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Sedimentary organic matter (SOM) on continental slopes in marine regions can sensitively record climatic and environmental changes. In this study, total organic carbon content (TOC), total nitrogen content (TN), and their stable isotope compositions (δ13C and δ15N) for sediments of core G02 were investigated (at ∼24.2-year resolution) to reveal the temporal variations in organic matter sources and the main controls on the sources and distribution of buried organic matter on the northwestern continental slope of the South China Sea over the last ∼8600 years. Results of a δ13C binary mixing model reveal that ∼82.3 ± 3% of SOM is derived from marine autochthonous sources. We suggest that the carbon and nitrogen contents and compositions of SOM are governed by distinct factors. The more positive δ15N values before the Pulleniatina Minimum Event occurrence are ascribed to stronger subsurface water intrusion by the Kuroshio Current, which led to enhanced subsurface denitrification and in turn counteracted the effect of mixing with surface water caused by the East Asian winter monsoon. Sedimentary δ13C values show a fluctuant decrease during ca. 8.6–3.0 cal kyr BP and a conspicuous increase during ca. 3.0–1.4 cal kyr BP. These changes are attributed to the decrease of marine productivity induced by the continuous weakening East Asian monsoon effect and the decrease of terrigenous organic carbon input induced by the weakened Indian summer monsoon precipitation, respectively. Since ca. 1.4 cal kyr BP, human activities have become the dominant factor in controlling the production and distribution of organic carbon. The results provide an important basis for understanding of source-sink processes of organic matter and the factors influencing these processes on continental slopes in low-latitude marginal seas.
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1 INTRODUCTION
Although continental marginal seas account for only 10% of the ocean surface area, they contain more than 80% of oceanic buried organic carbon (OC) (Hedges and Keil, 1995; Allison et al., 2007; Hu et al., 2016). Sedimentary organic matter (SOM) in marginal seas comprises a complex mixture of organic compounds originating from two main sources (Hu et al., 2014; Ge et al., 2019): terrestrial organic matter (OM) transported by river runoff, and marine OM produced by marine primary producers in the euphotic zone (EZ) (Huang et al., 2021). The nature of OM that becomes buried in a marginal sea is controlled by a combination of terrestrial sediment supply, aquatic productivity, and coastal hydrodynamics (Wang et al., 2021). Determining the sources, burial process, and ultimate fate of OM in marginal sea environments is essential for understanding regional biogeochemical processes and the global carbon cycle.
The South China Sea (SCS), the largest marginal sea of the western Pacific Ocean (Figure 1A), receives a huge amount of detritus from surrounding rivers (e.g., the Pearl, Mekong, and Red rivers) (Li et al., 2022a; Liu et al., 2023). Previous studies of the composition and distribution of sediments of the northern South China Sea (NSCS) have used element isotopes, biomarkers, and clay minerals (Liu et al., 2016; Yang et al., 2018; Chow et al., 2021). Those studies determined that sediments in the NSCS record a number of global events, including the 8.2 ka event, Last Glacial Maximum, and Younger Dryas (Wu et al., 2017; Li C. et al., 2019), suggesting a climatic teleconnection between the NSCS and the global climate system. The NSCS has the potential to provide valuable information on the strength and distribution of the Asian monsoon, the intensity of the western boundary current, and the intrusion of the North Pacific Intermediate Water (Zheng et al., 2016; Yang et al., 2017). However, uncertainty persists regarding the cycling processes of OM in the water column, and the interpretation of paleoenvironmental records is complicated by the multitude of factors that control the nature and distribution of OM in and around the NSCS. The complex topography and dynamic transport mechanisms in the margin of the NSCS, together with heterogeneous sources of particulate organic carbon (POC), have led to pronounced temporal and spatial variations in the elemental and isotopic compositions of SOM in the NSCS. The exchange of surface water with deep water through the Luzon Strait and Taiwan Strait may have been enhanced after the opening of the Taiwan Strait (Higginson et al., 2003), resulting in an increasing influence of deep water in the NSCS. In addition, monsoonal precipitation affects river flow and alters the input of OM from terrestrial sources. Furthermore, the original marine SOM record may be complicated by post-deposition biogeochemical processes (e.g., diagenesis and denitrification). The influence of sea-level change on variation in OM burial has decreased during the Holocene, whereas the influence of ocean current systems, monsoons, and human activity has increased (Wan et al., 2015; Wu et al., 2021; Wang et al., 2022). Therefore, high-resolution SOM records are urgently needed for the NSCS.
[image: Figure 1]FIGURE 1 | (A) Map showing regional atmospheric systems and locations of cores in the Asian region. The blue arrow represents the East Asian winter monsoon (EAWM), the red arrow represents the Indian summer monsoon (ISM), and the orange arrow represents the East Asian summer monsoon (EASM). Red dots indicate the locations of cores referred to in this paper. (B) Topography and the main components of ocean circulation of the South China Sea (SCS). The thick red line with arrows indicates the Kuroshio Current, the dashed yellow line with the arrow depicts the SCS deep current, blue lines with arrows represent the Guangdong Coastal Current, black lines with arrows indicate winter surface currents, and red lines with arrows depict summer surface currents, red pentagram represents the location of core G02.
