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The northwestern continental margin of the South China Sea, extending from the broad shelf and canyon-growth slope across the Xisha Trough, represents a relic crustal rift that eventually connects to the abyssal plain. However, the provenance and source-to-sink process of sediments in this special topography remains unclear. In this study, we present the detrital zircon U-Pb geochronology of surface sediments from the northwestern margin of the South China Sea to identify the sediment provenance, track the transport pathway, and understand the source-to-sink process in this margin. The results showed that detrital zircons exhibit a wide range of U-Pb ages from 3,062.9 to 41.5 Ma and are characterized by peaks centered on 140–154 Ma, 240–258 Ma, 425–452 Ma, and 738–991 Ma. Statistical analysis indicated that the clastic sediments on the shelf closely resemble those sourced from the Pearl River system. Conversely, sediments on the slope and abyssal plain demonstrated characteristics indicative of multiple sources, primarily originating from the Pearl River, with a minor contribution from the Red River. Further quantitative study revealed a progressive increase (from 8.2% to 43.2%) in the prevalence of Red River-derived sediments with ascending water depth on the shelf and slope, whereas sediment influx in the deepest sector remains predominantly sourced from the Pearl River. This study emphasizes the controls of topography and currents in modulating the transportation of coarse-grained and fine-grained sediments within the source-to-sink system and provides a favorable solution for reconstructing the sedimentary process in continental margins.
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1 Introduction

The connection between mountain and abyssal regions is established through the source-to-sink process, which shapes modern landscapes and leaves lasting geological history. This process is influenced heterogeneously by lithology, tectonics, climate, and ocean currents (Bentley et al., 2016; Caracciolo, 2020). The continental margin, receiving sediments from various sources, undergoes control and molding by the source-to-sink process. Acting as a bridge between terrestrial and deep-sea environments, the continental margin holds enormous terrigenous detritus, which helps in understanding sedimentation patterns and the underlying evolutionary mechanisms (Hu et al., 2012; Milliman and Farnsworth, 2013; Clift et al., 2014; Romans et al., 2016).

The northwestern continental margin of the South China Sea (SCS) encompasses diverse topographies, providing a natural laboratory for studying provenance and sedimentary processes. A notable area is the northwestern continental margin of the SCS, where the Xisha Trough is situated (Figure 1B). This region includes four distinct topographic units that form a board zone of shallow to deep water: the continental shelf and slope, Xisha Trough, and Northwest Sub-basin of the SCS (Figure 1B). Understanding the provenance of these sediments is crucial for regional tectonics, ocean currents, and natural resource exploration (Wang et al., 2014; Sharman et al., 2015; Liu et al., 2016). Previous studies investigated the surface sediments through bulk geochemistry, Sr-Nd isotopes, and grain size, and suggested that the primary sources of fine-grained detritus to the Xisha Trough were the Pearl River and Taiwan (Zhong et al., 2017b; Liu et al., 2018; Cai et al., 2020). Seismic and zircon geochronology provenance analyses focused on the time period from the Oligocene to the Quaternary revealed that the sediment supply through the Central Canyon system was gravity-driven (Su et al., 2015; Zhao et al., 2015b; Li et al., 2017), whereas shelf sediments predominantly originated from the Pearl River and are influenced by coastal and surface currents (Zhong et al., 2017a). Studies on clay minerals indicated that fine-grained sediment is mainly derived from Taiwan Island (approximately 50–70%), as well as from the Red River and Vietnam (Liu et al., 2014a, 2016; Cai et al., 2020).




Figure 1 | (A) Tectonic map and the major source drainage systems of the northwestern South China Sea. The tectonic boundaries of the blocks are compiled from van Hoang et al. (2009) and He et al. (2020). The arrows indicate the annual suspended sediments (Mt/yr) for major drainage systems, as depicted in Milliman and Farnsworth (2013). (B) Topographic map of the northwestern South China Sea showing the drainage systems and sample locations in this study. Compiled detrital zircon studies follow Cao et al. (2023). The locations near estuaries are chosen to represent riverine discharge. Potential sources include the Pearl River (Zhao et al., 2015a; Liu et al., 2017), Red River (Clift et al., 2006; Fyhn et al., 2019; Wang et al., 2019), coastal rivers in central Vietnam (Fyhn et al., 2019; Wang et al., 2019), and coastal rivers in Hainan (Wang et al., 2015). The major currents of the northwestern SCS are depicted by arrow lines and are collected from Liu et al. (2016) and Chen et al. (2021).



Despite extensive research, the transportation of sediments in the northwestern SCS remains unclear. Coarse-grained sediments, such as silt and sand, are often overlooked, even though they can constitute up to 50% of the abyssal plain’s sediments (Liu et al., 2014a; Zhong et al., 2017b). Previous studies have focused on the bulk or fine-grained sediments, neglecting coarse fractions necessary for comprehensive provenance analysis. Limited data from the deep-water area further hinder understanding of the source-to-sink process in this sedimentary system (Liu et al., 2014a, 2016, 2018; Cai et al., 2020). Accurately determining sediment provenance requires the identification of transport pathways and the evaluation of contributions from multiple sources.

