”- or “V”-shaped incisions (Figures 13B).




4.3.4 Seismic facies 5: mass transport deposits

Mass transport deposits (MTDs) are crucial components of deep-water sedimentary systems and are characterized by low-amplitude chaotic reflections. The development and distribution of MTDs are influenced by various factors and can be correlated with the varieties of shelf-edge trajectories. Stratigraphically, the phase of early slope development of the Huangliu Formation is characterized by fewer and smaller MTDs. The overlying Yinggehai Formation strata exhibiting an aggradational trend on the slope, leading to the entire basin floor being filled with extensive and thick MTDs, which are noticeably greater in number than the underlying Huangliu Formation. During the deposition of Ledong Formation, owing to periodic fluctuations in sea level, sizable MTDs also developed. Compared with those in the Huangliu Formation phase, the number and scale of MTDs during the deposition of Lower Ledong Formation decreased, then increased during the deposition of Upper Ledong Formation. Spatially, MTDs typically show a pattern of fewer and smaller deposits in the west and more extensive deposits in the east.

MTDs extensively develop in basins and are characterized seismically by chaotic amplitudes and poor continuity (Wang et al., 2013; Cheng et al., 2021). For the variance attributes, MTDs correspond to higher variance values, representing a set of irregular and darker-coloured sediments (Figures 11, 13A, B). Muddy channels seismically exhibit extremely strong incision capabilities (Figures 14C, D), and variance attribute slices reveal channel-like deposits with high variance values in the deep-sea plane.




Figure 14 | (A–D) Seismic sections of the west to east slope and basin plane area of the Qiongdongnan Basin.







4.4 Evolution of the sedimentary system



4.4.1 Huangliu formation

Since the late Miocene, the subsidence centre of the southeastern QDNB has continuously shifted southwards, giving the basin a topography that is relatively high in the west and relatively low in the east (Figure 12A). This feature, which was recorded in the late Miocene and Pliocene, influenced the sedimentary fill. During the late Miocene, shelf deltas developed above the shelf, delivering large amounts of clastic materials to the deep-water areas of the southeastern QDNB. The long-term stable sediment transport provided the conditions for the extensive development of the shelf, which supplied sediment into the basin to form submarine fans. In the eastern part of the study area, mass transport deposits (MTDs) are present, are oriented along the trend of the sedimentary strata and formed below the slope in the deep-sea plain area. During this period, the iconic Central Canyon of the southeastern Qiong Basin began to take shape, extending in the SW–NE direction, and was primarily filled with sandy turbidite channels. The MTDs filling the east side of the Central Canyon are considered to have been influenced by the northern slope’s contribution to the canyon’s infill.




4.4.2 Yinggehai formation

This period was marked by multiple phases of large-scale, thick mass transport deposits (MTDs), which had a broader distribution than the Central Canyon did, spanning almost the entire study area (Figure 12B). The shelf deltas, with canyons near the shelf edge, exhibited some continuity but were reduced in scale and number compared with those in the late Miocene. By end Yinggehai Formation time, submarine fans and MTDs alternated at the base of the bottomset, with the overall trend showing a greater quantity of slope sands in the western part of the study area than in the eastern part, whereas the MTDs in the eastern part were larger and thicker than those in the western part.




4.4.3 Lower ledong formation

By the early Pleistocene, deltas on the shelf in the study area had decreased in size compared with those in the late Miocene–Pliocene; only a small number of shelf delta facies were observable within the surveyed 3D seismic area and the area of shelf sand ridges (Figure 12C). Channels on the slope were extensively developed, and the presence of slumps indicated an increased sedimentation rate. The cooler Pleistocene climate led to extensive progradation in the western part of the QDNB in the early Pleistocene, providing sediment for the formation of slope fans and submarine fans. Concurrently, with the periodic fluctuations in sea level, normal sedimentation and mass transport deposits overlapped. The sedimentary system in the eastern part of the basin showed some continuity, which was related to the inherited configuration of the shelf edge. Channels on the shelf became less frequent than those in the underlying strata, but those on the slope increased in size, with the basin developing medium-amplitude mixed sand–mud submarine fans. The frequency and scale of mass transport events also significantly increased.