Most geochemical studies of the NSCS have focused on the area around the Pearl River and Beibu Gulf (Lin et al., 2006; Huang et al., 2018; Zhou et al., 2022). In comparison, few systematic studies have produced high-resolution sedimentary records from the northwestern continental slope of the SCS to elucidate the sources and distribution of OM there.
In this study, we analysed core sediments from the Qiongdongnan Basin on the northwestern continental slope of the SCS (Figure 1B) for AMS 14C dating, grain size, total organic carbon (TOC), total nitrogen (TN), δ13C, and δ15N. Results of the analyses allow the sources of OM in sediments of the NSCS to be determined and the drivers of marine OM burial since the Holocene to be identified. The study provides insights into the relationship between OM burial and regional climate variation.
2 REGIONAL SETTING
The SCS is the largest marginal sea in the western Pacific and is bounded by mainland China, the Indochina Peninsula, and island arcs (Figure 1B). Solar radiation received by the sea leads to a high sea surface temperature throughout the year, which generates strong vertical stratification of the water. The NSCS has a huge continental shelf that receives sediments transported by East Asian rivers such as the Pearl and Red rivers. The northern continental slope of the SCS has an important role in sediment transport and accumulation, and contains a paleoenvironmental record corresponding to its function as a connecting zone between the northern continental shelf and the central deep-sea basin of the SCS. The SCS is located in the tropical region and has a typical tropical monsoon climate influenced by the Asian monsoon (Wang et al., 1999). The surface water circulation of the SCS varies seasonally, with a seasonal surface current directed in opposite directions during summer and winter between Taiwan Island and Hainan Island. Year-round cyclonic circulation occurs in the Beibu Gulf near the Red River Estuary, in which the Qiongzhou Strait, with a westward flow of water, plays a key role. The deep-water current from the western Pacific Ocean is the only deep-water input into the SCS and reaches the deep-sea basin east of the Xisha Islands, from where it flows southward (Liu et al., 2016). The Kuroshio intrusion has a strong influence on surface water masses in the SCS by altering temperature and salinity and contributing to the N and C biogeochemical cycles.
3 MATERIALS AND METHODS
3.1 Sampling
A 3.55-m-long gravity core, G02, was retrieved from the Qiongdongnan Basin in the northwestern continental slope of the SCS (17.572°N, 110.272°E, water depth of 200 m; Figure 1B) in June 2018 by Yuexia Fishery guidance ship 20026, using a gravity corer with an automatic clutch and reverse catcher. After retrieval, the core was split, described, and subsampled in the laboratory. Core G02 shows only minor along-core changes in lithology and sedimentary facies. The lithology is dominated by grey-brown clayey silt with low contents of sand-sized components. The core was subsampled into 1-cm-thick samples, which were stored immediately at −20°C until analysis for organic geochemistry.
3.2 AMS 14C dating of core sediments
Ten milligrams of planktonic foraminifera with intact shells and without black spots were selected from the >63 μm fraction in core samples. These samples were shipped to the Beta Analytic Testing Laboratory (Miami, Florida, United States) for analysis. Raw radiocarbon dates were subsequently transformed into calendar ages using the Calib 8.2 calibration program, which employs the MARINE20 calibration curve (Heaton et al., 2020) with a local marine reservoir age correction (ΔR = −159 ± 49 years). ΔR represents the mean of three site ΔRs from the ocean reservoir database: No. 406 (112.3°N, 16.7°E), No. 407 (112.3°N, 16.4°E), and No. 410 (106.5°N, 10.8°E). An age–depth model was constructed by Bayesian analysis using the Undatable program in Matlab 2016b software (Lougheed and Obrochta, 2019) (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Depth-age model for sediments of core G02. The shaded areas represent the 1σ uncertainties of calendar ages obtained with Undatable software using Bayesian statistical age modelling. (B) Sedimentation rate of core G02.
3.3 Grain-size analysis
Pretreatment of samples was performed prior to conducting grain-size analysis. Samples were reacted in 10% H2O2 for 24 h to remove OM, followed by the addition of 0.5 HCl until biological carbonate was completely removed. Each sample was rinsed several times with ionized water and then treated by adding a dispersant of 0.5% sodium hexametaphosphate solution. The remaining solids were analysed using a Mastersize-2000 laser particle-size analyser. The measurement range was 0.02–2000 µm with a size resolution of 0.01 µm, and the measurement error was within 3% (Xu et al., 2016).
3.4 Analysis of organic matter
Samples were ground to a particle size of <75 μm and then soaked in 0.4 mol/L HCl for 12 h at room temperature to eliminate excess inorganic carbonates. The remaining solids were rinsed four times with deionized water, freeze-dried, and transferred to tin capsules. Analyses of TOC and TN were performed using a Euro EA 3000 elemental analyser with a standard deviation of ±0.02% dry wt (n = 6) for TOC and ± 0.002% dry wt (n = 6) for TN. Analyses of stable isotopes were determined using an elemental analyser/stable isotope ratio mass spectrometer (FLASH EA 1112 series coupled with Thermo Fisher Delta V continuous flow isotopic ratio mass spectrometer) at Center for Isotope Geochemistry and Geochronology, Laoshan Laboratory with a standard deviation of ± 0.1‰ for δ13C and ± 0.1‰ for δ15N (n = 6).
