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Abstract

:

Seafloor spreading is an important cornerstone of the theory of plate tectonics. Asymmetric seafloor spreading and oceanic ridge jumps are common phenomena in this process and play important roles in controlling oceanic crust accretion, regional tectonics and geological geometric boundaries. As the largest marginal sea in the western Pacific, the South China Sea is an ideal laboratory for dissecting the Wilson cycle of small marginal sea-type ocean basins restricted by surrounding blocks and exploring the deep dynamic processes of confined small ocean basins. In recent years, a lot of research has been conducted on the spreading history of the South China Sea and has achieved fruitful results. However, the detailed dynamic mechanisms of asymmetric seafloor spreading and ridge jumps are still unclear. Therefore, this paper summarizes the basic understanding about the dynamic mechanisms of global asymmetric seafloor spreading and ridge jumps and reviews the related research results of asymmetric seafloor spreading and ridge jumps in the South China Sea. Previous studies have basically confirmed that seafloor spreading in the South China Sea started between ~32 and 34 Ma in the east sub-basin and ended at ~15 Ma in the northwest sub-basin, with at least once oceanic ridge jump in the east sub-basin. The current research mainly focuses on the age of the seafloor spreading in the South China Sea and the location, time and stage of the ridge jumps, but there are relatively few studies on high-resolution lithospheric structure across these ridges and the dynamic mechanism of oceanic ridge jumps. Based on the current research progress, we propose that further studies should focus on the lithosphere–asthenosphere scale in the future, suggesting that marine magnetotelluric and Ocean Bottom Seismometer (OBS) surveys should be conducted across the residual oceanic ridges to perform a detailed analysis of the tectonics magmatism in the east sub-basin to gain insights into the dynamic mechanisms of oceanic ridge jumps and asymmetric seafloor spreading, which can promote understanding of the tectonic evolution of the South China Sea and improve the classical plate tectonics theory that was constructed based on the open ocean basins.
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1. Introduction


The South China Sea is the largest marginal sea in the western Pacific, strategically located at the junction of the Eurasian Plate, the Pacific Plate and the India–Australian Plate (Figure 1). It is surrounded by a series of subduction zones and has suffered a complex tectonic evolution from continental margin cracking through seafloor spreading to subduction, including the westward subduction of Pacific Plate, the northeastward subduction of Indo–Australian Plate in the Sumatra Trench and Java Trench, and the southeastward push of the Indochina Block [1,2,3]. Different from the classic Atlantic type of “intra-plate rifting”, the South China Sea is likely a result of “plate-edge rifting” driven by lithospheric convergence [4,5,6]. The unique setting makes the South China Sea an ideal laboratory for studying the Wilson cycle in a marginal sea and revealing the deep dynamic process of a confined small ocean basin. Furthermore, improving the awareness of the South China Sea’s “life history” is crucial to comprehend the tectonic evolution and the intricate sea–land interaction process in the western Pacific, which will also help to complement and perfect the plate tectonic theory based on the study of large ocean basins.



Seafloor spreading is a process of continuous accretion of new lithosphere on oceanic ridges, which plays a key role in the evolution of ocean basins and forms an important cornerstone of plate tectonics theory. This process is particularly intriguing in the South China Sea, which is a small ocean basin tightly constrained by the large-scale surrounding plates. In contrast to the spreading observed in large ocean basins like the Atlantic Ocean, the South China Sea’s seafloor spreading exhibits discontinuous and unique characteristics in its spreading type, mode and tectonic properties, potentially highlighting more variable and unsteady features. Therefore, accurately understanding these nuances in seafloor spreading and lithospheric accretion is vital for constructing a comprehensive life history of the South China Sea, shedding light on its unique geological and tectonic evolution.



The study of ridge jumps and asymmetric seafloor spreading, along with their deep dynamic mechanisms, are the key to understanding seafloor spreading progress in the South China Sea. Oceanic ridges, as the primary sites of oceanic lithosphere accretion, showcase the tectono-magmatism that reflects the rheological characteristics and thermal state of the deep mantle. These factors are instrumental in determining the rate and mode of seafloor spreading. During this process, oceanic ridge jump events periodically occur, significantly influencing the geometry, crust–mantle structure and age structure of the ocean basin. Notably, the east sub-basin is the largest sub-basin and the only known place of a ridge jump event in the South China Sea, comprehensively recording the entire progress of asymmetric seafloor spreading. Consequently, the east sub-basin of the South China Sea presents an excellent opportunity for in-depth studies of ridge jumps, asymmetric seafloor spreading and their deep dynamic mechanisms.