4.4.4 Upper ledong formation

From the middle Pleistocene to the present, the configuration of the shelf-edge trajectories and the development of sedimentary systems differed from those of the underlying strata (Figure 12D). The internal shelf edge strata of the basin exhibited a rapidly aggrading stacking pattern overall. High sedimentation rates, high accommodation space, and fewer channels resulted in fewer sandy submarine fans developing, and more mixed sand-mud/mud-rich submarine fans developed. At the same time, periodic fluctuations in the relative sea level responded to Pleistocene climatic transitions, making it difficult for sediments to accumulate on the shelf, thereby resulting in the development of large-scale, multiphase mass transport depositional systems within the basin.






5 Discussion



5.1 Clinothem patterns and deep-water sedimentary development

In general terms, there may be a relationship between different shelf-edge trajectories, stacking patterns and related sedimentary systems at different location of the sedimentary basin. In other words, clinothems is an effective predictor of sedimentary systems (Liu et al., 2007; Surlyk and Larsen, 2023). The growth stage of the submarine fans in the Washakie Basin is closely related to the contemporaneous changes of the shelf-edge trajectories (Koo et al., 2016), the development of sheet sands and MTDs in the Northern Carnarvon Basin are also controlled by the shelf-margin architecture (Paumard et al., 2018), the types and development scale of the sedimentary system are also related to the clinothem pattern (Shepherd et al., 2024). Therefore, Changes in clinothem pattern can reasonably reflect the efficiency of sediment transport to deep waters (Carvajal and Steel, 2006, Carvajal and Steel, 2009; Covault and Graham, 2010; Anell et al., 2014; Gong et al., 2016b; Pellegrini et al., 2018; Gong et al., 2019a).

At the shelf edge of the western QDNB, there were phases of strong progradational clinoforms during the Huangliu Formation sedimentary period, a coupling of strong aggradational and progradational clinoforms during the Yinggehai Formation sedimentary period, and strong progradational clinoforms during the Lower Ledong Formation sedimentary period, followed by strong aggradational clinothems in the Upper Ledong Formation sedimentary period.

In the western part of the study area, the development of the shelf edge is more likely due to a supply-dominated system. Clinoforms with strong progradation indicate the ability to transport sediments to farther basin floors (Figure 15A), whereas those with strong aggradation are more likely to be associated with sediment sliding, landslides, or MTDs (Figure 15B). Notably, since the Pliocene–Pleistocene, there has been a continuous increase in sediment supply, with higher sedimentation rates and finer grained sediments in the Upper Ledong Formation. The development of O-type clinothems in the early Pleistocene appears to be related not only to accommodation space and sediment supply but also possibly to the rapid accumulation of fine-grained sediments on slopes. When the slope gradient exceeds a certain threshold, the slope collapses (mud-rich slopes are more prone to collapse than are sand-rich slopes; Anell and Midtkandal, 2017; Wolinsky and Pratson, 2007). This is also the reason for the increased development of slump bodies on slopes during the deposition of Ledong Formation and mass transport deposits (MTDs) within the basin. In contrast, the shelf-edge trajectories in the eastern part of the study area are entirely different and are dominated by strong aggradation of the clinothem and frequent occurrences of sliding and slumping bodies. Typically, strong aggradational clinothems are not conducive to the formation of deep-water sands (Sztanó et al., 2013; Gong et al., 2019b), indicating a different deep-water sediment transport mode (Figure 15C). Tectonic activity may be another significant factor influencing the development and distribution of deep-water sediments. Faults often lead to changes in local topography, which become preferred pathways for sediment transport (Harris and Whiteway, 2011; Fisher et al., 2021). The observed submarine canyons perpendicular to the shelf edge are considered products of shelf fault evolution (He et al., 2013). Recent research indicates that deep-water sands that developed in strong aggradational clinothems are closely related to these canyons (Cerrillo-Escoriza et al., 2024; Huang et al., 2024).