4 RESULTS
4.1 Geochronology of core G02
AMS 14C dating results are presented in Table 1. Interpolation of the results indicates that the earliest (lowermost) sediments deposited in core G02 have an age of ∼8.6 cal kyr BP, with a mean sedimentation rate in the core of ∼40 cm/kyr. Overall, the calculated sedimentation rate is higher in the lower part of the core than in the upper part. A sedimentation rate of ∼180 cm/kyr is calculated for the period 8.6–8.3 cal kyr BP. An abrupt increase in sedimentation rate is observed during 8.3–7.7 cal kyr BP, reaching ∼800 cm/kyr. After that, the sedimentation rate is stable at ∼35 cm/kyr during 7.6–4.2 cal kyr BP and decreases slightly to 15 cm/kyr after 4.2 cal kyr BP (Figure 2B).
TABLE 1 | AMS 14C data from core G02.
[image: Table 1]4.2 Grain-size characteristics
Sediment in core G02 was mainly composed of homogeneous grey to dark-grey clayey silt, which constitutes 63.31%–88.99% of the core, with a mean value of 81.86%. The proportions of sand and clay range from 5.15% to 14.45% and from 4.96% to 14.40%, with mean values of 6.41% and 11.75%, respectively (Figure 3A; Supplementary Table S1). The mean grain size (Mz) of sediments in core G02 varies mainly from 5.8 to 6.4 Φ. The Mz showed a gradual coarsening trend from 8.6 cal kyr BP to ∼5.6 cal kyr BP due to a significant increase of sand content. Then the Mz was relatively stable (fluctuating around 6) from ∼5.6 cal kyr BP to ∼1.4 cal kyr BP followed by a slight increase of amplitude fluctuation over the last ∼1.4 kyr, there is a clear trend of refinement (Figure 3B; Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Temporal variations in mean grain size, sedimentary organic matter (SOM), and lithology in core G02. (A) Sediment size composition; (B) Mean grain size; (C) total organic carbon (TOC); (D) total nitrogen (TN); and (E) TOC/TN ratio.
4.3 Contents of organic carbon and nitrogen
Contents of TOC and TN range from 0.36% to 0.64% and from 0.05% to 0.08%, with mean values of 0.48% and 0.06%, respectively (Figures 3C, D; Supplementary Table S1). The pattern of TN content through the core is similar to that of TOC, with both being uniform in the lower part of the core and showing a small increase in the upper part. Values of δ13C and δ15N for sediments of core G02 range from −21.97‰ to −20.63‰ and from 5.12‰ to 6.25‰, with mean values of −21.20‰ and 5.74‰, respectively (Supplementary Table S1). Both δ13C and δ15N display multi-decadal to centennial fluctuations. δ13C values fluctuate irregularly in the bottom part of the core (355–205 cm core depth) and decrease slowly upwards from 205 to 100 cm core depth (7.3–4.6 cal kyr BP). In the uppermost 100 cm of the core, δ13C values increase sharply during 3.0–1.4 cal kyr BP and then decrease from 1.4 cal kyr BP. The most obvious feature of the δ15N values is the large fluctuations from 113 to 78 cm core depth (4.0–5.0 cal kyr BP), with substantial variation in values below and above the fluctuating interval. Values of TOC/TN for core G02 are quite uniform, ranging from 6.2 to 8.9, with a mean value of 7.4 (Figure 3E; Supplementary Table S1).
5 DISCUSSION
5.1 Provenance of sedimentary organic matter
δ13C and δ15N can be used to identify the source and distribution of OM in sediment (Selvaraj et al., 2015; Ye et al., 2017; Mackensen and Schmiedl, 2019). Because of different photosynthetic mechanisms, the stable isotope δ13C and δ15N values of OM produced by different vegetation types exhibit specific ranges, allowing the sources of OM to be traced in sediment cores (Amir et al., 2021 and references therein). Terrestrial plants are generally divided into C3 and C4 plants. δ13C values for C3 plants range from −30‰ to −23‰ (mean −27‰), whereas δ13C values for C4 plants range from −19‰ to −10‰ (mean −13‰). δ13C values of freshwater plants are close to those of C3 plants, generally ranging from −30‰ to −25‰, and δ13C values of marine phytoplankton range from −22‰ to −19‰. Similar to δ13C, TOC/TN ratios have been used to differentiate the sources of OM. Terrestrial plants contain large amounts of lignin and cellulose, resulting in higher TOC/TN ratios in comparison with marine plants. In general, TOC/TN ratios of C3 plants exceed 15 and TOC/TN ratios of C4 plants exceed 30. OM produced by marine plants has TOC/TN ratios of <8. In addition, bacterial activity can alter TOC/TN ratios by introducing more nitrogen into sediment, with TOC/TN ratios in areas of higher bacterial abundance typically ranging from 4 to 6 (Lamb et al., 2006; Lu et al., 2021).
