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Editorial on the Research Topic 
Sedimentation on the continental margins: From modern processes to deep-time records


The continental margin, which connects land and sea (Figure 1), is a key area of land-sea interaction (Walsh and Nittrouer, 2009), with a sedimentation process closely related to tectonic activities, climatic conditions, oceanic dynamics, and human activities (Fan and Li, 2002; Xu et al., 2017; Syvitski et al., 2022). Therefore, sediments on the continental margin can record environmental evolution both in terrestrial source and marine depositional areas (Shang et al., 2018; Pei et al., 2020; Dong et al., 2021). The continental margin is also the main location for the mineralization of organic matter (McKee et al., 2004; Liu et al., 2022), which affects the global carbon cycle (Bianchi and Allison, 2009; Ren et al., 2019). Sedimentation on different types of continental margins exhibits unique characteristics, such as the broad shelf dominated by the large East Asian rivers and the narrow shelf fed by the mountainous rivers of East Africa (Liu et al., 2004; Liu et al., 2009; Liu et al., 2016; Liu et al., 2018; Xu et al., 2021); thus, comparative studies on specific types of continental margins are needed. However, the complexity of interpreting signals from sedimentation processes to depositional records has limited our understanding of different types of continental marginal sedimentation (Figure 1). To fill this gap, this topic integrates the research results of different geological backgrounds and different time scales to form a new understanding of the knowledge system of sedimentation on global continental margins.
[image: Figure 1]FIGURE 1 | Schematic diagram of the sedimentation process and depositional record on the continental margin.
This Research Topic collected 27 articles from 162 authors worldwide, including articles on modern sedimentary dynamics and biogeochemical processes, historical depositional records, and the impacts of human activity on sedimentation at the continental margins.
MODERN SEDIMENTATION DYNAMICS ON CONTINENTAL MARGINS
Xie et al. analyzed water levels, daily river discharge, and bathymetric data from the Qiantang Estuary, China, in 2015 and delineated the seasonal tidal evolution along the estuary. Based on the CTD profiles and mooring measurements of the Line W program in the North Atlantic at about 35°N/70°W, Fan et al. found that the internal wave strain variance over the slope was up to five times larger than that in the interior. According to analyses of the vertical variation of Rossby number, kinetic energy in the submesoscale range, and kinetic energy spectra, Li et al. suggested that submesoscale motions between the New Jersey Shelf and Bermuda are mainly confined within the surface mixed layer, with seasonality that is strong in winter and weak in summer. Sun et al. reconstructed the migration of the coastline and river channels in the Northern Bohai Sea during the last century based on clay minerals. Chen et al. first applied grain size trend analysis (GSTA) and end-member analysis (EMA) to 232 surface sediment samples in the deep-sea environment to reveal sedimentary dynamics around isolated carbonate platforms in the northern South China Sea. By summarizing and analyzing research in the shelf-slope region offshore in the northeast of Taiwan, Chiang et al. refined the morphology of the Huapinghsu Channel/Mienhua Canyon System and proposed a new idea to illustrate this channel/canyon system as a sediment conduit transporting sediments from rivers in western Taiwan to the southern Okinawa Trough.
BIOGEOCHEMICAL CYCLES IN THE SEDIMENTS ON CONTINENTAL MARGINS
Bruni et al. used a combination of literature and new data to study the drivers and biogeochemical consequences of wave- and current-induced resuspension on organic carbon cycling in modern, oxygen-depleted, “semi-liquid ocean bottom” regions, such as the Benguela upwelling region. Zhu et al. discovered bottom water DO conditions of the coastal northern South China Sea in the 20 th century based on the sedimentary C28Δ22/Δ5,22 ratios of steroids and proposed that the net photosynthetic oxygen production outweighs source water- and warming-induced increasing deoxygenation in the study area. To determine the historical redox state in the hypoxic zone near the Changjiang River Estuary and its adjacent waters, Zhang et al. investigated the distribution and enrichment of Mo, U, and V in core 3050-2 and found a general oxic-suboxic environment since 2005. Wang et al. reported the spatial distribution of brGDGT-related indicators in surface sediments from the East China Sea and suggested that mixed sources of soil-derived brGDGTs were dominant, and that marine in situ brGDGTs were overprinted. Li et al. reported a significant contribution from lateral allochthonous organic matter from the mountainous river in hydrate-bearing sediments from three long sedimentary sites in the Shenhu area of the northern South China Sea. Zhang et al. illustrated the depth profiles of sedimentary wtCaCO3% from the West Pacific based on a newly compiled CaCO3 data set and a carbonate model. Zhang et al. performed a comprehensive study of a long-term organic carbon record over the past 380 kyr from sediment core St10-PC in the Northwest Pacific, which highlighted the important contribution of environmental redox conditions on organic carbon burial in the deep Northwest Pacific. Chen et al. analyzed the archaeal ammonia oxidation rate indicator GDGT-[2]/[3] ratio (Glycerol Dialkyl Glycerol Tetraether) from collected data profiles since the last glacial period in the northern South China Sea and reported higher ratios during the Holocene compared to those during the last glacial period.
SEDIMENTATION IN RESPONSE TO PALEOCLIMATIC AND PALAEOCEANOGRAPHIC EVOLUTION
Ding et al. presented the first high-resolution grain-size record from Core CF1 in the Okinawa Trough and found the Kuroshio Current slow-down during 4.6–2.0 ka, followed by a quick enhancement after 2.0 ka with centennial-scale variabilities (500–700 years). Zhang et al. studied the sedimentological characteristics of the mud periphery area and reconstructed the sedimentary evolution at the east edge of the Central Yellow Sea Mud since MIS3a (45 ka). Zhang et al. used optically stimulated luminescence (OSL) dating and lithology of core YRD-1401 from the Yellow River delta to establish the late Quaternary sedimentary evolution of the southwestern coast of the Bohai Sea. Sang et al. used clay mineralogy, major-element geochemistry, and Sr-Nd isotopic compositions from Core MD05-2896 collected in the southern South China Sea to investigate the discrimination of sediment provenance and reconstruct a history of chemical weathering in the Mekong River basin over the last 45 ka. Wu et al. conducted a high-resolution rock magnetic investigation of the Holocene sediments of core DS01 collected near the West River channel in the head area of the Pearl River deltaic plain to study how the sea-level change, monsoon-driven discharge, and especially human activity since the late Holocene regulated regional environmental and sedimentary evolution. Rashid et al. studied the Late Pleistocene Labrador Sea depositional systems developed in front of ice streams and glacier outlets from the Laurentide Ice Sheet (LIS) using Huntec and 3.5 kHz seismic profiles and piston cores covering >1800 km of the eastern Canadian continental margin and the Labrador Basin. Li et al. studied a sediment core (ANT32-RA05C) collected from the continental slope of the Ross Sea, Antarctica by paleomagnetic and 230Th dating and geochemical properties and reported a relationship between paleoenvironmental processes and the Antarctic temperature since the Late Pleistocene. Lyu et al. investigated iron oxide mineral content and major element compositions of the oceanic red beds at Site U1433 to reveal the Miocene deep-sea oxidation environment of the South China Sea and its interaction with the West Pacific. Shi et al. refined the chronostratigraphy of the upper 160 m sedimentary succession from Hole U1501C using paleomagnetic measurements and cyclostratigraphic analysis of natural gamma radiation (NGR) data to produce a high-resolution 15.54 Myr age model. Li et al. retrieved a record of the East Asian Summer Monsoon by studying the color reflectance of coastal sediments in the south Bohai Sea, East Asia, demonstrating an integrated forcing of ice-sheet evolution and solar insolation in the East Asian Summer Monsoon in the late Quaternary. Liu et al. identified three facies from the Liangshan Formation successions in western South China, which belong to the coastal alluvial plain, estuary, and deltaic environments that followed the dry-to-wet climatic shifts.
IMPACTS OF HUMAN ACTIVITY ON MARGINAL SEDIMENTATION
Lee et al. analyzed foraminiferal records collected from the continental slope off southwestern Taiwan, reporting that the anthropogenic carbon signal in the West Pacific was not weaker than that recorded in the Atlantic over the last century. Dong et al. reported a 55-year sedimentary record from Songkhla Lake, Thailand, including a three-stage sedimentary and input history of trace metals under anthropogenic effects since 1964.
In summary, the articles collected on this topic cover comprehensive studies on the sedimentation process and related biogeochemical processes on the continental margins at different times and spaces, from the tropical marginal seas to the high latitude glacial-dominated margins. The research methods included sedimentologic, biogeologic, geochemical, and geophysical data analysis. Therefore, these studies of different types of continental marginal sediments are of great scientific significance to provide a better understanding of the earth’s surface process and the evolution of the earth’s environment.
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There are two distinct variabilities of the East Asian summer monsoon (EASM) on orbital timescales observed in different proxies, and the forcing mechanisms between them are hotly debated. One of the ways to reconcile the debate is to present a geological archive recording two cycles in dominance and somehow in equivalence. In this work, we retrieved an EASM record by studying color reflectance of coastal sediments in the south Bohai Sea, East Asia. The leading component of reflectance derivative spectra accounts for 58.9% variance in total and its loading spectrum can be well correlated to that of mineral assemblages of illite and goethite. For this monsoonal record, orbital variabilities in precession and eccentricity bands are highlighted. By comparing this monsoonal record to previously published proxies, it is speculated that the spectral difference in the sediments of the south Bohai Sea and between various proxies in the EASM domain may indicate an integrated forcing of solar insolation and ice-sheet evolution in the late Quaternary. Overall, the monsoonal record in the Bohai Sea offers an opportunity to fill the gap of the diverse periodicities between various proxies, which is critical to extending our understanding of the EASM on orbital timescales.
Keywords: color reflectance, Bohai Sea, late Quaternary, East Asian summer monsoon, orbital variabilities
INTRODUCTION
The Asian Monsoon plays a critical role in transporting large quantities of heat and moisture to the East Asia, the most populated region on the Earth (Zhang et al., 2008; Tan et al., 2021), and their evolution has been attracting a great amount of research attentions from geological records to numerical modeling (Jiang and Lang, 2010; Shi et al., 2012; Wang et al., 2014; An et al., 2015; Shi et al., 2019; Cheng et al., 2021). These geological records include loess deposits (An et al., 2001; Guo et al., 2002; Sun et al., 2019), speleothem records (Wang et al., 2001; Cheng et al., 2009; Cheng et al., 2016), and marine and lacustrine sediments (Tian et al., 2008; An et al., 2011; Clemens et al., 2018; Yi et al., 2018; Chen et al., 2020; Xu et al., 2021). Because of the spectral difference between proxies, the variability and mechanism on orbital timescales are hotly debated, especially for the East Asian summer monsoon (EASM). The most commonly viewpoints can be summarized into two scenarios.
1) The monsoon is interpreted as an inter–tropical convergence zone (ITCZ) substantially away from the equator (Wang, 1994; Chao and Chen, 2001), and the EASM variability is predominated by precessional cycles, i.e., 19–23 kyr (Wang et al., 2008; Cheng et al., 2009; Jo et al., 2014). In this scenario, the EASM is proposed to be directly controlled by solar insolation (Kutzbach, 1981; Ruddiman, 2006), mainly reported in Chinese cave deposits, such as the Hulu and Sanbao caves (Figure 1). 2) The EASM variability is predominated by the eccentricity cycle, i.e., 100 kyr, which highlights the role of global ice volume in modulating the thermodynamic difference between the Asian continent and Pacific Ocean (An et al., 1990). In this scenario, the EASM could be controlled by glacial–interglacial alternations (Ding et al., 1994; Ding et al., 1995; Wang, 1999; Guo et al., 2002; Guo et al., 2004), such as profiles in the Chinese loess plateau and ODP 1148 site in the South China Sea (Figure 1).