2. Asymmetric Seafloor Spreading and Ridge Jumps


Seafloor spreading is the process of continuous new ocean crust formation at oceanic ridges, which is a crucial aspect of the plate tectonic cycle. Research on spreading rates has led to the classification of oceanic ridges into five categories: ultrafast-spreading (>140 mm/yr), fast-spreading (80–140 mm/yr), intermediate-spreading (55–80 mm/yr), slow-spreading (20–55 mm/yr) and ultraslow-spreading (<20 mm/yr) (Figure 2) [8,9]. Ultrafast- and fast-spreading ridges are typically characterized by dominant magmatism. Here, high crustal temperature stabilizes the lower part of the magma chamber, forming a central uplift with relatively low topography, as exemplified by the East Pacific Rise [10,11]. In contrast, slow- and ultraslow-spreading ridges are usually dominated by tectonic processes with limited magma supply. These ridges often feature a significant central rift marked by distinct segmentation, commonly seen in the Atlantic Ocean, the southwest Indian Ocean, the Arctic Ocean, etc. [12,13,14,15,16]. Intermediate-spreading ridges represent a balance between these extremes, where the development of magma chambers at the lower part of oceanic ridges coexists with extensive fault structures.



Seafloor spreading is primarily categorized into two types: symmetric and asymmetric spreading (Figure 2). Asymmetric spreading is characterized by different spreading rates and crustal structures on both sides of the oceanic ridge [18,19,20,21,22,23], which is a common spreading mode in slow- and ultraslow-spreading oceanic ridges and can be extensively observed in regions such as the Arctic Ocean, southwest Indian Ocean, northwest Indian Ocean and south Atlantic Ocean [18,24,25,26]. Compared with symmetric spreading, asymmetric spreading has a more complex and dynamic mechanism. Regionally, asymmetric spreading often correlates with hotspots [14], predominantly driven by variations in deep magma supply [27]. Locally, factors such as magmatic activity, spreading rates and the specific tectonic setting influence the asymmetry of seafloor spreading [16,19,28,29,30,31].



Ridge jumps are frequent events during seafloor spreading, representing the death of old oceanic ridges and the birth of new oceanic ridges. This phenomenon significantly influences ocean crust accretion, regional structures and the geological geometric boundaries [32]. Therefore, determining the time and stages of ridge jump events is crucial for reconstructing the tectonic evolution of ocean basins, and it plays a key role in comprehending the development and sedimentary infill of continental margin basins. At present, accurate division of seafloor magnetic anomaly bands is the main means to identify oceanic ridge jumps. For instance, the magnetic anomaly bands on the Atlantic seabed indicate that the A2 ridge has shifted eastward 20–25 km since 1 Ma [33,34]. Generally, a ridge jump requires the concurrent presence of two factors: a reduction in the lithospheric strength and a stress field conducive to lithospheric rupture beyond the ridge.



The interaction between mantle plumes and oceanic ridges is one of the main dynamic mechanisms of oceanic ridge jumps, primarily manifested through the thermo-mechanical erosion and shearing effects of magma upwelling on the lithosphere, which can cause the oceanic ridges to jump towards the hotspots [35,36,37]. Typically, ridge jump events tend to occur in the younger lithospheres with slower spreading rates. For instance, the Indian Ocean experienced two significant ridge jumps around 120–87 Ma and 70–65 Ma. And the direction of these jumps was consistent with the relative movement direction of the hotspot and the plate, indicating the substantial impact of plume–oceanic ridge interaction on ridge jumps [38]. Another dynamic mechanism driving oceanic ridge jumps is plate subduction, where the lithosphere is stretched by far-field tectonic stress and melt generated from the lithospheric mantle to induce the oceanic ridge jump [39].



Previous research on oceanic ridge jumps has predominantly centered on large ocean basins, with limited focus on the specific processes and mechanisms of these jumps in smaller marginal ocean basins influenced by “plate edge rifting”. Therefore, it is urgent to conduct detailed studies in representative marginal seas to gain a more comprehensive understanding of oceanic ridge jumps in these unique settings.