U-Pb dating of detrital zircon is a powerful tool for provenance analysis (Gehrels, 2011; Cao et al., 2023). Zircon, a common and durable mineral, preserves information about the magmatic events of source rocks (Gehrels, 2011). By matching detrital zircon ages with potential sources, the provenance of sediments can be determined (Wang et al., 2019). The application of detrital zircon U-Pb geochronology, along with statistical measures, articulates further detail in provenance studies (Gehrels, 2011; Vermeesch, 2013; Dodson et al., 2022). Recent advancements in the detrital zircon geochronology method have brought about more quantitative approaches for elucidating the provenance of sediments, offering a more precise method of deciphering the sediment process in the margin (Sharman and Johnstone, 2017; Sundell and Saylor, 2017; Cao et al., 2018).

From shelf to abyssal plain, the East Asian margin’s large river deltas and sedimentary systems are influenced by tectonics, monsoons, sea level changes, ocean currents, and human activities (Li et al., 2014; Gao and Collins, 2014), which also control the river channel migration and delta evolution of the Mississippi margin (Bentley et al., 2016) and Bengal Fan (Blum et al., 2018). This study aims to clarify the relationship between surface sediments and the surrounding fluvial catchments by interpreting the compilation of detrital zircon U-Pb geochronology. It seeks to uncover the provenance of coarse-grained sediments and combine that of published fine-grained sediments to provide a comprehensive view of sedimentation patterns in the northwestern margin of the SCS. Further quantitatively assessing the contribution of sources will offer insights into sediment transport pathways and the influence of topography and currents within the source-to-sink system.




2 Geological setting

The SCS is one of the largest marginal seas in the western Pacific Ocean, with its northern boundary marked by South China, the Indochina Peninsula, and the islands of Hainan, Luzon, and Taiwan (Figure 1A). These terranes annually deliver approximately 416 Mt of clastic detritus to the suspended sediments of the northern SCS through the inland fluvial catchments (Milliman and Farnsworth, 2013). The seafloor of the SCS spread between 33 and 15 Ma but ceased after the Eurasia plate started subducting under the Philippine Sea plate, which caused the contemporaneous uplift of Taiwan island (Taylor and Hayes, 1983). The propagation of the SCS seafloor induced the spreading of the Northwest Sub-basin along the northside of the Zhongsha-Xisha massif approximately after 33 Ma, subsequently forming the Xisha Trough as a failed rift arm (Sun et al., 2006, 2009; Lei and Ren, 2016). The tectonic rift of the Xisha Trough proceeded during the Oligocene and consequently generated thinned continental crust from approximately 25 to 8 km overlaying the Cenozoic sediments.

The study area spans from the continental shelf along the eastern margin of the Hainan Islands into the abyssal plain toward the southeast, extending eastward into the SCS, traversing a depth of 100 to 3,500 m (Figure 1B). The continental shelf has a smooth and broad appearance and is generally shallower than 200 m, extending southeastwardly approximately 100–300 km to the continental shelf break. The continental slope growth submarine canyons, these gullies connect to the east-west trending Xisha Trough (Figure 1B). The seafloor within the trough axis exhibits an eastward tilt, with depths gradually increasing from 1,500 to 3,400 m, and the easternmost edge connects with the abyssal plain (Figure 1B). The Northwest Sub-basin is flat and situated on the abyssal plain with a depth exceeding 3,000 m, with mafic seamounts scattered internally.

The ocean currents within the SCS basin typically divide into three distinct water masses based on their depth, encompassing surface currents, intermediate water circulation, and deep-water currents (Wang et al., 2016; Zhu et al., 2019). The surface current is primarily forced by seasonal monsoon wind stress and simultaneously influenced by the Kuroshio intrusion (Su, 2004; Xue et al., 2004). In the winter, a southwestward wind covers the atmosphere of the SCS, generating a cyclonic basin-scale current in the surface layer of the SCS (Qu, 2000; Liu et al., 2001). Conversely, in summer, a northeastward wind induces an anticyclonic surface current, forming the annual dynamic pattern of the surface layer (Qu, 2000; Liu et al., 2001). Intermediate water circulation is generally anticyclonic along the continental slope in the north, driven by the inflow of North Pacific Intermediate Water through the Luzon Strait, mostly at depths approximately 1,000 m (Zhu et al., 2010; Wang et al., 2013a). A series of mesoscale eddies distribute on the northern slope driven by the Kuroshio current and internal wave. The Northern Pacific Deep Water invades the SCS through the Luzon strait, then sinks and flows westward, forcing a basin-scale deep cyclonic gyre that eventually develops as deep-water currents (Qu et al., 2006; Wang et al., 2011).




3 Characteristics of potential sources

Understanding the spatial variation of age modes is required to recognize the characters of source terranes. Therefore, potential source characters should be established firstly by compiling detrital zircon U-Pb geochronology data of the potential sources. Previous studies illustrated that the sediments in the northwestern SCS are mainly derived from four potential source terranes: the Pearl River, Red River, Hainan Island, and central Vietnam (Lei et al., 2020). The source regions are influenced by widespread events, including the Caledonian (400–540 Ma), Hercynian-Indosinian (220–270 Ma), and Yanshanian (80–180 Ma) orogenies. The Caledonian event in the South China Block is generally considered an intracontinental collision during the early Paleozoic era (Wang et al., 2007b). The Indosinian orogeny, initially defined in the Indochina Block in Vietnam, was later recognized as a Triassic thermotectonic event affecting the South China Block (Lepvrier et al., 2004; Wang et al., 2013b). Widespread Triassic igneous activity, metamorphism, and deformation have been revealed by several studies (Li et al., 2006; Wang et al., 2013b). The Yanshanian orogeny (80-180 Ma), characterized by extensive continental margin magmatism and metamorphism, is associated with plate movements and block collisions (Zhou and Li, 2000; Wang et al., 2013b). To effectively trace the provenance of sediments, we compiled detrital zircon ages from the major drainage systems in these source regions (Clift et al., 2006; Wang et al., 2015, 2019; Fyhn et al., 2019; He et al., 2020). These drainage systems display distinct age characteristics, indicating that they were derived from heterogeneous source regions (Figures 2B–H).