[image: Figure 1]FIGURE 1 | Location, environmental system, and study site (Lz908) and reference sites mentioned in the text. KC, Kuroshio Current; YSWC, Yellow Sea warm current; EASM, East Asian summer monsoon. The base map data was generated using the open and free software DIVA-GIS 7.5 (http://www.diva-gis.org/).
Besides of these two scenarios, the dominant obliquity band in the Chinese loess plateau and non–precession component in the EASM variability in marine sediments at IODP U1429 site are also proposed (Li et al., 2017; Clemens et al., 2018), inferring a more complex response of the EASM to orbital forcing. To reconcile these hypotheses, Cheng et al. (2021) suggested that different archives preferentially record a certain aspect of the EASM and spatial patterns of rainfall and wind across the precession cycle may be the major reason producing distinct regional divergences. However, testifying this new hypothesis is not easy, because the former requires a profile with a multiple dominance of eccentricity, obliquity, and precession cycles, or at least an equilibrium between them, while the later needs a full–cover study in the monsoon domain.
The monsoonal record from the Bohai Sea (Figure 1), East Asia may offer such an opportunity to fill the gap between the eccentricity–and precession–dominated monsoon variabilities (Yi et al., 2018). In this study, an investigation was reported based on mineral properties of coastal sediments in core Lz908. A monsoon proxy of the late Quaternary was derived and three astronomical rhythms were observed. By comparing to other monsoon proxies across the East Asia, the different roles of monsoonal heat and moisture in pacing different records were discussed.
MATERIALS AND METHODS
Core Lz908
The Bohai Sea is a semi–enclosed interior continental shelf of the East China Sea (Figure 1), with an average water depth of 18 m, and it is connected to the Huanghai Sea by the narrow Bohai Strait. Core Lz908 is located onshore near the southern coast of the Bohai Sea (37°09′N, 118°58′E, elevation 6 m). The core was drilled to a depth of 101.3 m with an average recovery rate of 75% in the summer of 2007, by the First Institute of Oceanography, Ministry of Natural Resources of China. The drill site was submerged until the middle of the 20th century.
The upper 54.3 m of the core contains marine and coastal sediments (Figure 2), and has been chosen for paleoenvironmental studies (Yi et al., 2012a; Yi et al., 2012b). Integrated the radiocarbon and luminescence–based age model, the geochronology of core Lz908 was established by synchronously tuning sediment grain–size index to the July insolation at 65°N (Yi et al., 2012a), and the tuning bottom (260 ka) has been well constrained by magnetostratigraphy (Yi et al., 2015). Based on this age model (Figure 2), the core was sampled in 10–cm interval to investigate mineral properties of coastal sediments in the south Bohai Sea.
[image: Figure 2]FIGURE 2 | Profile with dating results and age model of core Lz908 (Yi et al., 2012a), changes in sediment grain size (GS index), and color indices (L*a*b*) in the CIELAB color space. L*, lightness; a*, redness (+)/greenness (−); b*, yellowness (+)/blueness (−).
Mineralogy by Diffuse Spectral Reflectance
The CIELAB color space, in which any sediment’s color can be expressed by L*a*b* values, can provide useful stratigraphic information (Ortiz, 2011; Sun et al., 2011; Yi et al., 2016). Measurements of diffuse spectral reflectance (DSR) were collected at 10–cm resolution (373 samples in total) in the State Key Laboratory of Marine Geology, Tongji University of China. To reduce uncertainties of water losses, the samples of core Lz908 were dried, ground, and compacted before the measurement. The instrument is the Minolta CM–700d spectrophotometer (400–700 nm wavelength range; 10 nm resolution; 3 mm spot size).
In order to reduce uncertainties of paleoenvironmental inference using original color data (L*a*b*) in such a dynamic region (Yi et al., 2016), we employ principle component analysis (PCA) to identify the contribution of different mineral assemblages to the downcore color variations. The PCA was calculated using the correlation matrix of the center–weighted derivatives of the DSR data (Ortiz et al., 2004; Ortiz, 2011) from core Lz908.
Mineralogy by X–Ray Diffraction
As suggested in previous studies (Ortiz, 2011; Sun et al., 2011; Yi et al., 2016), the results of X–Ray Diffraction (XRD) of the sediments can provide an independent check for the DSR–based mineral identification. Thus, four representative samples from core Lz908 (15, 25, 35, and 45 m in depth) were measured by the XRD, according to the methods described by Liu et al. (2004) as follows.
The XRD clay mineral study was carried out on the <2 μm fraction, which was separated by conventional Stokes’ settling after the removal of carbonate and organic matter by acetic acid (15%) and hydrogen peroxide (10%), respectively. Clay minerals were then identified by using an X’Pert PRO, PANalytical XRD instrument (40 kV and 40 mA) at the First Institute of Oceanography, Ministry of Natural Resources of China. Identification of clay minerals was made according to the position of the (001) series of basal reflections observed on the XRD diagrams (Moore and Reynolds, 1997).
RESULTS
The blue–yellow contrast (b*) and the red–green contrast (a*) of the sediments of core Lz908 are closely correlated (r = 0.72, p < 0.01). The two indices vary between values of −0.24–5.50 and 6.93–34.02, respectively. Sediment brightness (L*) oscillates between values of 51.37–69.16, and its variability became larger below ∼48.0 m (Figure 2). Changes in the color indices are somehow similar, and extracting the same pattern is a common way for paleoenvironmental inferences.
The PCA results show that the first leading DSR component (CF–1) accounts for 58.9% of the variance in the correlation matrix of the reflectance derivative spectra. To identify the minerals or mineral assemblages associated with the CF–1, we calculate the linear correlation between the CF–1 and known minerals (Figure 3A), which are available online from the USGS Digital Spectral Library. The CF–1 can be correlated to a mixture of illite + goethite (r = 0.98, p < 0.01), similar to ones of core YDZ–3 from the Huanghe River delta (Yi et al., 2016), close to the study site. The first derivative spectrum for pure goethite has principal peaks at 535 and 435 nm (Deaton and Balsam, 1991), also observed in Figure 3A (590–540 and 440 nm). For the other two DSR components, which account for 28.6 and 5.5% variance in total, respectively, inherit the high–frequency oscillation on suborbital and millennial timescales, and thus not discussed in this study.
[image: Figure 3]FIGURE 3 | (A) Varimax–rotated factor loadings of core Lz908 and DSR first derivates of mineral standards (Illitite + Goethite) plotted as a function of wavelength; (B) Four representative samples for XRD analysis with the identified minerals.
As an independent check on the DSR analysis, additional results were obtained by XRD analysis from four representative sediment samples (Figure 3B). The identified minerals are quartz (20.8–29.0 Å), mixed–layer of illite–quartz (26.5–27.0 Å), illite (8.8–8.9 Å, 17.6–17.8 Å), smectite (4.6–4.9 Å), chlorite (6.1–6.3 Å, 18.7–18.9 Å), and mixed–layers of kaolinite–chlorite (12.2–12.5 Å, 24.8–25.3 Å). The result of the XRD–based clay mineral analysis supports the DSR results in this study.
For the down–core variation, the CF–1 changed cyclically in the late Quaternary, and the most evident variation is the difference between glacial and interglacial intervals. For example, during the last and the penultimate glacial intervals, the illite + goethite content was relatively high (Figure 4A). The CF–1 is also characterized in precession bands, and during each interval with high solar insolation, the illite + goethite content was relatively low (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Changes in color (CF–1) index of core Lz908 (thin line) with low–frequent passed variabilities (bold line; FFT filter, < 1/0.0125), versus Earth’s orbital eccentricity (Berger and Loutre, 1991); (B) Changes in color index of core Lz908 (thin line) with precession–band passed variabilities (bold line; FFT filter, 1/0.0255 ∼ 1/0.0235), versus changes in summer (July 21st) solar insolation at 65°N (Berger and Loutre, 1991).
Spectral analysis by the Blackman–Tukey method (Howell et al., 2006) confirms orbital variabilities (Figure 5A). As shown, three astronomical rhythms are observed: the 100–kyr periodicity is the major cycle in the CF–1 record, the intensity of 41–kyr periodicity is similar to the one of 23–kyr periodicity, and the 19–kyr cycle is much evident than other proxies of the EASM, such as marine and cave deposits (Figures 5B,C). Moreover, the eccentricity band in the GS and the obliquity and precession bands in the CF–1 are observed (Figure 5), while for other proxies, either 100–kyr or 23–kyr dominated records, only one periodicity is highlighted (Figure 5B), or evident (loess-based proxies) during interglacial intervals (e.g., Ma et al., 2017; Sun et al., 2019).
[image: Figure 5]FIGURE 5 | Spectral comparison following the Blackman–Tukey method implemented with the ARAND software package (Howell et al., 2006). MIS, deep–sea sediment δ18O records (Lisiecki and Raymo, 2005); MSLU, magnetic susceptibility record of the Luochuan profile (low frequency data) from the Chinese loess plateau (Lu and An, 1997); Color (CF–1) and grain–size (GS) indices of core Lz908; INS (solar insolation), July insolation at 65°N (Berger and Loutre, 1991); CAVE, stalagmite δ18O series (Cheng et al., 2016).
Further analyses of spectral curves by mathematical unmixing using a Gaussian equation provide a quantitative assessment for each astronomical rhythm (Table 1). The ratios of three astronomical rhythms are similar between the deep–sea sediment δ18O record (MIS) and the magnetic susceptibility record of the Yimaguan profile (frequency–dependent data) from the Chinese loess plateau (MSHA), and between July insolation at 65°N (INS) and the stalagmite δ18O series (CAVE). However, for records derived from the Bohai Sea, the CF–1 is highlighted in the eccentricity band (48%), followed by a close contribution of precession components (34%), and the GS is dominated in the precession band (66%), followed by an evident cycle of orbital eccentricity (23%).
TABLE 1 | Relative ratios of each orbital periodicity in various records.
[image: Table 1]DISCUSSION
Monsoonal Proxies of Core Lz908
The sediment grain–size record from the Bohai Sea, namely the GS record of core Lz908, can be used to indicate orbital changes of the EASM in the late Quaternary (Yi et al., 2012a), because the sediment grain–size variation is controlled by river discharge and resuspension process in the tidal zone (Chen et al., 2013; Su et al., 2016). Although the influence of regional sea–level changes on the GS record of core Lz908 cannot be excluded (Yi et al., 2012b), the EASM is the predominant factor controlling sedimentary dynamics in the south Bohai Sea, since ∼80% of total variance of the GS record can be explained by solar insolation (Yi et al., 2018).