Figure 15 | (A) In the area of F-type clinothem development, sediments are transported from the shelf to the basin plain and deposited on the slope to form slope fans and on the basin floor to form submarine fans. (B) In the area of O-type clinothem development, sediments tend to accumulate on the shelf, slumps form on the slope, and MTDs form on the basin plain. (C) In the area of O-type clinothem (with shelf canyon) development, sediments tend to accumulate on the shelf. Some of the sediments are transported to the abyssal plain through shelf canyons and deposited to form submarine fans, slumps form on the slope, and MTDs form on the basin plain.






5.2 Factors controlling clinothem patterns

Clinothems are prism-shaped deposits that form during the transport of sediments from the basin margin platform and are influenced by the sediment supply and relative sea-level changes (Pellegrini et al., 2020). With rising relative sea levels, a flooding surface forms, leading to the creation of clinothem through continuous progradation or aggradation (Shepherd et al., 2023). Conversely, during relative sea level fall, shallow-water shelf environments develop, and existing shelf sediments undergo truncation or erosion (Gong et al., 2016b).

Over time, ongoing sediment progradation and aggradation results in various growth patterns of the shelf edge and clinothem (Cosgrove et al., 2020; Pellegrini et al., 2020). These clinothems are differentiated mainly on the basis of changes in thickness across the shelf-margin architecture and stacking patterns (Chen et al., 2018; Anell, 2024). Within a sequence, sediment layers on the slope develop and vary longitudinally (Paumard et al., 2020; Dafoe et al., 2023). The relationship between changes in base-level and sediment supply influences variations in water depth, along with the erosion and movement of shelf edges (Johannessen and Steel, 2005; Catuneanu et al., 2009; Anell and Midtkandal, 2017), leading to the development of various types of shelf margin trajectories and clinothems (Hampson and Storms, 2003; Pellegrini et al., 2018; Ramon-Duenas et al., 2018) (Figure 16A). In this process, the progradation, aggradation, and retrogradation at the shelf edge delineate continually rising, falling, and stable shelf margin trajectories (Hampson and Storms, 2003; Helland-Hansen and Hampson, 2009; Gauchery et al., 2021). These different trajectories can be utilized to reconstruct various depositional environments, and at a minimum, they allow shelf edge responses to controlling factors, such as accommodation space, relative sea level, and sedimentation rate during different periods, to be inferred (Anell et al., 2014; Pellegrini et al., 2018).




Figure 16 | Relationships between the base level and clinothem types. (A) Concepts of transgression, normal regression and forced regression as defined by the balance between base-level fluctuations and sediment supply (modified after Catuneanu et al., 2009). T, transgression; HNR, highstand normal regression; FR, forced regression; LNR, lowstand normal regression. (B) O-type clinothems corresponding to accommodation and supply. (C) F-type clinothems corresponding to accommodation and supply. (D) S-type clinothems corresponding to accommodation and supply.