Figure 2 | (A-H) KDE plots of potential source drainage catchments. Sample locations are shown in Figure 1B. The KDE is generated according to Vermeesch (2012) with a bandwidth of 30 Ma. The histogram, represented by gray bars, has a bin width of 50 Ma, and the count numbers are labeled on the right-hand side of each plot. The age values are marked above the peaks of the KDE curve. Colored bars show the time spans of major tectonomagmatic events. The data for the Pearl River are from Zhao et al. (2015a) and Liu et al. (2017), the data for the Red River are from Clift et al. (2006); Fyhn et al. (2019), and Wang et al. (2019), the data for the coastal rivers in central Vietnam are from Fyhn et al. (2019) and Wang et al. (2019), and the data from the coastal rivers in Hainan are from Wang et al. (2015).



The Pearl River originates westernmost from the Yunnan-Guizhou Plateau, flows eastward across the Yangtze Craton, and then downstream flows into the Cathaysia Block (Figure 1A). The ensemble of Yangtze and Cathaysia blocks collided during the Jinning orogeny between 800 and 1,000 Ma (Wang et al., 2007a), resulting in the simultaneous formation of igneous and metamorphic rocks, which corresponds to the Neoproterozoic age population observed in this river. Yangtze Craton mainly consists of carbonates, dolostones, and siliciclastic red beds, which contribute sediments to the western catchment and are characterized by prominent peaks at approximately 265 and 800 Ma (He et al., 2020). By contrast, the sediments in the eastern catchment are derived from the Cathaysia block, where granites and minor volcanic rocks are predominantly exposed (John et al., 1990; Hu et al., 2013). Multimodal distribution of 160 Ma, 250 Ma, and 440 Ma corresponds to Yanshanian (80–180 Ma), Hercynian-Indosinian (220–270 Ma), and Silurian (420–440 Ma) granitic rocks, respectively, exposed in the eastern catchment (Liu et al., 2017). Age populations of approximately 2,500 Ma and 1,800–1,600 Ma are consistent with the crustal growth of the South China Block. The age population with the peak at approximately 160 Ma coincides with the extended andesitic volcanic arc province of the Eurasian plate margin (Sewell and Campbell, 2022), which produced widespread Yanshanian magmatic rocks at approximately 140 Ma in the southeast part of the Cathaysia Block, contributing a distinction mark of the Pearl River.

The Red River originates in eastern Tibet and follows along the prominent strike-slip Red River Fault Zone. It crosses the Hanoi Basin before ultimately flowing into the SCS (Figure 1A) and forming a delta in the Gulf of Tonkin. The Red River yields a wide range of zircon ages spanning from the Cenozoic to the Paleoproterozoic (Figure 2C). Indosinian granitoid intrusions and extrusive rocks expose commonly with Caledonian (400–540 Ma) intrusive rocks that occur in the Song Chay Dome and elsewhere within the southern part of the Red River catchment (Roger et al., 2000), which contribute to the 428 Ma age population in the Red River spectra. The approximate 30 Ma and 54 Ma ages derived from Eocene-Oligocene rocks of the Red River Fault Zone and the Late Cretaceous igneous rocks crop out along a fraction of the hinterland (Schärer et al., 1994; Roger et al., 2007; Xu et al., 2015). Upper reaches of the Red River erode the edge of Yangtze Craton, which experiences multiphase evolution characterized by the Jurassic (approximately 200 Ma) and Neoproterozoic (approximately 800 Ma) ages (Zhang and Schärer, 1999; Gilley et al., 2003; Clift et al., 2006; Van Hoang et al., 2009). The age populations of 1,846 Ma and 2,476 Ma are reworked via upper Red River sedimentary basins (Clift et al., 2006; Van Hoang et al., 2009). In particular, the Red River produces Neoproterozoic ages at approximately 700 Ma and exists in the Himalayan ages younger than 60 Ma. By contrast, both age populations accordingly support the distinction between the Red River-derived and Pearl River-derived sources (Figures 2B, C).

Hainan Island is situated to the south of the Leizhou Peninsula and the west of the continental shelf of the SCS (Figure 1A). The drainage systems of Hainan originate in the central hinterland, distribute radially, and flow into the SCS. The Permian to Triassic magmatism forms Yanshanian and Hercynian intrusion granites in continental arc environments, providing age signature of approximately 240 Ma in  river sediments (Li et al., 2006; Xie et al., 2006). The extensional event commenced from Cretaceous formed the granites and mafic dikes during 130–90 Ma. (Wang et al., 2012; Zhou et al., 2015; Yan et al., 2017), Yanshanian granitic rocks are consequently widespread in the southern part of Hainan. These rocks contribute to the occurrence of two distinct age peaks at approximately 99 Ma and 240 Ma in the fluvial sediments (Figure 2D).