Controls on the fractionation of C isotopes and on TOC/TN ratios include early diagenesis, clay sorption, and sediment grain size. Fine-grained minerals have a greater ability to adsorb OM owing to their larger specific surface area, and therefore TOC and TN contents are higher in fine-rather than coarse-grained sediments (Zhang et al., 2022). δ13C also vary according to grain-size fraction, and the stable isotope content of the fine-grained fraction is markedly higher than that of the coarse-grained fraction (Kienast et al., 2005). A plot of Mz values of sediment in core G02 versus TOC, TN and δ13C values (Figures 4A–C) reveals substantial scatter, suggesting that sediment Mz has minimal or no effect on TOC, δ13C and is only marginally correlated with TN. The use of TOC/TN ratios of SOM to determine the sources of OM in coastal settings requires consideration of the potential interference of inorganic nitrogen that is adsorbed by clay minerals in the form of NH4+ during deposition, which leads to below-normal TOC/TN ratios. The linear correlation between TOC and TN in core G02 does not have a significant positive TN intercept (Figure 4D), suggesting that inorganic nitrogen may not be an important contribution and that TN more likely reflects the predominant contribution of organic N. In turn, this indicates that the small amount of inorganic nitrogen absorbed by clay minerals is not sufficient to influence the source identification of SOM. It is generally accepted that δ13C is more conservative than TOC/TN ratios in the identification of sources of OM (Hu et al., 2012; Liu et al., 2023). Although early diagenesis has some influence on TOC/TN ratios, the combination of δ13C values and TOC/TN ratios has been effectively applied to constrain OC sources (Liu et al., 2023).
[image: Figure 4]FIGURE 4 | Correlation plots for (A) TN vs. mean grain size, (B) δ13C vs. mean grain size, (C) TOC vs. mean grain size, (D) TN vs. TOC.
Both δ13C values and TOC/TN ratios of core G02 are consistent with the characteristics of marine OM. The distribution of sample data in diagrams of δ13C vs. TOC/TN ratio and δ13C vs. δ15N further indicate that the source of SOM from core G02 was a mixture of in situ generated marine OM and imported terrestrial OM, with a dominant marine authigenic source and a minor amount of terrestrial OM from C3 plants and freshwater phytoplankton (Figures 5A, B). This mixed source appears to reflect the typical pattern of OM distribution in the continental slope; i.e., compared with the continental shelf, the continental slope is further from the estuary and the transport of terrestrial OM to the continental slope is more difficult, meaning that terrestrial OM accounts for a smaller proportion of the core sediment. On the basis of previous studies of the northwestern SCS continental slope, it is hypothesized that terrestrial OM on this continental slope is sourced mainly from the Red River (Wan et al., 2015; Li et al., 2022b). This interpretation is supported by the Red River being the main source of sediments on the northwestern SCS continental slope, and that Red River sediment can be transported to the southeastern Qiongdongnan Basin under surface and gravity-flow transport (Li et al., 2022a). It is generally considered to be difficult for sediments from the Pearl River and Taiwan Island to reach the northwestern SCS owing to the long distance involved, and only small amounts of sediment are transported to the sea from Hainan Island on account of the absence of large rivers on the island (Li et al., 2022a). Combining the above evidence, we consider that the terrestrial OM in core G02 originated predominantly from the Red River.
[image: Figure 5]FIGURE 5 | Organic matter (OM) source discrimination plots. (A) δ13C vs. TOC/TN; (B) δ13C vs. δ15N. Red circles depict core G02 samples from this study. Reference values for various end-members are from Goñi et al. (2003), Lamb et al. (2006), Xia et al. (2015), Ho et al. (2021), and references therein. (POC and DOC denote particulate organic carbon and dissolved organic carbon, respectively).
To obtain a more accurate understanding of the relative proportions of OM derived from marine and terrestrial sources and their temporal trends, quantitative estimation was performed using a δ13C binary mixing model. Such models are commonly utilized in studies of marginal seas to estimate the ratio of OM derived from terrestrial sources (OCT) to OM derived from marine (OCM) sources (Selvaraj et al., 2015; Chen et al., 2017; Zhou et al., 2022; Liu et al., 2023). The formulation is as follows:
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where fM and fT represent the ratios of marine and terrestrial OC within TOC, respectively.
The global average δ13C value of the ocean and oceanic phytoplankton (−20‰) is commonly used as the marine OC endmember (Yu et al., 2021) and was also adopted in this study. Considering that the Red River serves as the primary material source in the northwestern SCS continental slope. Thus, the δ13C value of −26.8‰ for surface sediments of rivers on the Red River Delta was selected as the terrestrial OC endmember (Tue et al., 2019).
The binary model analysis shows that from 8.6 cal kyr BP, the proportion of marine OM ranged from 76.0% to 90.8%, with a mean of 82.3%. From 8.6 to 3.0 cal kyr BP, there was an overall increase in terrestrial input. During 3.0–1.4 cal kyr BP, a sharp decline occurred in the proportion of terrestrial-derived OM, with levels decreasing from 23.6% to 9.2%. From 1.4 cal kyr BP, the proportion of marine autochthonous OM decreased and the proportion of terrestrial OM input showed a slight increase.