For the CF–1 record, mineral properties of coastal sediments in the south Bohai Sea are highlighted. Similar because these clay minerals were mainly from the Luzhong Mountains (Figure 1), changes in the CF–1 may be linked to weathering processes and river discharge, rather than regional sea–level changes. For example, minerals illite and goethite in the Chinese loess plateau and the Huanghe River delta usually indicate a cold and dry climate in the past (e.g., Ji et al., 2007; Niu et al., 2015). In this study, the low–frequency changes of the CF–1 are in–phase correlated with orbital eccentricity (Figure 4), inferring that more illite and goethite were produced during glacial intervals in the Luzhong Mountains. Moreover, regional river inputs usually decrease to a much lower level in winters (Yi et al., 2016), and most of detrital materials are transported to the south Bohai Sea in summers (Yi et al., 2012a), via local rivers, such as the Mihe, Xiaoqinghe and Weihe Rivers. Since that the Asian monsoon is the major factor controlling clay minerals in the monsoon domain, such as in the Chinese loess plateau and the Huanghe River delta (e.g., Sun et al., 2011; Zhao et al., 2017; Chen et al., 2021), the in–phase relation between the CF–1 and solar insolation is expected (Figure 4). Thus, the CF–1 can be linked to the EASM by mineralogical responses. When the EASM strengthens, a warmer and wetter climate would produce less minerals illite and goethite in the study area; but when the EASM weakens, the CF–1 value increase, indicating more minerals illite and goethite in the sediments.
In summary, there are two monsoonal records derived from core Lz908, and the GS and the CF–1 are linked to the EASM by sedimentary dynamics and mineral properties, respectively (Figure 6). In specific, the GS record is correlated with the EASM in the late Quaternary by the processes of sedimentary dynamics and regional rainfall, dominated in precession bands (Figure 5C). By regional weathering and river inputs, the CF–1 record is linked to the EASM through both rainfall and temperature changes, highlighted in eccentricity and precession bands (Figure 5A).
[image: Figure 6]FIGURE 6 | Comparisons between EASM proxies in the late Quaternary. (A) MIS record of deep–sea sediment δ18O (Lisiecki and Raymo, 2005); (B) MSLU, magnetic susceptibility record of the Luochuan profile (Lu and An, 1997); (C–D) CF–1 and GS records of core Lz908 (this study); (E) INS (solar insolation), July insolation at 65°N (Berger and Loutre, 1991); (F) CAVE, stalagmite δ18O series (Cheng et al., 2016). The used datasets were from Figure 5.
An Integrated Forcing
Based on stalagmite records from Hulu, Dongge and Sanbao Caves of China, a clean and dominant precession cycle was observed (e.g., Cheng et al., 2016). In these records, speleothem δ18O changes can indicate δ18O variation of local meteoric precipitation and thus characterize the EASM intensity (Yuan et al., 2004; Dykoski et al., 2005; Cheng et al., 2016), which might be largely controlled by the large-scale monsoon circulation and concomitant latitudinal shifts of the monsoon rain belt (Zhang et al., 2021). This relationship leads to the idea that the EASM can be directly driven by solar insolation (Kutzbach, 1981; Zhang et al., 2021), explaining a high similarity in spectral characteristics between the EASM and solar insolation (Jiang and Lang, 2010; Shi et al., 2012; Shi et al., 2019). The linkage involves the shift of the ITCZ location (Wang et al., 2005; Cheng et al., 2009; Jo et al., 2014), which modulates atmospheric circulations (Chao and Chen, 1999) and triggers the onset of Asian monsoon (Chao, 2000). Hence, although the physical significance of stalagmite δ18O are still hotly debated (Zhang et al., 2019), it is reasonable to speculate that monsoonal moisture is the major factor, since that tropical hydrological cycle varies mainly in precession bands (e.g., Huang et al., 2020) and that summer rainfall can be well constrained by stalagmite δ18O in the Chinese loess plateau (e.g., Tan et al., 2020).
Loess magnetic susceptibility as a proxy of the EASM is based on pedogenesis and mineral transformation (e.g., Yang et al., 2015), via changing rainfall and temperature in the Chinese loess plateau between glacial and interglacial intervals. The monsoon circulation on glacial–interglacial timescales was likely associated to the continental–scale land–sea thermal contrast (Wallace and Hobb, 1977; Webster et al., 1998; Wang and Ding, 2008). Since not all of the rainfall could be used in pedogenesis and because of the loss of evaporation and surface runoff, changes in magnetic susceptibility may reflect effective precipitation (Yi et al., 2018). Changes in global ice volume are proposed to modulate the thermodynamics of land–sea contrast (An et al., 1990), and it is reasonable to speculate that temperature changes were relatively important, considering that pedogenesis and chemical weathering in the Chinese loess plateau are likely not evident when winter temperature is below 0°C (Hao and Guo, 2001). In addition, solar insolation could also modulate the sea-land thermal contrast and this influence was likely evident during interglacial intervals (e.g., Ma et al., 2017).
For the GS record of core Lz908, regional rainfall is the dominant factor (Yi et al., 2012a), while the influence of tropical cyclones (Yi et al., 2018) and sea levels (Yi et al., 2012b) can be excluded, and the former were likely paced by global temperature changes (e.g., Zhou et al., 2019). Because of this, the GS record is dominated by precession cycles with a significant contribution in eccentricity and obliquity bands (Table 1). For the CF–1, the intensified monsoon (rainfall) increases regional river discharge (Chen et al., 2021), thus introducing precessional variabilities into the sediments. On the other hand, the intensified monsoon (temperature) may also strengthen regional pedogenesis in the Luzhong Mountains (Figure 1), likely resulting in a transit of variabilities of eccentricity and obliquity into the sediments. Because of this, the CF–1 record is dominated by eccentricity cycles with an equivalent component in precession bands (Table 1). Hence, monsoonal signals in the Bohai records may be not singly linked to temperature or rainfall changes like the loess–and the speleothem–based proxies, but demonstrate an integrated forcing of ice–sheet evolution and solar insolation.
Overall, although the uncertainties in monsoonal proxies cannot be excluded in this study, the Bohai records likely fill the gap between the new hypothesis of Cheng et al. (2021) and the diverse periodicities of monsoon proxies, supporting that different archives preferentially record a certain aspect of the EASM. Moreover, the difference between the two Bohai records responding to the EASM might highlight a distinct role of precession and eccentricity cycles, which are worth of further investigation in future.
CONCLUSION
By analyzing DSR and XRD of the sediments in the Bohai Sea, mineral properties of core Lz908 in the late Quaternary were studied. Based on a principle component analysis, the leading component accounts for 58.9% variance in total and its loading spectrum can be well correlated to that of mineral assemblages of illite and goethite. A monsoonal record from the studied core was then derived, and orbital variabilities both in precession and eccentricity bands are evident. By comparing this mineral record to various monsoonal proxies, it is speculated that the precession variability in the EASM is mainly related to rainfall, while the eccentricity variability is likely associated with temperature changes. These findings demonstrate an integrated forcing of ice–sheet evolution and solar insolation in the EASM in the late Quaternary. In summary, the Bohai records may fill the gap of the diverse periodicities between various monsoon proxies, supporting that different archives preferentially record a certain aspect of the EASM.
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Coastal lagoons are among the most vulnerable and economically significant ecosystems on Earth. Songkhla Lake, connected with the Gulf of Thailand, is the second largest lake in Southeast Asia and supports the development of the fishery, transportation, and tourism industries in southern Thailand. With increasing anthropogenic disturbances, the lake is facing acute ecological problems and further research is needed. Here, we provide 55-year record of grain size, color reflectance, magnetic susceptibility, total organic carbon, total nitrogen, and trace element (As, Hg, Pb, Cr, Ni, Cu, and Zn) concentrations of sediment core SKL8-2 collected from Songkhla Lake. These records reveal a three-stage sedimentary and input history of trace metals under anthropogenic effects: 1) From 1964 to 1982, it was a natural terrigenous input period with a relative reduction environment when the channel connecting Songkhla Lake and the Gulf of Thailand was closed. 2) Trace metal concentrations, organic carbon content, b* value, and magnetic susceptibility changed abruptly in 1982. During 1982–2000, the sources of trace metals were more complex than during 1964–1982 and mainly came from urban wastewater, industrial effluent, and fishery discharge. 3) From 2000 to 2019, contamination signals of Pb, Hg, As, Zn, and Ni emerged in the first decade because of the rapid development and poor sewage treatment around nearby cities.
Keywords: lagoon, Songkhla Lake, Gulf of Thailand, modern sedimentation, anthropogenic activities, trace metal contamination
INTRODUCTION
Coastal lagoons rank among the most productive ecosystems on Earth because they provide a wide range of ecosystem services and resources (Newton et al., 2018; Velasco et al., 2018; Faremi et al., 2021). Their high ecological value encompasses flood control, groundwater recharge, prevention of seawater intrusion, facilitation of shoreline stabilization, storm protection, retention and export of sediment and nutrients, mitigation of climate change, water purification, and providing reservoirs of genetic and/or species biodiversity (Pérez-Ruzafa et al., 2012; Barbier, 2014; Anthony et al., 2016; Hung et al., 2020). Furthermore, lagoons are desirable areas for a variety of anthropogenic activities such as intensive aquaculture, shipping, tourism, and recreation (Pérez-Ruzafa et al., 2007). Consequently, coastal lagoons are highly exposed to various types of contaminants including trace metals, hydrocarbons, and plastics, which result from sources that include, but are not limited to, increased discharge of domestic, municipal, and industrial effluents (Pedro et al., 2016; Sogbanmu et al., 2016; Veiga et al., 2019; Wakkaf et al., 2020; El Zrelli et al., 2021). These contaminants persist for long periods and become bioavailable to living organisms because of their potential to bioaccumulate and biomagnify through the food chain (Bryan and Langston, 1992; Zhou et al., 2008; Bakshi et al., 2018), where sediments serve as their ultimate sink (Gadkar et al., 2019; Jung et al., 2019). Given that such lagoons are only occasionally connected with the open sea, marine influence is limited, and the sedimentary record is relatively continuous and undisturbed. Lagoon sediments can therefore serve as archives of environmental changes through time (Aparecida Leite Silva and Eduardo Rezende, 2002; Liu et al., 2006; Laermanns et al., 2021).
Anthropogenic environmental contamination by trace metals began with the domestication of fire; later, the industrial revolution led to unprecedented demand for metals and an exponential increase in the intensity of metal emissions (Schmidt and Reimers, 1991; Nriagu, 1996). Songkhla Lake, a coastal lagoon, is regarded as one of the most important natural resources in southern Thailand, with fishing and aquaculture as the main economic activities. The lake provides the people of its surroundings with food, water for irrigation and domestic use, and means of transportation and recreation (Kumblad et al., 2001). Increasing human activities, including urbanization, industrialization, and agriculturalization, have led to considerable amounts of trace metal inputs, requiring urgent remediation (Ratanachai et al., 2013).
During the past three decades, a number of studies on trace metals in lacustrine sediments have been carried out in this area, revealing the spatial pattern of trace metals in Songkhla Lake (Nakinchart et al., 2006; Pradit et al., 2010). These studies have shown that canals and their vicinities were associated with abundant trace elements because of municipal, agricultural, and industrial discharges entering the lake through the canals. Furthermore, a recent study, which analyzing the concentrations of As, Cd, Pb, and Zn in mangrove plants (leaves, roots, and bark) and sediments, revealed heavy pollution of As (Pradit et al., 2018). However, research on sedimentary trace metal history, which can help improve understanding of the influence of human activities, remains scarce. Thus, the aims of the present study were to reveal sedimentary records of trace metals in Songkhla Lake for the past several decades, evaluate the contamination status of the lake, and examine the impact of human activities.