Central Vietnam comprises four major drainages that are located on the western margin of the Indochina Peninsula (Figure 1A). The northern part of the Indochina Peninsula is influenced by the Red River Fault Zone, and to the south, the Truong Son Belt borders the Kontum Massif, both of which spread Ordovician-Silurian and Permian-Triassic granitic and metamorphic rocks (Lepvrier et al., 1997; Carter et al., 2001; Shi et al., 2015). Estuary sediments of these four rivers all show dominantly age populations in Silurian and Triassic which yield resemble age modes. (Figures 2E–H). The 420–440 Ma age population exhibited in four rivers indicates the erosion of Ordovician-Silurian granites. Zircon grains derived from Permian-Triassic rocks also constitute the primary composition in the rivers. The Ca River has Cenozoic age population corresponding to Cenozoic tectonic activity that are located along the Red River Fault Zone (Figure 2F) (Wang et al., 2019). The Thu Bon River and Tra Khuc River drained from the Truong Son Belt and Kontum Massif, and display well-defined populations dominated by Permian to Triassic and Silurian age peaks (Figures 2G, H) (Roger et al., 2007; Liu et al., 2012; Wang et al., 2019).

The zircon grains in the riverine sediments are coherent with the magmatic events in catchments, and the proxies of distinguishing unequivocal regions are assured. The Pearl River is characterized by the abundant proportion of Jurassic and Early-Neoproterozoic ages, which differ from the Cenozoic and Late-Neoproterozoic ages of the Red River. The predominantly Inodosinian and Caledonian populations are insufficient to constrain Vietnam sources, but Cenozoic grains from the Red River Fault Zone can be explicitly interpreted to distinguish it from the Pearl River and Hainan sources. The Yanshanian ages with an age peak at approximately 99 Ma compose the unique age population of the Hainan and are insignificant or non-existent in other sources, delivering an efficient proxy to recognize Hainan-derived sediments.




4 Sampling and methods

Six surface sediment samples were collected from the northwestern SCS (Figure 1B). Specifically, samples SH-1 and SH-2 were obtained from the continental shelf, situated southeastern offshore of Hainan Island. Samples SL-1 and SL-2 were collect from the northern continental slope of the Central Canyon, and Sample SL-3 were from the slope of the Xisha uplift. Sample AB-1 was retrieved from the abyssal plain in the Northwest Sub-basin of the SCS. Further details about the samples are shown in Supplementary Table 1.

Zircons were extracted from samples weighing over 200 g using conventional heavy liquids and magnetic separation methods. After hand sorting under a binocular stereoscope, these zircon grains were then affixed in transparent epoxy and carefully polished to reveal their internal structures, with each grain reduced to approximately half its original size. Cathodoluminescence (CL) images were captured to discern the origins and internal structures of zircon grains, aiding in the selection of potential analysis sites (Figure 3). Zircon grains without discernible defects or overlapping zones under CL examination were picked at random for laser ablation analyses.




Figure 3 | CL images of representative zircon grains for the samples from the northwestern South China Sea. White circles indicate laser ablation sites with a diameter of 24 μm, and yellow circles indicate sites with a diameter of 17 μm. The white lines represent a scale of 25 μm.



U-Pb dating of zircon was measured with an ELEMENT XR (Thermo Fisher Scientific) ICP-SF-MS coupled with a 193-nm (ArF) Resonetics RESOlution M-50 laser ablation system in the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The detailed experiment procedure and data reduction strategy have been described by Zhang et al. (2018). Laser conditions were set as follows: beam sizes of 17 and 24 μm; a repetition rate of 5 Hz; and an energy density of approximately 4 J·cm-2. Each spot analysis consisted of 30 s gas blank collection with the laser off, and 35 s sample signal detection with the laser on. Signals of the following masses were detected: 202Hg, 204(Hg+Pb), 206Pb, 207Pb, 208Pb, 232Th, and 238U. The oxide molecular yield, indicated by the 232Th16O/232Th ratio, was less than 0.3%. Zircon Plešovice (Sláma et al., 2008) and SA01 (Huang et al., 2019) were selected as the calibration standard, and every five sample analyses were followed by two analyses of Plešovice. Common Pb was corrected by ComPbCorr#3_151 using the method described by Andersen (2002).

Owing to the improving precision of 206Pb/238U age for younger ages and improving precision of 207Pb/206Pb age for older ages (Gehrels, 2011), 206Pb/238U ages and 207Pb/206Pb ages were respectively used for younger (<1 Ga) and older (>1 Ga) zircons (Gehrels et al., 2008). The concordance was defined for ages above 1 Ga using the ratio of 206Pb/238U and 207Pb/206Pb ages, and 207Pb/235U and 206Pb/238U ages were used for ages less than 1 Ga, with both calculated under 1σ level of ages. The accepted ages were selected from an 80% to 120% concordant subset. Zircon age spectrum and peaks were constructed using Kernel Density Estimation (KDE) with the R package by Vermeesch (2018). Multidimensional scaling (MDS) plots based on the Kolmogorov–Smirnov D value (KS-D value), along with the stress value indicating the fitting quality (smaller is better), were then generated to compare the detrital zircon U-Pb ages (Saylor et al., 2017). To quantitatively estimate the relative contribution of zircon grains, the Monte Carlo unmixing model based on the K-S test statistic was used in this study. The model uses the inverse Monte Carlo and forward optimization approaches of randomly reconstructing mixing samples from source samples to compare with the sink sample and determine the relative contribution ratio of the sources. The MATLAB code, detailed methods, model tests, and data applicability used have been described by Sundell and Saylor (2017).