5.2 Influence of subsurface water intrusion on δ15N values of sediments in the NSCS
5.2.1 Potential factors affecting δ15N values in sediment
The δ15N value of sediment is highly sensitive to the oceanic nitrogen cycle and can be used to study the process of nitrogen cycling and its controlling mechanisms in the ocean (Gaye et al., 2009; Ren et al., 2012). The supply of nitrogen from various external and internal sources into the EZ, such as atmospheric nitrogen deposition, upwelling, lateral intrusion, and remineralization, modulates the biogeochemical of oligotrophic oceans and complicates nitrogen dynamics in the upper water column (Yang et al., 2017; Li M. et al., 2019). If OM is well-preserved in the sediment, dynamics of nitrogen can leave distinguishable signatures in the time series of the δ15N values. Sediment δ15N values during the Middle Holocene are higher than those of the Late Holocene (Figure 6H). The variations in δ15N values within core G02 may be a function of several independent factors, such as variations in sediment grain size, diagenesis, nitrate isotopic composition, the degree of nitrate utilization, and denitrification (Altabet, 2001; Wang et al., 2022).
[image: Figure 6]FIGURE 6 | Comparison of results for core G02 with those of other environmental proxies. The gray bar and orange bar represent periods of enhanced and weakened Kuroshio Current (KC) intrusion, respectively. (A) Global relative sea level (RSL) (Lambeck et al., 2014); (B) The water temperature difference between layers (∆T(G–P)) of core MD05-2904 (Steinke et al., 2011); (C) The ratio of brGDGTs to isoGDGTs (BIT) results (Wang et al., 2023b); (D–E) abundance of P. obliquiloculata in cores B-3gc and B-255 (Jian et al., 2000); and (F) temporal variation in δ15N within core G02 (this study). PEM = Pulleniatina Minimum Event.
Our analyses reveal that the variation in grain size within core G02 is negligible and that it bears no correlation to changes in δ15N (R2 = 0.02, p<0.05). Therefore, the variability in δ15N values cannot be attributed to variation in particle size. Selective degradation of OM during early diagenesis can change the nitrogen isotope signals of OM. This phenomenon is typically more pronounced in environments with lower sedimentation rates, such as the open ocean (Tesdal et al., 2013). In the present study, core G02 records a shallow water depth of 200 m and a high sedimentation rate of 40 cm/kyr. In this case, the N isotopic signatures of OM can be preserved in sediments with little isotopic alteration during sinking through the water column and subsequent burial. Therefore, in our analysis and interpretation of the δ15N variation in the core, we ignore the potential influence of early diagenesis during sedimentation (Yang et al., 2017).
The utilization of nitrate in seawater has a substantial influence on δ15N values. The assimilation of nutrients by phytoplankton preferentially uses the lighter nitrogen isotope (14N), owing to the Rayleigh fractionation effect, and 15NO3− is utilized only when 14NO3− is deficient (Altabet, 2001). In seawater with sufficient nitrate or strong upwelling, it is difficult for phytoplankton to fully utilize 14NO3−, resulting in negative δ15N values in sediments (Gaye et al., 2013). Previous studies have found that the SCS constitutes a typical oligotrophic oceanic regime and that nitrate is an important limiting control on primary productivity in this sea (Lin et al., 2010; Yan et al., 2022). Hence, nitrate in the NSCS is generally considered to be completely depleted (Takahashi and Hori, 1984; Kienast, 2000; Liu et al., 2020). Consequently, nitrate utilization is unlikely to have regulated the variation in sediment δ15N values in core G02.
In nitrate-depleted water, nitrate in the EZ is almost completely consumed, and phytoplankton are unable to distinguish between 14NO3− and 15NO3−. The δ15N value of OM is governed primarily by the isotopic composition of nitrate in seawater rather than by the nitrogen isotopic fractionation that occurs during phytoplankton uptake (Higginson et al., 2003). Recent research conducted in the NSCS has revealed similar δ15N values for nitrate in the EZ and subsurface layer, demonstrating that subsurface nitrate serves as the primary source of new N to support export production (Yang et al., 2017). The nitrogen isotopic signature of upwelled nitrate in the subsurface may become imprinted on settling particulate organic matter that is ultimately buried in sediment (Yang et al., 2022). This altered nature of subsurface water may explain the variation in δ15N values of core G02 sediments. Denitrification reactions facilitated by denitrifying bacteria are known to influence the δ15N values of subsurface water (Yang et al., 2017). Denitrification is the process by which heterotrophic bacteria convert NO3− to NO2 or N2 under anaerobic conditions and leads to an increase in δ15N values of nitrate in seawater (Li C. et al., 2019). Denitrification is promoted by conditions of higher TOC content, warmer temperature, lower dissolved oxygen, and lower salinity (Kienast, 2000; Guo et al., 2020). Subsurface water in the NSCS is characterized by anoxia and relatively high nitrate content, favouring the occurrence of bacterial denitrification (Yang et al., 2017; Jurikova et al., 2022). Numerous studies have demonstrated that in situ denitrification is responsible for the depletion of dissolved nitrate and the corresponding high δ15N values in subsurface hypoxic water (e.g., Chen et al., 2019; Yan et al., 2022). Therefore, we infer that the variation in δ15N values in core G02 sediments may have been caused by stronger subsurface water denitrification during the Middle Holocene and weaker denitrification during the Late Holocene. It is worth noting that anaerobic ammonia oxidation is coupled to denitrification and may have the same effect on δ15N (Wu et al., 2020), which needs to be further investigated in the future.