MATERIALS AND METHODS
Study Area
Songkhla Lake (Figure 1), a coastal shallow lagoon, is located in southern Thailand (7°08′-50′N and 100°07′-37′E) and covers an area of 1,042 km2. The lake is divided into four parts: 1) Thale Noi, a freshwater lake surrounded by freshwater swamps with a total area of 28 km2; 2) an inner lake with an average depth of 2 m and an area of 459 km2; 3) a shallow middle lake with an average depth of 1 m and an area of 377 km2; and 4) an outer lake with a surface area of 182 km2, which is connected to the Gulf of Thailand (GoT) through a narrow channel 420 m wide and 9.5 m deep.
[image: Figure 1]FIGURE 1 | Locations of Songkhla Lake (A) and sampling sites in this lake (B).
Songkhla Lake is dominated by a tropical monsoonal climate. The rainy season, dominated by the southwest monsoon, occurs from mid-May to almost the end of the year and is caused by warm, humid air flowing from the Indian Ocean. Then, the dry season, controlled by the northeast monsoon, is characterized by low precipitation (https://www.tmd.go.th/en/climate.php). The salinity of the water is altered by the tidal currents and varies over a wide range from nearly 0 psu in Thale Noi to 30 psu in the outer section. There are no major rivers in the area; the lake is fed by numerous small streams and man-made canals.
The lake is a vital natural resource for the people living in the surrounding provinces, Songkhla Province and Phatthalung Province, which have populations of 1.25 and 0.50 million people, respectively, as well as some parts of Nakhon Si Thammarat Province. It is a major fishing ground for mollusks, crustaceans, and fish and is especially used for the aquaculture of sea bass. The catchment area of the entire Songkhla Lake Basin (approximately 8,020 km2), besides Songkhla Lake, consists mostly of lowland rice fields, rubber plantations, and forest-covered hills (Kumblad et al., 2001).
Sediment Sampling
Five sediment cores were collected from Songkhla Lake in August 2019 (Figure 1, Table 1) using push corers. The cores were sealed after collection and stored in the repository at a temperature of 4°C. Half of each core was preserved, and the remaining half was photographed and then subsampled at 2-cm intervals for further analysis. In this study, we focused on sediment core SKL8-2.
TABLE 1 | Information on five core samples from Songkhla Lake.
[image: Table 1]Laboratory Analysis
This study is based on comprehensive analyses of color reflectance, magnetic susceptibility, grain size, total organic carbon (TOC), total nitrogen (TN), and elements concentrations of core sediment, combined with 210Pb dating chronology.
The sedimentation rate was determined using 210Pb radionuclide dating at the Radioactive Isotopes Analysis Laboratory of East China Normal University, Shanghai, China. Lyophilized samples were stored for at least 3 weeks in sealed containers to reach secular equilibrium prior to analysis. The analysis was then conducted on a well-type HPGe gamma spectroscope (GSW275L).
Sediment color and magnetic susceptibility were measured by MSCL (Multi Sensor Core Logger). In sediment color, L* describes the lightness between black (0) and white (100), while a* and b* denote the red (positive values)–green (negative values) and yellow (positive values)–blue (negative values) chromaticity, respectively. The chlorine content in the sediments was analyzed by an X-ray fluorescence (counting intensity) core scanner (Itrax, Sweden). Grain sizes of the samples were determined with a Mastersizer 3000 instrument, and 10% parallel samples were chosen for repeat measurement to confirm the reliability of the results. The measurement range of the instrument was 0.02–2,000 μm. The error based on repeated measurements was estimated as <3%.
TOC and TN were measured by a VarioEL Ⅲ elemental analyzer (ELementar, Germany). During measurement, 10% parallel samples and GSD-9 standard material were also measured, and the relative measurement error was lower than 0.5%. Inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo iCAP-6300, United States) was used to measure Al2O3 and CaO contents, whereas Cr, Ni, Cu, Zn, and Pb contents were measured by inductively coupled plasma mass spectrometry (ICP-MS, Thermo X-series II, United States). As and Hg were measured using atomic fluorescence spectrometry (AFS-920). Ten percent parallel samples, China Stream Sediment Standards (GBW07309, GBW07313, GBW07314, and GBW07316), and appropriate blanks were used for quality control. The relative standard deviations of the analyses were all <5%. All measurements except for radionuclides were performed at the Key Laboratory of Marine Geology and Metallogeny, Ministry of Natural Resources, China.
Assessment of Trace Metal Contamination in Sediments
To better understand the risk associated with trace metals, contamination indices, including the enrichment factor (EF) and geo-accumulation index (Igeo), and sediment quality guidelines (SQGs) were employed in the present study.
Enrichment Factor of Trace Metals
The EF is a powerful tool used to elucidate the degree of contamination in sediment in relation to the background value. The EF can be calculated according to the following function (Buat-Menard and Chesselet, 1979):
[image: image]
where [image: image] is the content of contaminating elements, [image: image] is the content of the reference element Al, [image: image] is the background content of contaminating elements, and [image: image] is the background content of the reference element Al.
EF ≤ 1 indicates no enrichment, 1 < EF ≤ 3 is minor enrichment, 3 < EF ≤ 5 is moderate enrichment, and EF > 5 suggests severe enrichment.
Geo-Accumulation Index of Trace Metals
The Igeo allows evaluation of contamination by correlating the obtained current concentration of metals with their background concentrations. The Igeo values for metals were determined using the following equation (Müller, 1979):
[image: image]
where [image: image] is the concentration of metal n of the sediment, [image: image] is the geochemical background concentration of metal n, and the constant K is generally assigned 1.5, which is a background matrix correction factor for lithogenic effects.
As a threshold value, Igeo = 0 is selected. A value of Igeo ≤ 0 suggest uncontaminated, and Igeo > 0 are divided into six different contamination levels.
Sediment Quality Assessment
SQGs are useful to estimate biological effects in contaminated sediments (Long et al., 1995; MacDonald et al., 2000; Filgueiras et al., 2004; Hinkey and Zaidi, 2007; Violintzis et al., 2009). In this study, potential ecological effects were evaluated based on the effects range low (ERL) and effects range median (ERM) guideline values for estuarine and marine environments proposed by the United States National Oceanic and Atmospheric Administration (Table 2). The ERL represents the 10th percentile of the effects database, below which harmful effects on aquatic biota are rarely observed. In contrast, the ERM represents the 50th percentile values of the effects data and indicates concentrations above which harmful effects are often observed.
TABLE 2 |  ERL (effects range low) and ERM (effects range median) guideline values for trace metals (μg/g in dry weight).
[image: Table 2]RESULTS AND DISCUSSION
Sediment Chronology
From the surface to the bottom of core sediment SKL8-2, 210Pbex activity generally decreased in the pattern of a negative exponential curve, although occasional anomalies fluctuated in certain layers (Figure 2). Constant Flux Constant Sedimentation (CFCS) model was then selected to determine the sedimentation rate (Crozaz et al., 1964; Sanchez-Cabeza and Ruiz-Fernández, 2012). On the basis of 210Pbex values and distinct colors from gray to yellowish brown in core photograph, dividing the SKL8-2 into two stages of sedimentation rates was justified. The bottom part (63–102 cm) indicated a sedimentation rate of 2.3 ± 0.6 cm/year, and the upper layer of 0–63 cm had a lower average sedimentation rate of 1.6 ± 0.6 cm/year. Therefore, this core covered a period of approximately 55 years (1964–2019).
[image: Figure 2]FIGURE 2 | Vertical distribution of 210Pbex and 226Ra and a photograph of sediment core SKL8-2. Depth errors are ±1 cm. The blue lines represent the linear fitting results with the detailed information on the right.
Lithology and Sedimentary Environment
Based on the differences of sediment color, magnetic susceptibility, TOC/TN ratio, and calcium content, the core could be divided into three sections (Figure 3): 1) Section A, 63–102 cm corresponding to 1964–1982; 2) Section B, 32–63 cm, spanning from 1982 to 2000; and 3) Section C, 0–32 cm, deposited during 2000–2019.
[image: Figure 3]FIGURE 3 | Bulk properties of sediment core SKL8-2 collected from Songkhla Lake and its three sections, (A–C). Dashed lines represent the average values.
Section A: 1964–1982
These layers were mainly gray clayey silt with an average silt content of 74.3%, followed by the clay fraction (averaging 21.3%) and sand fraction (averaging 4.4%). The average sorting coefficient was 1.7, indicating poor sorting.
In this section, the sediment was characterized by high TOC content (averaging 1.5%), and there was conspicuous tiny black carbonaceous debris at depths of 70, 73–75, 90, and 95–98 cm. The mean TOC/TN ratio was as high as 21.7, indicating that terrestrial plants prevailed as the source of organic matter (Meyers, 1994). Given the obviously low magnetic susceptibility, b* and a* values, and high TOC and TN, it may be reasonable to conclude that the environment in the lake was relatively reducing (Tian et al., 2011).
The count intensity of chlorine (Cl) was approximately 2,700 cps during 1964–1982 and increased progressively after 1982. The Cl trends in sediment cores SKL7-1 and SKL6-2 were similar to that in SKL8-2 (Figure 4). The period before the rise was consistent with the closure of the GoT channel in order to develop irrigation agriculture by preventing seawater salinity invasion (ONEP, 2005). While the cores collected far away from the channel (e.g., SKL3-2 and SKL1-1) did not show a response to this increasing change of Cl, which further proved the reconnection with the GoT at around 1982.
[image: Figure 4]FIGURE 4 | Vertical variations of chlorine content at five stations in Songkhla Lake (distance from the channel connected with the Gulf of Thailand: SKL7-1 < SKL8-2 < SKL6-2 < SKL3-2 < SKL1-1).
Section B: 1982–2000
Sediments in Section B were silty sand, slightly coarser than sediments in Section A, with the mean grain size rising from 9.6 to 10.3 μm. The average contents of silt, clay, and sand in this section were 76.7%, 19.2%, and 4.1%, respectively, and the sorting was poor. The mean TOC/TN ratio of 13.2 suggested mixed terrestrial and marine sources for organic matter (Meyers, 1994).
The average calcium content was 0.7%, and Ca content peaked at 1.1% at around 1987. In addition, large amounts of small shells and biological detritus were found in this layer, and pronounced large shells were found at 44-cm depth. We ascribed these findings to the Thai government’s proposal to expand shrimp farming in the Songkhla Lake Basin in 1987 (ONEP, 2005). Since 1987, the area where there previously were rice plantations in Songkhla Lake Basin has been gradually occupied by shrimp ponds. Thus, accelerated shrimp breeding and seafood processing in this period boosted the growth of aquatic shelly organisms and subsequent calcareous deposition in the lake. In addition, this change may also have been caused by the increased productivity of calcareous plankton and/or benthos caused by the opening of the channel with the GoT. As previously reported, nutrients brought by marine plankton can stimulate the growth of calcareous organisms (Yu et al., 2020).
The most intriguing feature of this section was the evident transformation at the bottom interface, where the TOC content, b* value, and magnetic susceptibility all abruptly changed. This was responding to the reconnection of the lake with the GoT. Under marine influence, the hydrodynamic forces in the lake were increased and part of the sediment was transported to the GoT, resulting in the decline in the deposition rate. The dropped TOC and Al contents were considered a consequence of the intensified hydrodynamics as well, rendering it more difficult for fine-grained particulate to sediment. The b* value and magnetic susceptibility increased over their average values, indicating a transition to an oxidizing environment (Tian et al., 2011).