5 Results

The zircon grains extracted from surface sediment samples were colorless to light pink and orange and had a wide range of prismatic to oval-shaped crystals. The CL images of representative zircon grains are presented in Figure 3. The predominant size range for zircon grains within the samples fell between 30 and 120 μm, which may represent a portion of the silt and sand content. The Th/U ratios of zircon grains ranged from 0.004 to 10.7, with most greater than 0.1 (Figure 4), together with oscillatory growth zoning under CL (Figure 3), pointing to a dominant igneous origin (Hoskin, 2003). In addition, 27 zircon grains yielded a Th/U value lower than 0.1 (approximately 5% of the total, Figure 4), indicating a metamorphic origin.




Figure 4 | Th-U ratio plots of detrital zircons from the sediment samples in this study. A ratio greater than 0.4 indicates igneous zircons, whereas those less than 0.1 represent metamorphic zircons. A large majority (95%) of the total grains have ratios greater than 0.1, indicating a predominantly igneous origin for the zircons.



In total, 825 zircon grain analyses were conducted and generated 682 concordant zircon grains under uncertainties (Figure 5; Supplementary Table 2). Concordant zircon grains from this sample set showed a Mesoproterozoic to Oligocene age prevalence (1,600 to 23 Ma), representing approximately 88% of the total age population measured. Smaller populations of Paleoproterozoic (1,600–2,500 Ma) and Neoarchean (2,500–2,800 Ma) ages comprise between 9% to 14% of the grains in each sample (Figure 2A).




Figure 5 | (A–F) Concordia plots of detrital zircons from the sediment samples in this study.  The filled error ellipses reported all errors at 1 Sigma confidence level.



Samples SH-1 and SH-2 were collected from the continental shelf (Figure 1B). SH-1 zircons had a larger mean grain size than those of SH-2, indicating a more proximal source. Zircon crystals of both samples were characterized by oscillatory zoning. A small number of grains (approximately 10%) exhibited recrystallization domains and melt inclusion. For sample SH-1, we conducted U-Pb analyses on 153 individual zircon grains, yielding 145 concordant results within uncertainties (>80%, the same as below) (Figures 5A, B). SH-1 had a variety of ages, from the Ordovician to the Silurian, with minor Triassic to Jurassic and Neoproterozoic grains, and documented five major age peaks at approximately 158 Ma, 244 Ma, 444 Ma, 898 Ma, and 1855 Ma (Figure 6A). SH-2 included 116 concordant ages in 159 analyzed zircon grains and displayed a polymodal distribution of Jurassic, Triassic, Devonian, and Neoproterozoic ages, with six age peaks at approximately 211 Ma, 407 Ma, 735 Ma, 907 Ma, 1178 Ma, and 1890 Ma (Figure 6B). The age distributions of shelf samples differed significantly in Devonian-Ordovician ages (359-485 Ma): SH-1 showed a pronounced dominant, whereas SH-2 had a lower abundance of this age population.




Figure 6 | (A-F) KDE plots of detrital zircons from the sediments in the northwestern South China Sea, with the plot legend consistent with Figure 2. Sample locations are shown in Figure 1B.



Samples SL-1, SL-2, and SL-3 were collected from the continental slope (Figure 1B). CL images generally showed oscillatory zoning, several grains had the rim-core structure, and SL-2 exhibited a few long-strip shape grains. In total, 104, 94, and 157 zircon grains were analyzed, resulting in 90, 74, and 140 concordant ages for the respective samples (Figures 5C-E). These samples displayed similar polymodal age distributions with Paleogene to Cambrian and Paleoproterozoic ages, with a bimodal distribution in the Neoproterozoic (Figures 6C-E). They produced age peaks at approximately 140 Ma, 230 Ma, 420 Ma, and 700–900 Ma. Notably, each sample showed different characters in Neoproterozoic ages. Sample SL-1 generated the primary age peak at approximately 876 Ma, with a subordinary peak at approximately 763 Ma (Figure 6C). In contrast, sample SL-2 displayed the major and minor age peaks at approximately 667 Ma and 815 Ma, respectively (Figure 6D), and sample SL-3 exhibited a dominant age peak at approximately 893 Ma (Figure 6E). This observation suggests a different provenance for these sediments.

The abyssal basin sample (AB-1, Figure 1B) also showed mostly oscillatory zoning in the CL and melt inclusion was observed in several grains. The ages were determined from 117 zircon grains, which were concordant with uncertainties, out of 158 analyses performed (Figure 5F). The sample showed Jurassic, Triassic, Devonian, and Neoproterozoic age populations, and displayed five major age peaks at approximately 117 Ma, 208 Ma, 401 Ma, 482 Ma, 715 Ma, and 1915 Ma (Figure 6F). Furthermore, this sample contained three zircon grains that exhibited Archean ages.