3. Asymmetric Seafloor Spreading and Ridge Jumps in the South China Sea


The South China Sea is the largest marginal sea in the western Pacific, surrounded by the Eurasian Plate, the Indo–Australian Plate and the Philippine Sea Plate, with several subduction zones developing around it (Figure 1). Since the late Jurassic to early Cretaceous, a great Mesozoic ocean had subducted obliquely beneath the Eurasian continent and generated a Mesozoic massive magmatic arc around the Cathaysia Block (Figure 3a) [40]. At ~40 Ma, the southward subduction of the Proto-South China Sea generated the NE-SE extensional faults and arc magma in the Philippine islands (Figure 3b), then led to lithospheric stretching along the Eurasian/Huatung Plate boundary to develop the South China Sea at ~33 Ma (Figure 3c) [40,41]. Generally, the geological history of the South China Sea includes continental margin rifting since the late Cretaceous (Figure 3a,b), followed by seafloor spreading from the early Oligocene to early Miocene (Figure 3c–e), and transitioning into subduction under the Philippine Sea Plate in the middle Miocene (Figure 3f–h) [1]. A total of three secondary ocean basins have developed in the South China Sea, namely the northwest sub-basin, the east sub-basin and the southwest sub-basin (Figure 4). Initially, seafloor spreading in the South China Sea began in the northwest and east sub-basins, predominantly in an N-S direction. Later, a shift in the oceanic crust spreading axis led to the gradual opening of the southwest sub-basin, with the spreading center extending in an N-S direction and spreading progressively from east to west [42,43,44,45,46,47,48]. These basins have undergone an evolution process of early uniform fault subsidence to middle and late detachment fault subsidence in the synrift stage, indicating that the differentiated detachment along large faults is pivotal in the lithosphere’s critical rupture process [48,49,50,51,52,53]. Generally, in contrast to the Atlantic Ocean, which is characterized by a stable spreading center and a symmetrical continental margin, the spreading of the South China Sea Basin is controlled by the surrounding large-scale plates (such as the Eurasia Plate, the Indo–Australia Plate, etc.), and belongs to a restricted small ocean basin with characteristics of a small-scale, new age, and complex spreading process [54,55].



The seafloor spreading age in the South China Sea has long been the focus of geological research [43,44,45,55,56,57,58,59,60,61]. Magnetic anomaly bands are key to recording the timeline of this seafloor spreading. However, the accuracy of the spreading age derived exclusively from these bands is compromised due to factors such as data quality and subsequent magmatic activity. Previous studies have proposed different age models of 32–17 Ma, 32–15.5 Ma, 31–20.5 Ma, etc. [43,44,45,60,61]. Based on the deep-towed geomagnetic data of the “South China Sea Deep” project and basement basalt sample dating from the International Ocean Discovery Program (IODP) drilling, the initiation and cessation of seafloor spreading in the South China Sea were determined to be 32–34 Ma and 15 Ma, respectively. The cessation of seafloor spreading in the east and southwest sub-basins are ~15 Ma and ~16 Ma, respectively (Figure 4) [42,56,59,62]. Furthermore, the identification of seismic unconformity surfaces in South China Sea has helped to reconstruct the spatio-temporal pattern of ocean basin spreading [48]. For instance, the rupture unconformity surface in the eastern part of the South China Sea was first formed at ~34 Ma [48,63]. The most prominent unconformity surface in the central part occurred at 23.6 Ma, indicating the beginning of spreading near the southwest sub-basin [48]. The latest rupture unconformity surface in the western part was formed at ~16 Ma, which coincides with the cessation of spreading in the southwest sub-basin, showing a migration from east to southwest [48,63,64,65,66,67]. On the whole, the results of magnetic isochrons, IODP drilling and unconformity surfaces show that the onset of seafloor spreading in the South China Sea began between 32 and 34 Ma and ended around 15 Ma, and the final crustal rupture and the start of seafloor spreading did not occur simultaneously from east to west, but expanded progressively in a “V” shape from east to west (Figure 3c–f).



The eastern sub-basin is the largest sub-basin in the South China Sea (Figure 1), and its developmental history runs through the entire spreading process of the South China Sea Basin. Asymmetric spreading and ridge jumps are the most important characteristics in the east sub-basin. Magnetic anomaly bands, bathymetric data and gravity anomalies indicate that seafloor spreading in the east sub-basin shows asymmetric characteristics (Figure 5). With the residual ridge where the Zhenbei-Huangyan seamount chain is located as the boundary, some magnetic anomaly strips are missing on the southern wing of the east sub-basin, and the magnetic anomaly bands on the northern wing are discontinuous [43,68]. The uneven distribution of such magnetic anomaly bands indicates the existence of asymmetry in seafloor spreading (Figure 5a). The water depth data and the ocean-continent boundary identified by seismic measurement also show that the east sub-basin is geometrically asymmetrical with “width in the north and narrow in the south” [69]. Besides, the residual mantle bouguer gravity anomaly (RMBA) of the eastern subbasin (Figure 5b) and retrieved the oceanic crust thickness (Figure 5c) calculated by gravity and sediment data also point out that there is an obvious north-south asymmetry in the RMBA and oceanic crust thickness on both sides of the residual ocean ridge, indicating that the northern side has higher mantle temperature and more magma activity than the south side, reflecting the asymmetry of the deep structure (Figure 5d) [70,71]. It can be seen that the structure of South China Sea lithosphere from lateral to the vertical directions shows the asymmetric characteristics of seafloor spreading.