Section C: 2000–2019
Sediments in the upper part of the core (0–32 cm) were gray clayey silt with a mean grain size of 10.2 μm. The average silt content was 79.5%, with 17.1% and 3.4% clay and sand fractions, respectively.
TN and TOC in this section increased considerably, which was consistent with the gradual decrease of brightness. Nevertheless, the organic matter content in this layer was still low, and the average TOC/TN ratio was 9.75, indicating that aquatic plants were the source of the organic matter (Meyers, 1997).
Ca content sharply dropped to below the average of the deeper sections (Figure 3). During this depositional period, local fishery development was contained by either enhanced eutrophication or strengthening regulation; for instance, the use of fishing tools was limited and the area of shrimp aquaculture was reduced. Analysis of satellite images from 2002 previously showed that the shrimp aquaculture area had been reduced to approximately 50.15 km2, 40.2% less than the area in 1995 (Ratanachai et al., 2014). The implementation of environmental regulations led to the decline of nutrients in the lake, which hindered the growth of calcareous organisms and thus caused a decline in sedimentary Ca content. Because there was still marine organism communication during this period, it is reasonable to infer that the plateau of Ca content during 1982–2000 mainly resulted from shrimp farming.
Temporal Variations and Sources of Trace Metals
Trace Metal Concentrations
The ranges of down-core concentrations of As, Hg, Pb, Cr, Ni, Cu, and Zn were 14.82–24.34 (mean 19.04) μg/g, 0.039–0.048 (mean 0.042) μg/g, 45.96–58.55 (mean 49.61) μg/g, 44.11–59.93 (mean 50.05) μg/g, 15.70–25.30 (mean 18.96) μg/g, 9.99–15.94 (mean 11.63) μg/g, and 47.35–53.44 (mean 51.62) μg/g, respectively (Figure 5). In general, the contents of trace metals decreased from the bottom to the top. The downward profiles of Cr, Ni, Cu, and Zn showed similar vertical distributions. Their concentrations exhibited clear declines since 1964 despite peaking at around 1978. In 1981, the turning point year, the decline of trace metal contents slowed considerably, and the values were lower than the mean values. The concentrations of As, Hg, and Pb changed dramatically but presented low values since the 20th century.
[image: Figure 5]FIGURE 5 | Variation of trace metals concentrations (μg/g in dry weight) in sediment core SKL8-2 of Songkhla Lake. Dashed lines represent the average values.
As shown in Table 3, this study revealed that the levels of trace metals in Songkhla Lake were relatively high compared with those of the South China Sea shelf (Cr = 39.3 μg/g, Cu = 7.43 μg/g, Zn = 54.4 μg/g, Pb = 15.6 μg/g, As = 9.71 μg/g, and Hg = 0.02 μg/g) (Zhang and Dui, 2005). However, the concentrations of Cu, Zn, Cr, Ni, and Hg, unlike those of Pb and As, were lower than those in Bangkok Bay (Qiao et al., 2015; Guo et al., 2019), the western GoT (Liu et al., 2016), and the western Sunda Shelf (Zhang et al., 2021). Based on those findings combined with the above results, sediments in the surrounding region of Songkhla Lake were not significantly contaminated by Cu, Zn, Cr, or Ni, while As, Pb, and Hg contents were at moderate contamination levels at many stations in the estuaries primarily because of anthropogenic activities.
TABLE 3 | Trace element concentrations (μg/g in dry weight) in sediments of adjacent sites.
[image: Table 3]Sources of Trace Metals in Sediments
Inter-element correlations were quantified using a correlation matrix. Principal component analysis (PCA) was performed to reduce the dimensionality of the data and determine which elements explained the most variability across the sediment core. PCA generates principal components (PCs), which are uncorrelated variables composed of linear combinations of the original variables. For each PC, a loading is assigned to each of the original variables, determined by correlation between the original variable and the PC. The correlation matrix and PCA were performed on samples from three periods to identify the source of trace metals. The results of sections B and C were similar; therefore, we combined them to obtain the outcomes exhibited in Figure 6 and Table 4.
[image: Figure 6]FIGURE 6 | Plots of loadings of PC1 and PC2 from principal component analysis (PCA) of sediment core SKL8-2 from Songkhla Lake. (A) The whole sediment core; (B) 63–102 cm of sediment core (1964–1982); (C) 0–63 cm of sediment core (1982–2019).
TABLE 4 | Explained data variance of the selected principal components (PCs) and their relationships with the individual sediment metals in sediment core SKL8-2.
[image: Table 4]For the entire sediment core, the first two PCs were responsible for 84% of the total variance, with PC1 accounting for 64% and PC2 explaining 20% of the data variance. In the PCA loading plot (Figure 6A), there are two apparent clusters of trace metals, with Zn, Ni, and Cr having high loadings on PC1 and Pb, Hg, and As having high loadings on PC2. Strong (r > 0.8) and significant (p < 0.01) correlations between trace metals (Zn, Ni, and Cr) and TOC may reflect that organic matter provided more binding sites for metals and thus metals were enriched. Al is generally regarded as a terrestrial proxy; thus, PC1 represented Zn, Ni, and Cr, which are strongly regulated by organic matter and may have originated from lithogenic sources. However, Pb, Hg, and As, represented by PC2, were not correlated with TOC (r <0.5), which may indicate an entirely different regulation pattern from that of the other metals (Figure 6A), likely related to human actions.
Significant correlations between elements may reflect collective sources or similar influencing factors (Zaharescu et al., 2009). During the period from 1964 to 1982, TOC was significantly correlated with TN (r = 0.507; p < 0.01), suggesting a common origin. At the same time, significant correlations between Cr, Ni, Cu, Zn, and Al, as well as high TOC/TN ratio of 21.7, jointly shed light on the proximate natural terrigenous input. Accordingly, PC1 of this part, which encompasses high loading of Cr, Ni, Cu, Zn, and Al, accounted for 64% of the variance. PC2 is distinguished by positive loading of As, Hg, and Pb, indicating greater anthropogenic contribution (Figure 6B).
After 1982, aside from Zn and Ni, the correlations between other indicators weakened (r < 0.5). This indicates that the sources of trace metals after 1982 were more complex than those before 1982 and may have resulted from the following three causes. First, rapid urban and industrial expansion with outdated waste treatment brought large amounts of effluent discharge into the lake (Pradit et al., 2013). This cause may be supported by the striking distinction of the PC loads of Cu and As after 1982 compared with those before 1982. Cu and As have generally been used as wood preservatives, and their material sources were closely related to the rapid development of the wood industry around Songkhla Lake in the 1990s (Sompongchaiyakul and Sirinawin, 2007). Aquaculture may have been the next most important contamination source. The Thai government’s policies stimulated the development of aquaculture starting in 1987. The use of fishing gear and tackle, fertilizer application, food processing, and ultimately transportation may account for the contamination of the lake (Ratanachai et al., 2014). Furthermore, the reconnection of the lake with the ocean exacerbated the complexity of material sources.
Potential Ecological Assessment
The EF and Igeo were used to quantitatively evaluate the degree of anthropogenic pollution in the sediments, and Al was selected as the standardized element because Al2O3 content was stable during the formation of the sediments and was uninfluenced by the surrounding environment (Cheevaporn et al., 1995; Srisuksawad et al., 1997). The background values of Cr, Ni, Cu, Zn, Pb, As, and Hg were 58.5, 13.0, 17.7, 35.5, 20.5, 13.0, and 0.021 μg/g, respectively, with Al content of 5.15%, which was determined through previous studies of Songkhla Lake and the western GoT (Ladachart et al., 2011; Liu et al., 2016).
The EF and Igeo results suggest that trace metal contamination was not severe in Songkhla Lake from 1964 onward (Figure 7). The average EF values were ranked as follows: Pb > Hg > As > Zn > Ni > Cr > Cu. The first five elements exhibited EF > 1, denoting slight contamination. The EF results for Cr and Cu were much lower than 1, indicating natural enrichment. The Igeo values showed the same order as the EF index. Pb and Hg maintained the Igeo > 0 throughout the core, suggesting moderate levels of contamination. The Igeo values of Zn and Ni decreased to less than zero starting approximately in 1981. Cr and Cu showed no enrichment.
[image: Figure 7]FIGURE 7 | Enrichment factor (EF) and index of geo-accumulation (Igeo) of trace metals in sediment core SKL8-2 of Songkhla Lake.
It was notable that except Cr and Cu, trace metals showed contamination signals in the depth range of 15–32 cm, corresponding to 2000–2010. This result was also supported by previous reports (Sompongchaiyakul and Sirinawin, 2007; Pradit et al., 2010; Pradit et al., 2013), which showed that concentrations of As and Pb were rising because of rapid urbanization. The outer section of Songkhla Lake receives municipal waste from two large and rapidly expanding cities, Songkhla and Hat Yai, as well as agricultural and industrial discharge transported by canals. In the 1990s, urbanization accelerated, but the first wastewater treatment plant for Hat Yai City was not built until 1999 and the treatment coverage was limited. Therefore, a large amount of untreated wastewater was still discharged into Songkhla Lake, resulting in a decline of lake water quality and environmental degradation. This poor sewage treatment had led to serious concern with regard to nutrient and metallic pollution in Songkhla Lake. In addition, expansion of Songkhla Port in 2003 (ONEP, 2005) and expansion of rubber planting in Songkhla Lake stimulated by the rising price of rubber from 2003 to 2005 may have facilitated the high enrichment in this period as well. After 2010, pollution has been kept to a low level, which was likely closely related to the concept of “man–land integration and coordinated development” in this period (Ratanachai et al., 2013).
Comparison with the ERL–ERM guideline values (Figure 8) showed that all the trace metals were under the ERM guideline values, reflecting contamination that at present is far from alarming. Nevertheless, As and Pb contents have exceeded the ERL threshold since 1964. Although the As content in Southeast Asia has been found to be elevated relative to global levels, which is considered to result from mining or river enrichment (Jones et al., 2008), the As and Pb contents in SKL8-2 were higher than the 10th percentile of the effects database and are a signal of the sustained influence of human activity, which requires attention. In addition, Ni exceeded the ERL limit in the period during 1964–1982. This finding further indicates terrigenous input in this period, as in nature, Ni mostly occurs in magnetite and sulfide deposits (Guo et al., 2019). Moreover, it was found that the concentrations of Hg, Cr, Cu, and Zn in the sediments did not exceed the ERL limits for sediments during the entire recorded period, indicating that harmful effects on organisms would be rare. In general, these results were in agreement with the obtained EF and Igeo values. However, because the Hg content was relatively low in adjacent areas (Liu et al., 2016; Zhang et al., 2021), the results for this element showed a different contamination status.
[image: Figure 8]FIGURE 8 | Comparison of trace metals concentrations in sediment core SKL8-2 of Songkhla Lake with ERL (effects range low) and ERM (effects range median) guideline values. The green part below the ERL is where harmful effects on aquatic biota are rarely observed. The red area above the ERM indicates severe harmful effects.