6 Discussion



6.1 The provenance of coarse sediments

As the age signatures of the aforementioned potential sources are well-defined, the provenance of surface sediments can be identified by matching their age distribution features distinctly. The continental shelf is influenced by coastal currents and surface currents, transporting sediment along the southern coast of China and the southwestward downslope, respectively (Liu et al., 2014b; Zhong et al., 2017a, 2017b). Shelf sediments (samples SH-1 and SH-2) identified as the predominant Pearl River source, evidenced by the age peak of approximately 900 Ma (Figures 6A, B), reflect control of both currents. The rivers of Hainan Island and the Yunkai Massif (Figure 1A) are significant clastic contributors to the north shelf (Liu et al., 2014b; Zhong et al., 2017b; Gong et al., 2021), as indicated by the presence of the Jurassic grains and a notable Caledonian population (Figure 2D), reflecting Hainan basaltic magmatism and the Yunkai Massif (Wang et al., 2007b, 2015). Sediments from the southern continental shelf exhibit an age population of approximately 700 Ma (Figure 6B). According to age spectrum comparisons, this age population appears to be consistent with either the Red River or the Pearl River. However, sediments from the Red River are obstructed by the northern slope of the SCS, limiting their reach to the outer shelf. Moreover, sediments from the Red River typically display characteristics of Cenozoic ages (Bodet and Schärer, 2000, Clift et al., 2008, Van Hoang et al., 2009, Fyhn et al., 2019) and are notably absent in these samples. The contribution of the Red River can therefore be excluded. The western tributaries of the Pearl River drain the Yangtze Craton, producing zircons dating back to 700 Ma (Wang et al., 2007a). Hence, Pearl River sediments are suggested as the primary source on the shelf. Studies on detrital mineral and particle-reactive radionuclide assemblages (Huang et al., 2013; Hu et al., 2014) suggest that proximal Hainan-derived sediments contribute to the eastern continental shelf of Hainan Island. In the zircon ages, Jurassic grains approximately 99 Ma from shelf sediments also supported Hainan as a source. Furthermore, the cumulative distribution function (CDF) is commonly used to reveal age spectrum differences (e.g., Saylor and Sundell, 2016). In the CDF plot (Figure 7), shelf sediments closely matched that of the Pearl River but significantly differed from that of the Red River in both the 700–1,000 Ma and 1,700–1,900 Ma ranges, suggesting a dominant feed of the Pearl River source, which accords with the result of zircon ages.




Figure 7 | Cumulative distribution plot of detrital zircon U-Pb ages for the sediments in the northwestern South China Sea. The data are the same as in Figures 2, 6.



The continental slope widens gradually from west to east, with its eastern bottom connecting to the Xisha Trough. Sampling locations at the bottom of the slope, the western end of the trough, and within the trough itself provide valuable materials for studying provenance variations along the slope (Figure 1B). The Red River has proved to be a significant source of fine-grained slope sediments. However, slope failures and slides frequently occur on the Qiongdongnan and Yitong slopes (Qin et al., 2015; Zhong and Peng, 2021). Given that detritus from the slope generally originates from the shelf (Xia et al., 2009; Zhong et al., 2017a), the provenance of turbidity deposits and the accumulation of coarse-grained fractions remains poorly defined (Liu et al., 2014a; Zhang et al., 2023). The slope sediment (samples SL-1 and SL-3) results exhibited characteristics of both the Red River and Pearl River, evidenced by abundant Cenozoic, Cretaceous-Jurassic, and Neoproterozoic grains (Figures 6C, E). Although Neoproterozoic ages with peaks at approximately 900 Ma have also been found in the rivers of southern Vietnam, southward currents hinder these sediments from reaching the north margin (Fyhn et al., 2019). Therefore, these rivers are unlikely to significantly contribute detritus to this area. In CDF curves, Yanshanian and Neoproterozoic populations in the samples align with those of the Pearl River and Red River (Figure 7), indicating a mixed-source input in this region. Hence, the provenance of sediments on the slope can be precisely attributed to a mixture of Red River and Pearl River sources. As slope failures and deep-water currents do not affect the south wall of the Xisha Trough (Chen et al., 2016; Zhang et al., 2023), the influence of the Pearl River is weaker, and Taiwan coarse sediments cannot reach this area, suggesting that the Red River may exert a greater influence in SL-3.

Sediments in the abyssal basin (AB-1) exhibited a similar age distribution to those at the western end of the trough (SL-2) (Figures 6D, F). The Xisha Trough, as a remnant rift-arm (Sun et al., 2009; Lei and Ren, 2016), shares similar tectonic and sedimentary environments with the Valencia trough, with sedimentation patterns controlled by the tilting of the faulted basement of the rift basin (Alonso et al., 1995; Su et al., 2015). These similarities create parallel longitudinal sediment transport pathways along the continental margin in two troughs. The age distribution in the abyssal basin resembles that at the western end of the trough, indicating a shared source and possibly sediment inheritance between these locations. The presence of Yanshanian ages with a peak at approximately 99 Ma provides evidence of sediment supply from Hainan in this area. Similarities between AB-1 and SL-2 are also evident in the CDF plot (Figure 7), suggesting that abyssal basin sediments originate from multiple sources, including the Pearl River, Red River, and Hainan.