5.2.2 Response of sedimentary δ15N values to lateral intrusion of the Kuroshio
Here, we explore the specific drivers of temporal changes in denitrification in the study area. A previous study of the Arabian Sea has shown that the decrease in sediment δ15N associated with denitrification is the low dissolved oxygen concentrations in subsurface waters, with specific mechanisms related to vertical convection between surface water and subsurface waters (Banakar et al., 2005). Strong thermoclines and haloclines prevent the vertical mixing of water, making it difficult for oxygen-rich water to be transported downwards from the surface layer (Chen et al., 2019). Winter monsoon controlled sea surface temperature (SST) and wind strength are the main factors affecting the exchange of surface and subsurface seawater. Strong East Asian winter monsoon (EAWM) increases the depth of the mixed layer, thickens the thermocline and halocline, enhances vertical mixing of surface and subsurface seawater, and increases dissolved oxygen concentrations in the subsurface layer. Weak EAWM leads to shallower thermocline and halocline depth, weak vertical mixing and stronger stratification (Steinke et al., 2010; Zhang et al., 2022). The lack of large-scale upwelling in the northwestern SCS, where seawater stratification is common, suggests that it is possible that the variation in δ15N values in sediments of core G02 has been at least partly controlled by the upper water column stratification (Lin et al., 2010; Wu et al., 2017; Zhu et al., 2020; Wang et al., 2023a). A recent study has reconstructed the upper vertical structure of the SCS during the Holocene using ΔT (water temperature difference between layers) and BIT index (the ratio of brGDGTs to isoGDGTs) (Wang et al., 2023b). A decrease in ΔT and an increase in the BIT index indicate enhanced stratification (Figures 6B, C), as has been identified for the Late Holocene in the NSCS (Steinke et al., 2011). The inferred increase in stratification would have led to a positive shift in δ15N during the Late Holocene, which contradicts our results for core G02. This suggests that other factors have influenced the intensity of seawater denitrification in the subsurface water of the NSCS during 7.3–4.8 cal kyr BP, which exceeded the variation in δ15N caused by ventilation between the upper and lower water layers.
Besides vertical surface and subsurface ventilation, lateral intrusion can also affect denitrification. Bulk sediment δ15N records from modern water column denitrification zones like the eastern tropical Pacific show strong links between hydrography and denitrification rates (Dubois et al., 2011). Hydrographic variability in the NSCS is influenced predominantly by the western Pacific Ocean (Du et al., 2021; Yang et al., 2022). In particular, the nature of the surface and subsurface waters of the NSCS depends on the intensity of intrusion of the Kuroshio Current through the Luzon Strait (Liu et al., 2016). The lateral intrusion of the Kuroshio Current affects heat and salinity in the SCS, and also the biogeochemical cycling of N and C owing to the low salinity and high content of dissolved OC in Kuroshio water (Yan et al., 2022). Although few studies have examined the evolution of the Kuroshio intrusion in the NSCS, especially regarding the intensity and location of the intrusion (Du et al., 2021; Yang et al., 2022), It has been shown that the geochemical record of northern continental slope of the SCS is strongly influenced by the intensity of the Kuroshio (Li et al., 2021; Wang et al., 2023a). Records from cores B-3gc and B-255 from the western Pacific Ocean show a pronounced increase in the abundance of the planktonic foraminifer P. obliquiloculata, a marker species of the Kuroshio Current, at 7.3 cal kyr BP, followed by an abrupt decrease at ∼4.6 cal kyr BP—Termed as the Pulleniatina Minimum Event (Figures 6D, E; Jian et al., 2000). In addition, Du et al. (2021) reported a westward shift and intensification of the Kuroshio Current in the Middle Holocene. A marked positive shift in δ15N values is recorded in our core G02 before ∼4.8 cal kyr BP (Figure 6H), which coincides with enhanced Kuroshio intrusion, and δ15N values become negative for the period 4.8–4.2 cal kyr BP, corresponding to weakening of the SCS branch of the Kuroshio Current intrusion. These results suggest a causal link between intrusion of the Kuroshio Current and variations in δ15N.
Intrusion of the Kuroshio Current into the NSCS occurs predominantly as subsurface water, with minimal surface water intrusion (Xu et al., 2018). In contrast to the high level of dissolved oxygen in the subsurface layer of the NSCS, the Kuroshio Current has very low levels of dissolved oxygen in the subsurface layer (Hosoda et al., 2021). Before 4.8 cal kyr BP, the intrusion of the high-salinity, low-oxygen Kuroshio Current into the NSCS intensified, reducing the dissolved oxygen concentration of NSCS subsurface water over the northwestern continental slope of the SCS via exchange. In addition, the nitrate supplied by the current resulted in an increase in the abundance of denitrifying bacteria. Although vertical ventilation may be stronger during this period compared with 4.8–0 cal kyr BP, the more pronounced Kuroshio intrusion is inferred to have led to higher δ15N values in NSCS subsurface water and therefore also affected the sediment nitrogen isotope composition. Unfortunately, few studies have examined subsurface nitrate in the SCS branch of the Kuroshio Current. Further seasonal field studies on water column nitrate and its stable isotope composition should be conducted to determine the spatial variations in nitrate isotope compositions and the exact mechanisms by which invasion of the Kuroshio Current influences the biochemical cycling of nitrogen in the NSCS.