CONCLUSION
This is one of the first studies on the influences of anthropogenic activities and sea–land interactions on the modern sedimentary metal accumulation history of Songkhla Lake. We have provided a comprehensive record of the geochronology, lithology, and geochemistry of metal contamination in lake sediment core SKL8-2. The 55-year record reveals a three-stage input history of sedimentary trace metals: 1) From 1964 to 1982, the channel connecting Songkhla Lake and the GoT was closed, and there was a natural terrigenous input period with a relatively reducing environment. The deposition rate was high during this period, approximately 2.3 ± 0.6 cm/year, trace metal and TOC contents were high with significant correlation, and the mean TOC/TN ratio was as high as 21.7. The b* value and magnetic susceptibility were markedly low. 2) Almost all of the recorded values changed sharply in 1982. During 1982–2000, with the reopening of the channel with the GoT and the intensive development of human activities, the sources of trace metals were more complex than before and mainly came from urban wastewater, industrial effluent, and fishery discharge. 3) From 2000 to 2019, because of the rapid urban development and poor sewage treatment, contamination signals of Pb, Hg, As, Zn, and Ni emerged in the first decade, and this contamination was then alleviated with increasing environmental management efforts. Generally, based on trace metal element analysis, the sediment of Songkhla Lake was at a low contamination level, with the enrichment order Pb > Hg > As > Zn > Ni > Cr > Cu. Herein, Pb, Hg, As, Zn, and Ni showed moderate enrichment, while Cr and Cu exhibited no enrichment. The obtained results will be useful for future assessment of changes in the coastal environment under anthropogenic influences. Although there are signs of contamination mitigation from reduced emissions, trace metal contamination in Songkhla Lake should be closely observed in the long term, as intensified human activities and natural processes enhance trace elements release into the environment.
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Despite the increasing number of studies on the river-tide interactions in estuaries, less attention has been paid to the role of seasonal morphological changes on tidal regime. This study analyzes the seasonal interplay of river and tide in the Qiantang Estuary, China, particularly focusing on the influences of the active morphological evolution induced by the seasonal variation of river discharge. The study is based on the high and low water levels at three representative stations along the estuary and daily river discharge through 2015, an intermediate flow year in which a typical river flood occurred, as well as the bathymetric data measured in April, July and November, 2015. The results show strong seasonal variations of the water level in addition to the spring-neap variation. These variations are obviously due to the interaction between river discharge and tide but can only be fully explained by including the effect of morphological changes. Two types of the influences of the variation of the river discharge on the tidal dynamics in the estuary can be distinguished: one is immediately induced by the high flow and the other continues for a much longer period because of the bed erosion and the following bed recovery. Tidal range in the upper reach can be doubled after the flood because of bed erosion and then decrease under normal discharge periods due to sediment accumulation. Over a relatively short term such as a month or a spring-neap tidal cycle, there exist good relationships between the tidal range, tidal amplification in the upper reach and the tidal range at the mouth, and between the hydraulic head over the upper and lower reaches. Such relationships are unclear if all data over the whole year are considered together, mainly because of the active morphological evolution.
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INTRODUCTION
An estuary is the transition zone between river environment and the open marine shelf. It represents one of the most profound spatial changes in hydrological and morphological conditions (Dyer, 1997; Dalrymple and Choi, 2007). They favor sectors such as fishery, aquaculture, port and navigation and tourism, often hosting major cities and densely populated areas of great economic importance. Estuaries are also among the most productive ecosystems in the world, with important ecological functions like breeding fish or feeding areas for migratory birds (Kukulka and Jay, 2003; Gao and Wang, 2008). Tidal dynamics is one of the main physical forces for the transport and diffusion processes of sediment, nutrients, pollutions, salinity etc., in estuaries. In the viewpoint of coastal management, the knowledge of tidal dynamics in an estuary is of major practical significance for navigation, aquatic environment, use of water resources, estuarine ecosystem as well as the planning and design of coastal structures (Jay et al., 2011; Savenije, 2012; Talke and Jay, 2020).
Tidal regimes in estuaries are mainly controlled by the geometry of the estuary (planform and bathymetry), tides from the open sea, river discharge. Changes of tides in estuaries has been ubiquitous worldwide over the past century, in response to natural changes such as sea level rise as well as various human activities (e.g., Pye and Blott, 2014; Du et al., 2018; Talke and Jay, 2020). Studies on the long-term evolution of tides has examined apparent increases in tidal ranges in many estuaries, because human modifications of the estuarine system such as land reclamation, sand extraction, channel dredging, etc., increase the mean depth and reduce hydraulic drag (Wang et al., 2002; Winterwerp et al., 2013; Familkhalili and Talke, 2016; Cai et al., 2018; Ralston et al., 2019). Meanwhile, the seasonal and interannual variations of river discharge also have a significant effect on tidal dynamics in estuaries, particularly in the landward direction where smaller channel cross-sections and tidal prisms prevail (Perillo, 1995; Talke and Jay, 2020). Higher river discharge generates higher water levels, enhances the ebb currents, damps incoming tidal waves, delay wave propagation and alter energy distribution through enhanced friction (e.g., Jay, 1991; Godin, 1999; Sassi and Hoitink, 2013; Zhang et al., 2016). Study in the North Channel of the Changjiang Estuary showed extreme river floods have significant influences on the morphological evolution in the estuary. After a river flood, the estuarine morphology returns to its original state by self-adjusting over decadal timescales (Mei et al., 2018). However, less studies have focused on the influence of seasonal morphological change induced by the natural change such as the variations of river discharge on the tidal dynamics in estuaries, probably because in most estuaries the bed level changes on the seasonal timescale is limited compared with the water depth. There are some estuaries in the world are characterized by active morphological evolutions in the seasonal timescale due to cyclic transition of high and low river discharge (Reddering and Esterhuysen, 1989; Cooper, 2002; Choi et al., 2020). It is necessary to explore the tidal dynamics in an estuary with active morphological changes, especially at the upper reach where the role of river discharge is more significant. The Qiantang Estuary is one of the largest macro-tidal estuaries on the East China Sea coast. It is one of the most morphologically active estuaries worldwide. Local bed level change in several months can be more than 5 m (Chen et al., 1990; Xie et al., 2018). It is also famous for the largest tidal bore worldwide (Bartsch-Winkler and Lynch, 1988; Chanson, 2012). The estuary has been the subject of a number of studies focusing on the provenance of the estuary (Chen et al., 1990; Zhang et al., 2014, 2015), hydrodynamics and sediment transport (Pan and Huang, 2010; Xie and Pan, 2013; Fan et al., 2014, 2016; Tu et al., 2021), the long-term morphodynamic evolutions as well as the morphological responses to human activities (Dai et al., 2014; Liu et al., 2017; Xie et al., 2017a, Xie et al., 2018, Xie et al., 2021a.). Mainly based on the bathymetric and monthly-averaged tidal data in each april, July and November since the 1980s, Xie et al. (2021b) recently found that the interannual natural morphological evolution of the estuary plays an important role on the tidal behaviors. It would be valuable to make a closer analysis of the tidal evolutions due to the seasonal morphological evolution, especially under the influence of episodic river floods which basically occur in every year (Han et al., 2003).
The objective of this study is to explore the seasonal variation of tidal behavior in the Qiantang Estuary, a macro-tidal estuary with active morphological evolution. Specifically, we attempt to delineate the seasonal tidal evolution along the estuary based on measurements in a typical hydrologic year; and to improve our understanding of the role of river discharge and associated morphological changes on tidal regime in estuaries.
STUDY AREA
The Qiantang Estuary is located on the coast of East China Sea, connecting the Hangzhou City to the Hangzhou Bay (Figure 1). The Qiantang Estuary - Hangzhou Bay system has a funnel shape with landward decrease in width as well as water depth. The Hangzhou Bay mouth is about 100 km wide with an average depth of about 10 m. At Ganpu, the interface between the Qiantang Estuary and Hangzhou Bay, the width is 18 km with an average depth of 5 m. The width is reduced further landward to approximately 2.5 km at Yanguan and about 1 km at Zakou. A large bar is present in the estuary. The cross-sectionally averaged bed level rises gradually landward from -5 m at (with respect to the Chinese National Vertical Datum of 1985) at Ganpu to above 0 m at Qibao-Cangqian reach, and then falls down to -2 m at Zakou (Figure 1B). Sediment in the Qiantang Estuary is mainly composed of well-sorted silt and clay, with the median grain size between 20 and 40 μm, which is mainly from the adjacent Changjiang Estuary (Chen et al., 1990; Xie et al., 2009; Fan et al., 2014; Zhang et al., 2015; Fan et al., 2016; Liu et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the Qiantang Estuary, (B) the lateral-averaged longitudinal profile along the estuary and (C) bathymetry of the Qiantang estuary in april 2015. Panels b and c are after Xie et al. (2017b) and Xie et al. (2018), respectively. The dashed line in panels (A) and (B) denote the Qiantang Estuary.
The mean tidal range at the Hangzhou Bay mouth is 3.2 m. It is significantly amplified landward by the convergent planform of the estuary. The mean tidal range is around 6.0 m at Ganpu. The tidal waves are seriously deformed upstream (Figure 2) and develop into the world’s largest tidal bore, the Qiantang bore (Pan et al., 2007). Tidal ranges decrease upstream Ganpu due to bed friction. At Zakou the mean tidal range is about 0.5 m. The annually averaged river discharge of the Qiantang River is 952 m3/s. The monthly averaged discharges vary between 319 m3/s and 1705 m3/s (Xie et al., 2017b). Within a year, the low river discharge occurs from August to next March and the high river discharge occurs from April to July. Up to 60% of the annual runoff occurs from april to July (Han et al., 2003; Xie et al., 2017b). Two factors control the occurrence of high river discharge: monsoon climate and typhoon events (Han et al., 2003). During a river flood, the discharge rises and falls sharply in several or more than 10 days, and the peak discharge can be more than 10000 m3/s.
[image: Figure 2]FIGURE 2 | Multi-year averaged high and low water levels and tidal range along the estuary (A), and an example of the time series of water levels at the Zakou, Yanguan and Ganpu stations during spring tide in September 2015 (B).
Data and Methods
In this study three types of field data have been collected. The high and low water levels at Ganpu, Yanguan and Zakou tidal gauging stations in 2015 and the daily river discharge from Fuchun power station (FPS) in the same period are collected from Zhejiang Hydrographic Office, and the bathymetrical data in April, July and November, 2015 are collected from Zhejiang Surveying Institute of Estuary and Coast. The three tidal stations are located at the seaward end, the middle and the landward end of the estuary, respectively. The average discharge in 2015 is 943 m3/s, comparable with the long-term average. The river discharge fluctuated around 600 m3/s in most time of the year. During 5–27 June a river flood occurred with the peak discharge being 12600 m3/s (Figure 3A). The bathymetry was surveyed using an Odom Hydrotrac echo-sounder that gives the vertical error of less than 0.1 m, and a global positioning system (GPS) by Trimble that gives the positioning error within 1 m.
[image: Figure 3]FIGURE 3 | Time series of daily river discharge in 2015 (A) and the cross-sectional bed level along the estuary in april, July and November of 2015 (B). The dashed lines in panel (A) denote the bathymetric survey periods. Panels a is after Xie et al. (2018).
The tidal range per lunar day is calculated as the difference between high and low water levels (both calculated as the average of two consecutive values). Tidal amplification factor is calculated following Wang et al. (2019):
[image: image]
[image: image]
where F is the amplification factor, A is tidal range, and the subscripts denote the tidal stations. This way of analysis has some similarity with the admittance method (Munk and Cartwright, 1966). Instead of using the astronomical potential in the admittance method, the measured tide at the mouth of the estuary is used as reference. Any change in time of this parameter is an indication for changes in the physical conditions in the estuary. It favors identifying any sudden changes as it provides tide to tide variations.