MDS has emerged as a powerful analytical tool for interpreting sediment provenance in studies (Saylor et al., 2017; Wang et al., 2019; He et al., 2020). Distances between points on the MDS plot reflect dissimilarities (the KS-D value is used in this study) between samples. Closer points indicate more similar samples, whereas distant points represent greater dissimilarities (Vermeesch, 2013). This visualization in our study identified sample groups and distinguished between different source areas, providing insights into the complex mixture of sediment provenance (Figure 8). Although rivers in central Vietnam appear difficult to differentiate within samples in terms of age spectra, their dissimilarity from our samples is highlighted in the MDS plot. Even in the fine-grained sediments, central Vietnam contributes only a small amount (Liu et al., 2014a), with its characteristics hardly observed in coarse-grained sediments. This further supports the primary deposition of sediments from this source near the eastern shelf of the Indochina Peninsula, transported southward by surface currents (Fyhn et al., 2019). Notably, our samples predominantly clustered around the Pearl River and Red River sources, clearly spatially separated from the Hainan source. The results affirm that the continental shelf sediments (samples SH-1 and SH-2) primarily originated from the Pearl River. This also validates that slope sediments (samples SL-1 and SL-3) are closest to sources from both the Pearl River and the Red River. Sample SL-2 is positioned between the Pearl River and central Vietnam in the plot, suggesting potential contributions from rivers in central Vietnam. Abyssal basin sediments (sample AB-1) plotted adjacent to SL-2 in the plot and close to the Pearl River, suggesting an inherited sediment supply and possibly a similar provenance from the Pearl River.




Figure 8 | Multidimensional scaling (MDS) plot using the K-S statistic for the detrital zircon data of all potential sources and samples in this study. The data are the same as in Figures 2, 6. The solid gray lines connect the most similar samples, and the dashed gray lines connect the second most similar samples.






6.2 Coarse-grained versus fine-grained fraction

Coarse-grained and fine-grained components undergo fractionation under varying hydraulic conditions, which is common in sediment transportation (Garzanti et al., 2009; Lupker et al., 2013; Allen et al., 2015). As a high-density and large-grain mineral, the fractionation between zircon and clay minerals exists commonly (Komar, 2007; Liu et al., 2016; Garzanti et al., 2022; Jia et al., 2023). In the study area, the coarse fraction that zircon represents largely originates from the Pearl River. On the continental slope, the fine-grained fraction is primarily attributed to Taiwan and the Red River (Liu et al., 2014a; Cai et al., 2020; Zhang et al., 2023), where coarse-grained sediment (SL-1, SL-2, and SL-3) indicates a contribution from the Pearl River. The different source is likely induced by different dynamic processes. The active slide and mass transport processes occurred on the western part of the slope, providing a natural conduit for coarse sediments migrating into the slope (Qin et al., 2015; Su et al., 2015; Zhong and Peng, 2021). The coastal current and deep-water current provide a possible long-distance transport of fine-grained sediments from Taiwanese rivers to the northern SCS shelf and slope (Liu et al., 2014a; Xu et al., 2017). Notably, the low contribution (<10%) of sediment from the rivers in central Vietnam remains consistent across zircon and clay minerals (Liu et al., 2014a). This is attributed to the sediments from central Vietnam being carried southeastward, thus being unable to travel long distances to reach the study area (Fyhn et al., 2019). On the shelf (samples SH-1 and SH-2), Hainan materials are traceable in the coarse fraction but have a low content in the fine fraction (Xu et al., 2017). Hainan-derived sediments primarily settle near the coast, with coarse-grained sediments delivered by summer rainfall being particularly trapped on the continental shelf due to summer upwelling (Zhang et al., 2013; Hu et al., 2014; Xu et al., 2017).




6.3 Source contributions and sedimentary pattern

To quantitatively assess the contribution of potential sources to zircons and investigate sediment transport pathways, this study utilized the Monte Carlo method (Figure 9; Supplementary Table 3) (Sundell and Saylor, 2017). Results indicate that the continental shelf predominantly receives clastic materials derived from the Pearl River (77.9% to 91.1%), suggesting initial fluvial sediments transport to the continental shelf followed by southward movement. These sediments are transported by the coastal current and winter surface current of the northern SCS (Figure 10) (Liu et al., 2016; Zhong et al., 2017a, 2017b). Although the Red River shows a notable contribution to the samples (10–20%), the absence of Cenozoic ages, as previously noted, suggests origins in the Xi River, upstream of the western Pearl River (He et al., 2020). The calculated contribution from the Red River is attributable to age population similarities between the two rivers. In this case, the Red River-derived sediments encountered obstruction by Hainan Island (Li et al., 2018) and could not reach the study area.




Figure 9 | The relative contributions of potential drainage systems for the sediments in the northwestern South China Sea. The unmixing modeling was described by Sundell and Saylor (2017). The data set are the same as in Figures 2, 6.






Figure 10 | Transport pathways and source-to-sink process of sediments in the northwestern South China Sea. The pie plot shows the contribution of four sources calculated by the Monte Carlo model based on zircon geochronology. The pink arrow indicates the source of the Pearl River. The red arrow indicates the source of the Red River. The yellow arrow indicates the source of central Vietnam. The purple arrow indicates the source of Hainan. The green arrow indicates the source of Taiwan. The black outline of the arrows represents the coarse-grained fraction and the white outline corresponds to the fine-grained fraction.