Ridge jumps are significant events in the spreading history of the east sub-basin. However, the location, time and stage of these ridge jumps remain a topic of debate. At present, most researchers agree that ridge jumps have occurred in the east sub-basin of the South China Sea, but they diverge in their interpretations of the timing (Figure 6a). Taylor and Hayes [44] posited a southward ridge jump at 27 Ma (magnetic anomaly band C7a). In contrast, Briais, et al. [43] and Barckhausen, et al. [61] concurred with the occurrence of a ridge jump but date it around 25 Ma. Based on high-precision deep-drag geomagnetic detection and seismic profile analysis, Li, et al. [56] suggested that the oceanic ridge shifted southward by approximately 20 km at 23.6 Ma. In addition, some scholars have proposed the idea that there were two or more oceanic ridge jumps that occurred in the east sub-basin. Ding, et al. [69] deduced that two southward ridge jumps occurred at 27 Ma and 23.6 Ma based on deep reflection seismic analysis revealing two sets of opposite-dipping lower crustal reflectors (LCR) on the northern side of the ridge (Figure 6b). However, Wen, et al. [73] proposed a different interpretation of these reflectors, suggesting they might represent magmatic intrusions accumulated in partially serpentinized mantle during the latest rifting before lithosphere breakup, or magmatic relicts in the paleo-melt transfer channels and/or frozen molten materials in the shear zone of lithospheric and asthenospheric mantle, formed before the onset of mature seafloor spreading. In addition, based on the high-resolution magnetic anomaly bands, Guan, et al. [74] suggested that the east sub-basin underwent five successive ridge jumps at ~28 Ma (C9r), ~25.9 Ma (C8n), ~25 Ma (C7n), ~19.9 Ma (C6n) and ~18.5 Ma (C5En), and the direction of spreading changed during the ridge jumps (Figure 6c).



There is a close relationship between the ridge jumps and asymmetric spreading in the east sub-basin of the South China Sea. During the discontinuous asymmetric spreading process of the east sub-basin, not only did the ridge jumps occur, but also the direction of spreading changed. These ridge jumps resulted in geometrically asymmetric structures with a wide northern limb and a narrow southern limb of the east sub-basin [75]. Geodynamic numerical simulations have led to the hypothesis that partial melting occurred in the lower region between the old and new oceanic ridges, causing higher mantle temperatures and more intense magmatic activity on the northern side of the spreading center, thereby creating a deep structural asymmetry [76]. However, the dynamic mechanisms of ridge jumps and asymmetric seafloor spreading are still not fully understood. Ding [75] postulated that the periodic deep magma activity in the mantle, coupled with shifts in the location of magma upwelling could trigger these ridge jumps. Therefore, comprehension of the processes and distribution of deep magma, as well as the relationship between structure and magmatism, might be the key to unraveling the complexities of the dynamic mechanisms driving oceanic ridge jumps and asymmetric spreading.




4. Conclusions and Future Prospects


After long-term investigation and research, especially the implementation of the “South China Sea Deep” project and multiple South China Sea drilling cruises by IODP, significant insights have been gained about the spreading history of the South China Sea. Comprehensive analysis of ocean drilling cores and deep-tow magnetic anomalies have established that the South China Sea spreading started between 32 and 34 Ma and ended around 15 Ma. And at least one southward spreading ridge jump has occurred in the South China Sea. However, limitations in the fusion of geophysical data and the detection depth of geophysical exploration equipment have constrained our understanding of ridge jumps, asymmetric seafloor spreading processes and their underlying dynamic mechanisms. There are two primary challenges in this area of research. Firstly, there is a noticeable absence of cross-validation among the data and research methodologies used by different researchers. Second, most existing studies rely predominantly on crustal-scale geophysical data, which lacks the depth and precision required for more comprehensive insights. Given these challenges, it is urgent to introduce new methods and data to conduct in-depth research from the lithosphere to asthenosphere scale so as to answer important scientific questions such as the location of residual oceanic ridges at different times, the duration and mode of oceanic ridge jumps and the dynamic mechanisms of oceanic ridge jumps and asymmetric seafloor spreading.