Moreover, the hydraulic heads over the upper (Zakou - Yanguan) and lower (Yanguan - Ganpu) reaches are determined as the differences between the mid-tides at the upstream and downstream stations. The mid-tide is an average of high and low water levels. The direct cause of the hydraulic head is the river discharge. This parameter can provide another indication of the physical condition of the estuary.
RESULTS
Morphological Evolution
As water levels in the Qiantang Estuary are strongly influenced by the bed level changes, it is necessary to analyze firstly the bathymetrical changes. The morphological evolutions in 2015 have been reported by Xie et al. (2018). They found that the dynamic equilibrium in the estuary is controlled by two extreme hydrographic conditions: tidal bore and river floods. Xie et al (2021b) found since the 1980s the tidal ranges at Zakou and Yanguan correlate well with the channel volume of the Zakou-Laoyancang (ZL) and Laoyancang-Daquekou (LD) reaches. For reasons of clarity, the following paragraphs present a short reanalysis of the morphological evolutions and provide a basis for the analysis of tidal dynamics.
Between april and July of 2015, both of the ZL and LD reaches underwent erosion (Figures 3B, 4).The cross-section averaged bed level of the two reaches lowering about 0.81 and 0.06 m, respectively. Accordingly the channel volumes below the local high water level over the two reaches enlarged from 224 × 106 and 203 × 106 m3 in april to 333 × 106 and 241 × 106 m3 in July, respectively, indicating increases of 109 × 106 m3 and 38 × 106 m3. The erosion of the ZL reach was more significant that the LD reach. Apparently, the erosion was caused by the river flood in June, because the discharge prior to the river flood was smaller than the bed formation discharge of the estuary, 1,100 m3/s (Chen et al., 2006; Xie et al., 2017b). The eroded sediment was transported and accumulated seawards, resulting in a bed aggradation of about 0.04 m at the Daquekou-Ganpu (DG) reach. The channel volume below the local high water level over the DG reach decreased from 2,633 × 106 in April to 2,542 × 106 m3 in July, indicating a decrease of 91 × 106 m3.
[image: Figure 4]FIGURE 4 | Bed erosion and accretion patterns from april to July (A) and from July to November (B) in 2015 (after Xie et al., 2018).
The bed level change between July and November was opposite. Sediment accumulation and erosion occurred in the ZL reach and DG reach, respectively, because the tides, especially the tidal bore, can transport a large amount of sediment from the lower reach landward (Chen et al., 1990; Han et al., 2003; Xie et al., 2018). The channel volume over the ZL reach was 280 × 106 m3 in November, indicating a decrease of 53 × 106 m3 from July to November; whereas the channel volume over the DG reach was 2,565 × 106 m3 in November, increased by 24 × 106 m3 in the same period. The channel volume change over the LD reach was insignificant, being 247 × 106 m3, only 6 × 106 m3 larger than that in July.
Water Levels and Tidal Ranges
Water levels and tidal ranges at the three stations are characterized by spring-neap tidal cycles (Figure 5). The monthly lowest low level and highest high level at Ganpu varied between −1.58 m and −0.62 m and between 5.52 m and 7.07 m, respectively. The tidal range at this station was relatively small during the first 2 months of the year, less than 6.5 m during spring tides. It increased in the following months and reached the maximum in September with the maximum during spring tides being 7.89 m. Then it decreased in the last months, with the maximum being 6.63 m during December. This is related to the seasonal variation of the incoming tide from the Hangzhou Bay mouth (Editorial Committee for Chinese Harbors and Embayment (ECCHE), 1992). At Yanguan the monthly highest high level varied between 6.13 and 7.98 m, but low water level shows less difference between spring and neap tides fluctuating between 1.46 and 2.63 m, except during the river flood when it was 3.65 m. The tidal range varied between 2.62 and 5.18 m. At Zakou a remarkable characteristic is that the low water level during spring tides was higher than during neap tides. For example, from January to May, the monthly lowest low water level during spring and neap tides were 5.02–5.79 m and 4.18–5.17 m, with the former about 0.7 m higher than the latter. This is because the volume of freshwater retained in the inner reach during spring tides is larger, thus raising the mean water level (Godin, 1999). The tidal range at Zakou varied between 0.04 and 1.40 m.
[image: Figure 5]FIGURE 5 | Time series of water levels (A) and tidal ranges (B) at Zakou, Yanguan and Ganpu in 2015.
During the river flood, the water levels at Zakou and Yanguan increased to 2.1 and 0.7 m above the normal high water levels of spring tides, respectively (Figure 5A). Tidal range at Yanguan was apparently decreased, indicating the incoming tide was constrained by the high river discharge (Figure 5B). However, the decrease of tidal range at Zakou during the river flood was unobvious. Immediately after the river flood, the low water level at Zakou decreased by about 0.5 m. As a result, the tidal range at Zakou increased significantly. Whereas the tidal range at Yanguan is immediately recovered to that before the river flood. Overall, the influence of river flood on the water levels at Ganpu was insignificant.
Figure 6 shows the monthly averaged high and low water levels at the three stations. The high water level at Ganpu increased from January to September and then decreased in the next months. The seasonal variations of the high levels at Zakou and Yanguan were consistent with Ganpu, except that the river flood in June caused significant increase in the high water levels. The monthly low water level at Ganpu was more or less a constant, fluctuating around −0.6 m. Both the monthly low water levels at Zakou and Yanguan showed a slow increase trend during the periods without the river flood. For example, from January to May the low water level at Zakou increased from 4.98 to 5.45 m; this process was disturbed by the river flood which lowered the monthly averaged low water level by 0.46 m, and then the low water level increased again gradually from 4.99 to 5.33 m from July to December.
[image: Figure 6]FIGURE 6 | Monthly averaged high (A) and low (B) water levels at Zakou, Yanguan and Ganpu Station in 2015.
Figure 7 depicts the relation between the tidal ranges at Ganpu and at the two upstream stations in April, July, November and June, representing the periods before and after the river flood, after the period of large tidal range in Autumn and during the river flood. If all data through the entire year are considered, the relations between the tidal ranges at Ganpu and at the two upstream stations show insignificant correlation. However, good relationships existed during a relative short period. Under the same tidal range at Ganpu, the tidal range at Zakou was largest in July, and smaller in June. The monthly variation of the relationships can only be explained by the bathymetrical changes within the estuary, because in such an analysis the influence of the tidal range at Ganpu has been excluded and the river discharges in most months are comparable. At Yanguan, the difference of the relations among months are smaller except that the tidal range was apparently damped by the high flow in June.
[image: Figure 7]FIGURE 7 | The relationships between the tidal range at Zakou (A) and Yanguan (B) and that at Ganpu.
Tidal Amplification
Figure 8A illustrates the time series of the tidal amplification factors at Zakou and Yanguan. The factor at Zakou shows clear spring-neap tidal cycles, varying between 0.01 and 0.41. In the months before the river flood, the factor at Zakou is relatively small, with the average being 0.12. During the period of the river flood, the spring-neap cycle of the amplification was interrupted and the correlation between the factor and the tidal range at Ganpu was weakened. After the river floods, the amplification factor was increased significantly. The average in July was 0.22, almost doubled of that before the river flood. The amplification factor increased further until September in which the average was 0.28, and then decreased gradually to be around 0.15, comparable with that in the first 2 months in 2015. The correlation between the amplification factor at Zakou and the tidal range at Ganpu was insignificant if all data in the whole year of 2015 are considered. However, good relationship exists for a relatively short period, for example 1 month as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Time series of tidal amplification factors at Zakou and Yanguan (A), and their relationships with the tidal range at Ganpu (B, C).
The amplification factor at Yanguan varied between 0.32 and 0.76, with an average of 0.58. Its spring-neap cycle was unclear except that a low factor can be detected at neap tides. During the river floods the factor at Yanguan was decreased significantly, indicating that the high river discharge damped the tides. The bed level change at the lower reach induced by the flood was less than in the upper estuary (Figures 3B, 4), hence the influence of the morphological change at Yanguan reach was relatively small. Unlike the good relationship between the tidal ranges at Yanguan and Ganpu, the amplification factor at Yanguan seems hardly influenced by the tidal range at Ganpu. For example, the factor at Yanguan fluctuates around 0.55 in april, July and November (Figure 8C).
Hydraulic Head
The hydraulic heads also show spring-neap tidal cycles (Figure 9A). In 2015 they varied between 0.87 and 2.74 m in the upper reach and between 0.92 and 3.24 m in the lower reach, respectively. This indicates that the water surface slope in the lower reach was larger than in the upper reach, because the lengths of both reaches are comparable. Usually water surface slopes in estuaries increase in the landward direction because of the backwater effect (e.g., LeBlond, 1978; Godin and Martinez, 1994). The abnormal spatial distribution of the water slopes in the Qiantang Estuary is related to the unique longitudinal bathymetric profile (Figure 1B). The drastic rise of the bed elevation in the lower reach increases the low water level significantly, and thus increases the tidally averaged water level.
[image: Figure 9]FIGURE 9 | Time series of the hydraulic heads over the upper and lower reaches (A), and their relationships (B).
Hydraulic heads over both reaches increased obviously during the river flood in June due to the backwater effect. After the river flood, the hydraulic head over the lower reach recovered immediately, but over the upper reach it lowered by about 0.8 m. The difference between the hydraulic head changes over the two reaches is probably related to the spatial difference of the bed level changes. The bed erosion by the flood in the upper reach was 1–3 m, which lowered the water level significantly. The bed level change and the corresponding change in water levels in the lower reach are less. If all data through the whole year were considered, the relationship between the hydraulic heads over the two reaches is unclear, indicating the active morphological changes. However, in a relatively short period, good correlation does exist (Figure 9B). For a relatively short period, the bed level changes were minor. Then the hydraulic heads over both reaches mainly depend on the tidal forcing at the seaside.
DISCUSSION AND CONCLUSIONS
The seasonal tidal behavior in the Qiantang Estuary has been explored here in order to determine the impact of the variation of the river discharge, particularly considering the active morphological evolution. One of the most important findings in this study is that the active morphological evolution in the Qiantang Estuary induced by the river flood has significant feedback on tidal dynamics, especially in the upper estuary. The river flood caused significant bed erosion. It also increased the water levels and damped the incoming tides at Yanguan where the bed evolution was relatively small (Figures 5–8). However, the decrease of tidal range at Zakou during the river flood was insignificant. The tidal dynamics near Zakou depends on the relative balance between channel convergence and bottom friction (Garel and Cai, 2018; Cai et al., 2020). The convergence length can be calculated based on the cross-sectional area along the estuary [image: image]:
[image: image]
where [image: image] is the cross-sectional area at Daquekou, x is the distance from Daquekou and the constant a is the convergence length of the cross-sectional area. Figure 10 shows the cross-sectional area upstream Daquekou before and after the river flood. After the flood, the area upstream Daquekou increased significantly, with the averaged increase being 2.13 × 103 m3. Correspondingly, the convergence length increased by about 50%, from 44.3 to 66.2 km. As the width is fixed after the embankment project, the calculated convergence reflects the longitudinal change of the water depth. Then the tidal amplification increases with the increase of the convergence length (Garel and Cai, 2018). This effect counteracts the tidal damping by high river flow. After the river flood, the eroded bed lowered the local low water level, increased the water depth and decreased the bed friction, hence the tidal range was doubled (Figures 5–8).