On the continental slope, sediments are primarily sourced from the Pearl River (54.5% to 74.6%) (Figure 9), with lesser contributions from the Red River (11.4% to 43.2%). Characterized by NW-SE- to-N-S-oriented canyons, submarine landslides, and turbidity currents (Qin et al., 2015), the continental slope provides a viable pathway for sediment transport (Figure 10). Areas with low turbidity activity primarily receive fine-grained sediments influenced by the Red River and Taiwan (Zhang et al., 2023), suggesting that gravity-driven processes are the main mechanism for transporting Pearl River-derived sediments into the trough. Sediments on the lower continental slope (SL-2) exhibit mixing with those from central Vietnam, consistent with the clay minerals studies (Liu et al., 2014a).

In the Northwest Sub-basin (AB-1), sediments show a pattern similar to those in the trough (SL-2), predominantly sourced from the Pearl River (approximately 80%, Figure 9). This suggests an eastward transportation trend via the gravity-driven Xisha Trough channel (Su et al., 2014; Zhao et al., 2015b; Lei et al., 2020). The topographic and sedimentation pattern of Xisha trough is similar to Valencia Trough, which receiving sediments from lateral on Ebro margin canyons, the eastward tilting of the Xisha Trough facilitates the longitudinal transport of the Red River sediments and northwestern SCS shelf sediments (mostly from the Pearl River) into the abyssal basin (Qin et al., 2015; Su et al., 2015). Unlike the Ebro margin, the closure of the SCS generates a well-developed deep-water current (Chen et al., 2016), transporting distal and fine-grained sediments (Liu et al., 2014a, 2016). Another different sediment transport scenario is also possible: the Pearl River Canyon system exports small amounts of sediments to the abyssal basin (Ding et al., 2013), with small canyons on the Yitong slope also potentially transporting Pearl River sediments (Figure 10). Sediments from Taiwan reach this location via deep-water currents (Liu et al., 2014a). However, current provenance datasets do not include samples from the Pearl River Canyon system and Yitong slope, limiting the identification of these scenarios.

Interestingly, Red River sediment abundance increases with water depth, consistent with observations in the water column (Liu et al., 2014a), whereas the trough and abyssal basin remain consistently without Red River-derived sediments (Figure 10). Given that Pearl River-derived sediments are present at all depths, the varying Red River sediment abundance is attributed to the changes in Pearl River contribution, suggesting Red River sediments are primarily transported by the intermediate water mass and the eastward deep-water current along the south wall of the Xisha Trough (Chen et al., 2016).

Typically, passive margin slopes connecting to open basins (e.g., the northern SCS margin, Mississippi margin, and Amazon margin) feature broad shelves and expansive abyssal plains (Taylor and Hayes, 1980; Nittrouer et al., 1995; Bentley et al., 2016; Liu et al., 2016). However, in this study area, the continental slope connects to a relict rift-arm forming a tilting trough topography (Sun et al., 2009; Lei and Ren, 2016), inducing topography-controlled longitudinal sediment transportation, which is typically formed in active or immature passive margins (Shanmugam and Moiola, 1988). Surrounding rivers erode catchment rocks (e.g., the Pearl River contains mainly sedimentary rocks with small granites, and the Red River contains both granitic and sedimentary rocks), transporting sediment to the northern SCS. Zircons represent coarse-grained clastic sediments from Hainan Island and Pearl River settling on the broad shelf and then longitudinally transported into deep water (Figure 10). Fine-grained sediments, indicated by clay minerals from the distant Taiwan Island, are transported by surface and deep-water currents (Figure 10). This establishes a general source-to-sink sediment pattern on the northwestern continental margin of the SCS, influenced by coastal currents, deep-water currents, gravity-driven processes, and topographical constraints. This insight sheds light on the controlling processes of the source-to-sink system on the northwestern margin of the SCS.





7 Conclusion

The detrital zircon grains of the marine sediments from the northwestern SCS demonstrate that U-Pb geochronology is a reliable proxy for studying coarse-grained sediment provenance. The U-Pb age data from these sediments range from 3,062.9 to 41.5 Ma, with distinct age peaks at 140–154 Ma, 240–258 Ma, 425–452 Ma, and 738–991 Ma. A comparison of age spectra indicates sediment contributions from two major sources, the Pearl River and Red River, and two minor sources, the rivers of Hainan and central Vietnam.

Quantitative analysis reveals that sediments on the continental slope primarily originate from the Pearl River (55-75%), with lesser contributions from the Red River. Similarly, sediments in the abyssal basin also predominantly derive from the Pearl River. By integrating zircon geochronology and clay mineral analysis, it is evident that the coarse-grained fraction is more likely to be transported in deeper regions, whereas fine-grained sediments are carried by surface currents.

The study suggests that the Pearl River detritus is transported westward by coastal currents parallel to the shoreline, then descends through slope canyons, and is longitudinally transported along the Xisha Trough, likely driven by gravity flows, eventually depositing in the abyssal basin. By contrast, sediments from Hainan Island remain confined to the shallow shelf region due to limited southwestward transport and weak sediment supply. Red River sediments can reach the central Xisha Trough, predominantly transported by ocean currents.

The abyssal basin sediments may originate from multiple sources, including Pearl River-derived sediments transported along the Xisha Trough or through the Pearl River mouth canyon and Yitong slope canyons, as well as Taiwanese sediments transported by deep-water currents. This study underscores the importance of considering multiple sediment transport processes to understand sediment provenance and the source-to-sink process in the northern continental margin of the SCS, providing valuable insights for future research.
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