In recent years, the marine magnetotelluric method has achieved great success in revealing the structures of oceanic ridges. Key, et al. [77] and Johansen, et al. [27] conducted comprehensive magnetotelluric surveys at the north side of the East Pacific Rise and the Mohns Ridge of the Arctic Ocean, respectively. Their work successfully delineated key features such as Moho, the lithosphere–asthenosphere interface (LAB) and magma migration channels beneath the active oceanic ridges. This research sets a valuable precedent for in-depth studies of the crust and asthenosphere, particularly in regions like the South China Sea. In 2020, the Guangzhou Marine Geological Survey successfully undertook a 260 km deep marine magnetotellurism survey across the southwest sub-basin. This survey gathered detailed electrical and thermal structure profiles reaching down to the asthenosphere. This effort not only marks a significant advancement in ocean magnetotelluric data acquisition but also in the processing and interpretation methodologies [78]. Complementing these efforts, active source OBS refraction travel time tomography has emerged as a crucial method for inverting the velocity structure of the crust [79,80,81], which can effectively make up for the lack of marine magnetotelluric ability in resolving shallow structures.



For future research on asymmetric seafloor spreading and ridge jumps in the east sub-basin of the South China Sea, a strategic approach is recommended. This involves focusing on the detailed characterization of the crust–mantle structure extending to the asthenosphere. To achieve this, it is crucial to collect both magnetotelluric data and active source OBS data from residual oceanic ridges across different periods in the east sub-basin. This data collection should be integrated with existing comprehensive geophysical data, including gravity, magnetic and seismic records. In addition, incorporating thermo-mechanical numerical simulations will enhance the analysis. Through a multidisciplinary approach combining multiple methods and datasets, this integrated strategy aims to unravel the processes of oceanic ridge jumps and asymmetric seafloor spreading in the South China Sea, along with their deep dynamic mechanisms.
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Figure 1. Tectonic setting of the South China Sea (SCS) and adjacent regions, modified from Wang, et al. [2], Villeneuve, et al. [3] and Wang, et al. [7]. 






Figure 1. Tectonic setting of the South China Sea (SCS) and adjacent regions, modified from Wang, et al. [2], Villeneuve, et al. [3] and Wang, et al. [7].



[image: Jmse 12 00408 g001]







[image: Jmse 12 00408 g002] 





Figure 2. Map showing the distribution and classification of global mid-oceanic ridges (data on the total spreading rate of mid-oceanic ridges are from DeMets, et al. [17]). 
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Figure 3. A proposed strike–slip mechanism to open up the SCS and tectonic processes, modified from Huang, et al. [40]. A great Mesozoic ocean (yellow color) was progressively consumed when the SCS (blue and gray colors) and the WPB (white region) were developing on both sides of the Huatung Basin. For details of the evolution processes, see the text part. The red arrows indicate the direction of plate movement. The black half arrows indicate the direction of the fault strike–slip. L, Luzon. 
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Figure 4. Bathymetry map of the South China Sea showing the first deep-tow magnetic survey tracks (dd12, de12, da13 and dc13), magnetic isochrons (shown with black lines and black chron labels) and 5 drilling cores in IODP349 (shown with red dots). Combined analyses of deep-tow magnetic anomalies and IODP349 cores show that initial seafloor spreading started ~32–34 Ma in the east sub-basin and ~23.6 Ma in the southwest sub-basin, and ended ~16 Ma in the southwest sub-basin and ~15 Ma in the east sub-basin, modified from Li, et al. [56]. The solid red line is the boundary of the South China Sea Basin. The yellow dashed lines indicate the relict spreading center in the southwest sub-basin and east sub-basin, respectively. 
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Figure 5. Characteristics of asymmetric structure in the eastern sub-basin of the South China Sea. (a) Magnetic anomalies, modified from Ding, et al. [69]; (b) Changes in crustal thickness, profile B-B’ location is shown in (c), modified from Ding, et al. [70]; (c) Calculated residual mantle Bouguer anomaly (RMBA), modified from Zhang, et al. [71]; (d) Calculated changes in mantle temperature, profile direction is similar to B-B’, modified from Lin, et al. [72]. 
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Figure 6. Map showing the time, position and period of mid-oceanic ridge jumps in the South China Sea. (a) One ridge jump displaced the ridge ~20 km southward, which may have occurred a