5.3 Control of variation in δ13C by the monsoon
Previous research on the SCS has revealed that the geochemical record of OC during glacial-interglacial cycles is primarily influenced by climate change manifested by variations in monsoon intensity, on shorter time scales, the interannual variability is predominantly attributed to changes in upwelling and circulation strengths, which are primarily associated with the monsoon and El Niño (Liu et al., 2002). The composition of OC in the marginal marine environment is governed by the relative proportions of contributions from terrestrial and marine sources (Yang et al., 2011). δ13C exhibits a fluctuating but negative trend in core G02 after ∼8.6 cal kyr BP, indicating an increase in the proportion of terrestrial OC or a decrease in the proportion of marine OC. Since 8.6 cal kyr BP, the NSCS has undergone minimal sea-level change (Zong, 2004), effectively ruling out the possibility of sea-level-induced changes in terrestrially sourced input. In addition, the Mz of core G02 did not change significantly during the Middle Holocene, suggesting little change in the transport capacity of currents. We hypothesize that the changes occurring after 8.6 cal kyr BP are more likely to be influenced by monsoon variations, as inferred from various paleoclimate records from monsoonal regions elsewhere. There are two monsoon-related possibilities to explain these changes: increased OM inputs to the river and a decrease in marine biomass production.
The productivity of tropical marine areas is primarily controlled by the supply of nutrients in the upper layer of seawater. In regions with higher average water temperatures, the thicker thermocline makes it difficult for nutrients to reach the upper layer of seawater, thereby reducing marine productivity. In areas with more pronounced seasonal variations, the lower SST in winter weaken the stratification of seawater, leading to algal blooms. Therefore, changes in temperature can affect the structure of seawater and subsequently impact marine productivity (Ge et al., 2019). Additionally, surface wind patterns can also influence the structure of the upper water column. Generally, higher wind speeds at the sea surface result in stronger mixing of seawater, leading to higher primary productivity (Li et al., 2021). Marine primary productivity in the NSCS has obvious seasonal characteristics. Liu et al. (2002) using SeaWiFS data and shipboard data revealed that the primary production of the whole basin has a strong peak in winter and a slightly weaker peak in summer, which is mainly controlled by the EAWM and East Asian summer monsoon (EASM).
Variations in the strength of the Holocene EAWM and EASM on multiple time scales have been investigated using various records, including marine sediments, stalagmites, and lake sediments (Jing et al., 2009; Wang et al., 2010; Sandeep et al., 2017; Band et al., 2018; Li et al., 2018; Li et al., 2022). Huang et al. (2011) found that the EAWM has weakened significantly since the Holocene, using the east-west SST gradient record from the NSCS (Figure 7A); Steinke et al. (2011) reached the same conclusion using the SST gradient between surface and thermocline waters (Figure 7B). The stalagmite δ18O record from Dongge Cave shows that a long-term gradual weakening of the EASM intensity starting at around 8.0 cal kyr BP (Figures 7C, D; Dykoski et al., 2005; Wang et al., 2005). In a word, since the Holocene, especially since the Middle Holocene, both EAWM and EASM have shown a weakening trend. We therefore suggest that the decrease in the proportion of marine OC before ca. 3.0 cal kyr BP is related to the decline in marine primary productivity under East Asian monsoon control.
[image: Figure 7]FIGURE 7 | Comparison of EAWM, EASM and ISM proxy records with δ13C records from GO2 cores during the last 8.6 cal kyr BP. (A–B) EAWM proxies in South China Sea including SST gradient between west and east (Huang et al., 2011) and between surface and thermocline waters (Steinke et al., 2011); (C) δ18O record of Dongge Cave stalagmite (Dykoski et al., 2005); (D) δ18O record of Dongge Cave stalagmite (Wang et al., 2005); (E) δ18O of Qunf Cave stalagmite (Fleitmann et al., 2003); and (F) δ13C vs. depth for core G02.
The decrease in δ13C continued until approximately 3.0 cal kyr BP and was followed by a rapid increase in δ13C values during 3.0–1.4 cal kyr BP. The pronounced increase in δ13C suggests an increase in the proportion of marine OM and a corresponding decrease in the contribution of terrestrial OM during this period. By this time, the EAWM have stabilised, so marine productivity is unlikely to be the main cause of the decline in the proportion of OC from terrestrial sources. The summer monsoon was still in a weakening phase (Huang et al., 2016; Huang et al., 2018), and indeed many studies suggest that it was not until 5.1 cal kyr BP that the Indian summer monsoon began to weaken at an accelerated rate (Fleitmann et al., 2003; Kohn, 2010; Chen et al., 2015; Griffiths et al., 2020). We believe that the decrease in monsoon precipitation due to the continued weakening of the summer monsoon led to a decrease in the flow of the Red River, which affected the transport of Red River material to the ocean and further led to a decrease in the proportion of terrestrial OC, which was also reflected in the sediment sedimentation rate.