An uneven sediment distribution can cause variations in relief and long-term accretion patterns across different margin sectors (Zhao et al., 2019; Zhuo et al., 2019). The formation of clinothems takes place within the framework of third-order sequences, where patterns of clinothems are governed by changes in relative sea level and sediment supply (Chen et al., 2020). During periods of rapid sea-level rise, the majority of sediments are unable to pass beyond the shelf edge and remain restricted to the shelf. Typically, the topset are well preserved, but bottomset are less developed, with high sedimentation rates leading to thick topset. The clinothems that developed during this phase are O-type clinothems were dominated by aggradation, where the thickest topset accumulate near the shelf edge, making it difficult to bypass the shelf (Figure 16B). F-type clinothems usually form when the accommodation space is limited. During this phase, the base-level cycle shows a declining trend (Figure 16C). As sediment continues to accumulate and with limited accommodation space on the topset, sediments are forced to bypass the shelf and be deposited on the foreset and bottomset. Flat or declining shelf margin trajectories are usually associated with this type of clinothem (Chen et al., 2018). During a complete S-type clinothem sedimentation period, there was a coupling of deposition and progradation related to water level fluctuations and sediment supply (Figure 16D). S-type clinothems typically develop during stages of continuous sea-level rise and abundant sediment supply, corresponding to two similar periods. During the early stages of sea-level rise, sediments are easily deposited on the topset or foreset, making it more difficult to transport them into the basin. During increasing in accomodation periods, the increase in accommodation space exceeds the sediment supply, but as the rate of increase slows, the accommodation space gradually decreases, allowing some sediments to bypass the shelf, but they tend to accumulate on the foreset (Sztanó et al., 2013; Gomis-Cartesio et al., 2018).




5.3 Significance for hydrocarbon exploration

With the advancement of oil and gas exploration technologies and the continuous increase in energy demand, the exploration focus has shifted from onshore to deepwater, from the continental shelf to the slope, and even to the basin floor. Submarine fans below the continental shelf edge seem promising for hydrocarbon reservoirs (Gao et al., 2020; Cox et al., 2021; Zhang et al., 2021). This is also the case in the current study area, where deepwater submarine fan sand bodies influenced by the continental shelf edge are the focus of research.

Areas where the shelf-edge trajectory decreases or shows a low-angle rise or where F-type clinothems and shelf canyons develop O-type clinothems are the most promising for oil and gas reservoirs. Conversely, areas with a high-angle rising shelf trajectory and developed O-type clinothems may represent potential seal layers. Regions where MTDs and submarine fans overlap may be favourable areas for oil and gas exploration.





6 Conclusions

On the basis of 2D and 3D seismic data, we identified differences between the shelf-edge configuration of the Qiongdongnan Basin and the sedimentary systems of its deep-water areas. The research results in three primary conclusions.

	Various types of shelf-edge trajectories have been identified within the Mio–Pleistocene sequence of the Qiongdongnan Basin (QDNB). There are three types of clinothems: F-type clinothems, characterized by a more developed bottomset; O-types, characterized by a more developed topset; and S-types, characterized by a more developed foreset.

	The shelf-edge trajectories and clinothems are controlled by the base level and sediment supply. During periods of rapid relative sea-level rise, the majority of sediments are unable to pass beyond the shelf edge and remain restricted to the shelf. The O-type clinothems with strong aggradation and weak progradation developed during this phase. F-type clinothems are usually formed when the accommodation space is limited. During this phase, the accomodation shows a declining trend. S-type clinothems typically develop during stages of continuous sea-level rise and abundant sediment supply.

	There is a certain correlation between the development of clinothems and deep-water sedimentary systems. When the shelf trajectory decreases or has a low angle, F-type clinothems are easily formed. In this case, a large amount of sediment is transported to the basin plain. Therefore, during the deposition of the Huangliu Formation and the Lower Ledong Formation, submarine fans developed in the basin plain. When the shelf trajectory is high-angle and increasing, O-type clinothems are most likely to develop. In this case, sediment primarily accumulates on the shelf. Therefore, during the deposition of the Yinggehai Formation and the Upper Ledong Formation, slope failures were prone to occur, leading to the development of MTDs in the basin plain. Additionally, in areas where shelf canyons are widely developed, although O-type clinothems developed, sediment can still be transported to the seafloor through shelf canyons, leading to the development of submarine fans in the basin plain. When submarine fans and MTDs overlap spatially, they can serve as reservoir-seal combinations, with certain prospects for oil and gas exploration.
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