5.4 Human disturbance over the past 1400 years
The negative shift in the trend of δ13C values in the Late Holocene part of core G02 and the marked increases in TOC and TN content are interpreted as reflecting an increase in the input of terrestrial OM. Results based on the binary mixing model show that the proportion of terrestrial OC starts to increase after about 1.4 cal kyr BP, increasing from 9.2% to 17.2% of TOC (Figure 8A). A significant weakening trend in the Indian summer monsoon during the Late Holocene has been identified by several studies using data from lake sediments, stalagmites, and other proxies (Fleitmann et al., 2003; Wang et al., 2005; Chen et al., 2015), implying that the increase in terrestrial OC at that time cannot be attributed to strong monsoonal precipitation.
[image: Figure 8]FIGURE 8 | Comparison of the record of core G02 with other records for the period since 7000 cal yr BP. The vertical gray band indicates the period dominated by human activity. (A) Temporal variation of the proportion of terrestrial organic carbon in TOC in core G02; (B) chemical index of alteration (CIA) (orange line) and kaolinite/illite (K/I) (blue line) of cores from the terrestrial northwestern Southeast Qiong basin (Wan et al., 2015); (C) enrichment (enrich) factor of As for core 337PC from the northwestern Southeast Qiong basin (Wan et al., 2015); and (D) pollen record of the Erhai Sea (Shen et al., 2006) (purple points and line) and temporal change in the population of ancient/historical China (Li et al., 2009b) (yellow line).
Over the past ∼1.4 kyr, temporal variation in terrestrial OC content is consistent with temporal patterns of the chemical index of alteration, the kaolinite/illite ratio, the charcoal record from the Red River delta, and the population in ancient China (Figures 8B, D). We interpret that human activity dominated the variation in input of terrestrial OM after 1.4 cal kyr BP. The population increased steadily during the Late Holocene, and it is known from archaeological information that large-scale human migration from southern China into the lower reaches of the Red River occurred after approximately 2.0 cal kyr BP (Li et al., 2009a; Wan et al., 2015). Prior to this time, fishing and foraging were the main modes of production, whereas the southward migration of population corresponded to the introduction of the use of iron and farming techniques that greatly increased the ability to transform natural environments, primitive agriculture characterized by slash-and-burn cultivation and shifting cultivation began to develop, and metal mining and smelting also developed in parallel, as shown by the record of sulphur-related metallic elements (e.g., As) and their enrichment factors (Figure 8C). Human activity may have affected terrestrial OC inputs in two ways. First, the exposure of rocks by deforestation, farming, and mining stimulated more intense chemical and physical weathering, with eroded products being transported as sediments into marginal seas by rivers. Second, humans may have produced more OM by growing crops, and this OM was transported to marginal seas by rivers (Strong et al., 2013; Huang et al., 2018).
It is noted that the grain size of core G02 shows a clear fining trend through the Late Holocene (Figure 3A), suggesting that the transport capacity of overland flow decreased and that the intensity of the monsoon weakened (Wang et al., 2021). Fine-grained sediments play an influential role in the transport and burial of OM (Goñi et al., 2008; Wang et al., 2021). Accordingly, we propose that fine-grained sediments also contributed to the increase in terrestrial OM content in core G02 during the Late Holocene. The increase in terrestrially sourced OM content started to stabilize at approximately 500 cal yr BP. We speculate that this change corresponds to the effects of the Little Ice Age, a major cooling event that occurred during 550–150 cal yr BP, when temperatures reached their lowest point during the last 10,000 years (Chen et al., 2015; Fan, 2023). This event may have resulted in reduced plant growth in the Red River basin, thereby slowing the increase in terrestrial OM input, as recorded in core G02.
In summary, we interpret that the impact of human activity on OM production in the Red River basin has increased since 1.4 cal kyr BP but that climatic variation has also been influential. The relative importance of these two factors needs to be more closely investigated in future studies.
6 CONCLUSION
The high-resolution (∼24.2 years) multi-proxy analyses including grain size, TOC, TN, and stable isotopes (δ13C and δ15N) of a 355 cm sediment core (G02) collected from the northwestern continental slope of the SCS reveal the role of local or remote forcing factors in controlling δ13C and δ15N variations since the past ∼8600 years. Values of δ13C and C/N indicate mixed marine and terrestrial sources of OM in the studied core. A δ13C binary mixing model reveals that the source of OM in core G02 is mainly marine OM (82.3 ± 3%), with the remainder being terrestrial OM. Variations in δ13C and δ15N throughout the core are poorly correlated, suggesting that C and N isotopes respond to different factors. Through the period 8.6–4.6 cal kyr BP, δ15N values of core G02 increased substantially. After excluding several potential determinants of change in δ15N values, we infer that this change reflected an increasing degree of intrusion of low-oxygen subsurface water by the Kuroshio Current into the NSCS. The low-oxygen environment enhanced the denitrification of bacteria and resulted in positive δ15N values of SOM. The continuous weakening of the East Asian monsoon and Indian summer monsoon resulted in negative δ13C values during 8.6–3.0 cal kyr BP and positive δ13C values during 3.0–1.4 cal kyr BP in the G02 core sediments, respectively. Since 1.4 cal kyr BP, human activity has played an increasingly important role in governing OC production and burial.
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