[image: Figure 10]FIGURE 10 | The cross-sectional areas upstream Daquekou before and after the river flood.
The seasonal change in the amplification factor at Zakou is much larger than many other estuaries (Jalón-Rojas et al., 2018; Wang et al., 2019) where the correlation between the amplification factor at the upper estuary and the tidal range at the mouth is relative stable over decades. Furthermore, the tidal amplification is larger during spring tide than during neap tide (Figure 8), in agreement with the findings of Xie et al. (2018) based on the monthly-averaged data since the 1980s. This is different from other tide-dominated estuaries such as the Guadalquivir Estuary in the Spain (Wang et al., 2014), Garonne tidal river in the France, (Jalón-Rojas et al., 2018), the Guadiana estuary in the Portugal (Garel and Cai, 2018) and the LingdingYang Bay in the Pearl River Estuary of China (Cai et al., 2020). This is related to the landward increase of water depth due to the presence of the large bar (Figure 1B) which decreases the friction effects and the high sediment concentration which reduces the hydraulic drag (Xie et al., 2021b).
The tidal amplification induced by bed erosion during the river floods in the Qiantang Estuary is similar to the tidal amplification induced by human activities in many other estuaries. For example, the tidal range at Dendermonde, the Upper Scheldt Estuary increased from 3.2 to 3.6 m in 1970s to 4.0–4.5 m in 2010s triggered by deepening or narrowing of the estuary (Wang et al., 2019); the tidal range in the lower Loire Estuary, France increased from 1.2 m in 1904 to 5.5 m in 2004, amplified by 3.6 times, due to progressive narrowing of the estuary (Winterwerp et al., 2013); gravel extraction in the upper Garonne River, France, during 1953 and 1994 amplified the tidal range by 23% (Jalón-Rojas et al., 2018); the tidal amplitude in the upper Hudson Estuary has more than doubled since the late 19th century due to channel deepening (Ralston et al., 2019); the annual tidal ranges at Shanshui and MK stations in the upper Pearl River Delta, China increased rapidly from around 0.25 m before 1990 to around 0.6 m in 201 0 due to large-scale sand excavation (Cai et al., 2016). The tidal amplification induced by human activities is usually irreversible and a regime shift to more dynamic and high turbidity has developed in the systems (Winterwerp et al., 2013; Van Maren et al., 2015; Jalón-Rojas et al., 2018; Wang et al., 2019). The tidal amplification in the present study can be decreased during low river discharge period because of sediment accumulation. Several studies have focused on the role of seasonal variations of river discharges on the estuarine morphological evolutions (Reddering and Esterhuysen, 1989; Cooper, 2002; Choi et al., 2020). Unfortunately, so far no study has been reported on the seasonal tidal dynamics due to seasonal morphological evolution. The results in this study revealed that the tidal amplification in the estuary can be decreased during the low river discharge periods because of sediment accumulation. This is also relevant to other similar estuaries worldwide.
The mean tidal discharge at Ganpu is in an order of 105 m3/s (Chen et al., 1990; Huang et al., 2021), two orders larger than the normal river discharge. Under normal discharge conditions, the estuary is flood-dominant (Xie et al., 2018). In particular, the tidal bore in the Qiantang Estuary is an extreme hydrographic condition. During spring tides, maximum velocity at the bore arrival can be 5–6 m/s, inducing a large sediment transport capacity. During a spring-neap cycle the net sediment transport through the Yanguan transect can be 8,000 m3 landwards (Xie et al., 2018). Hence during normal discharge period, the upper estuary is in a state of sediment accumulation, as indicated by the slowly increase in the monthly low water levels at Zakou and Yanguan in Figure 6B. Correspondingly, the tidal range and tidal amplification decrease gradually (Figures 7, 8). Using a long time series of bathymetrical data in each April, July and November since the 1960s and the water level records in the same period, Han et al. (2003) found that the low water level in the upper Qiantang Estuary depends on local bed elevations. However, it is difficult to survey the bathymetry in the Qiantang Estuary with a frequency higher than three times per year due to financial and logistic reasons. The time series of the increasing monthly averaged low water levels herein can provide evidence of higher temporal resolution to support how the upper estuary is gradually accumulated in normal river discharge periods.
Based on the results in the present study, two types of the responses of the tidal behavior to the variation of the river discharge can be distinguished: short-term response during the high river discharge and longer-term response related to the tidal forcing from the open sea. During the periods of river floods, both water level and hydraulic head increased significantly (Figures 5, 6, 9). After the river floods, the lowered bed level can be recovered gradually in the following months due to the landward sediment transport by the tides. Accordingly, the low water level and hydraulic head increased and the tidal range decreased.
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Dissolved oxygen (DO) in seawater is fundamental to marine ecosystem health. How DO in coastal upwelling areas responds to upwelling intensity under climate change is of particular interest and vital importance, because these productive regions account for a large fraction of global fishery production and marine biodiversity. The Yuedong upwelling (YDU) in the coastal northern South China Sea can be served as a study case to explore long-term responses of DO to upwelling and climate due to minor influence of riverine input. Here, bottom water DO conditions were recovered by sedimentary C28Δ22/Δ5,22 ratios of steroids in three short cores, with lower ratio value indicating higher DO concentration. The ratio records showed oscillations in varying degrees and exhibited no clear trends before ∼1980s, after which, however, there occurred a persistent decreasing trend or basically remained at lower values. Thus, inferred DO variations by the C28Δ22/Δ5,22 ratio records are not compatible with regional YDU-involved physical processes under climate change, such as southwesterly wind-induced onshore advection of reduced-oxygenated source waters from outer shelf and oceanic warming that would rather lead to less oxygenation in bottom waters in recent decades. Intriguingly, the alcohol records of n-C20:1/C28Δ5,22 and br-C15/C28Δ5,22 ratios, indicative of the relative strengths between biogeochemical oxygen consumption (i.e., by zooplankton and microbes) and photosynthetic oxygen production (i.e., by phytoplankton), changed almost in parallel with the C28Δ22/Δ5,22 records in three cores. Accordingly, we propose that net photosynthetic oxygen production outweighs source water– and warming-induced increasing deoxygenation in the study area. This study may suggest an important biogeochemical mechanism in determining bottom water DO dynamics in shallow coastal upwelling regions with minor contribution of riverine input.
Keywords: bottom water oxygen variation, ratios of 5a-stanols to D5-sterols, alcohol biomarkers, physical-biogeochemical processes, Yuedong upwelling
INTRODUCTION
The fate of dissolved oxygen (DO) in seawater has attracted increasing attentions from multi-disciplines, owing to its vital role in ecological, biological, and geochemical dynamics in marine environments (Diaz and Rosenberg, 2008; Breitburg et al., 2009; Breitburg et al., 2018; Levin and Breitburg, 2015; Watson, 2016; Schmidtko et al., 2017; Fennel and Testa, 2019). The inventory of oceanic DO is determined by the balance between its primary sources (i.e., photosynthetic production, air–sea gas exchange, and physical oxygen supply) and sinks (i.e., aerobic respiration and consumption, oxidation of reduced chemical species, and physical oxygen export) (Breitburg et al., 2018; Fennel and Testa, 2019). Over recent decades, various investigations based on time-series observations, numerical models, and geological records have been carried out to understand the physical-biogeochemical processes controlling the spatiotemporal distributions of low-oxygen (i.e., hypoxic and anoxic) conditions within the global ocean (e.g., Breitburg et al., 2018; Fennel and Testa, 2019, and references therein).
Generally, the occurrence of oxygen-deficiency in estuarine and river-dominated shelf regions is mainly attributed to the significant feedback of freshwater discharge and anthropogenic input, whereas the coastal upwelling areas without direct riverine and anthropogenic impacts experience low-oxygen conditions mostly due to supplies of oxygen-poor and nutrient-rich source waters at times of upwelling (Breitburg et al., 2018; Fennel and Testa, 2019). Long-term links between DO condition and upwelling intensity have been evidenced by sedimentary records of nitrogen isotope from the northeastern tropical Pacific margin, showing enhanced oxygenation in response to weakened wind-induced upwelling since 1850 (Deutsch et al., 2014). However, different relationships between DO and upwelling have been documented in other upwelling regions; e.g., overall enhanced oxygenation (Cardich et al., 2019) is observed in response to strengthened upwelling off Peru since 1860 (Gutierrez et al., 2011). These occurrences likely indicate that the proposed negative impact of upwelling activity on DO condition may be too simplistic, especially in terms of long-term (i.e., decadal and centurial scales) relationships. Besides, close links between upwelling-favorable wind and climate change proposed previously (Bakun, 1990) have been recently evidenced by observations, models, and records in many upwelling regions (Gutierrez et al., 2011; Sydeman et al., 2014; Wang et al., 2015), showing strengthened wind-induced upwelling in response to climatic warming. This scenario may further complicate long-term responses of DO condition to upwelling variation and climate change; however, this issue has not been investigated in upwelling regions in the coastal northern South China Sea (SCS) (Hu and Wang, 2016), including the Yuedong upwelling (YDU).
Recently, sedimentary records of long-chain diols in the YDU area revealed increasing trends in the upwelling intensity and annual mean sea surface temperature (SST) over recent decades (Zhu et al., 2018), supporting previous studies showing close links between upwelling intensification and climatic warming (Bakun, 1990; Gutierrez et al., 2011; Sydeman et al., 2014; Wang et al., 2015). Long-chain diol records also demonstrated insignificant or indirect input from the Pearl River (Zhu et al., 2018), making the YDU as an ideal spot to explore long-term responses of DO variability to upwelling and climate. However, as available DO records are lacking in the YDU region, how DO responds to enhanced upwelling and increased SST remains unclear. This issue is relevant to fishery production, marine biodiversity, and ecosystem health over time so that proper proxies are essential to reconstruct long-term DO variations in the YDU area to fill in this gap.
Over the past few decades, an increasing number of DO-related proxies based on biomarkers, elements (i.e., molybdenum and uranium), and foraminifer (i.e., Bulimina marginata and Quinqueloculina spp.) have been proposed and applied to reconstruct paleo-DO or paleo-redox conditions (e.g., Nakakuni et al., 2017; Nakakuni et al., 2018; Li et al., 2018; Naafs et al., 2019; Jacobel et al., 2020; Wakeham, 2020, and references therein). Among the biomarker-derived redox proxies, the 5α-stanol/Δ5-sterol ratios are widely used because eukaryote-derived Δ5-sterols are ubiquitous in aquatic environments and can be anaerobically transformed to 5α-stanol counterparts without aerobic re-conversion (e.g., Gaskell and Eglinton, 1975; Wakeham, 1989; Wakeham, 2020; Berndmeyer et al., 2014; Nakakuni et al., 2017, 2018). Some other processes, such as in vivo production of 5α-stanols and preferential degradation of Δ5-sterols may also modulate the 5α-stanol/Δ5-sterol ratios and confound their applicability to reflect redox processes (e.g., Nishimura and Koyama, 1977; Wakeham, 1989; Arzayus and Canuel, 2004; Bogus et al., 2012). Therefore, before applying the 5α-stanol/Δ5-sterol ratios to infer redox variations, their suitability as such an approach should be examined. Here, the 5α-stanol/Δ5-sterol ratios were applied for the first time to elucidate their ability to reconstruct historical redox condition in the YDU area and further to explore the responses of DO dynamics to climate-forced YDU processes over recent decades.
Origin of Common Alcohols in Marine Environments and Factors Regulating the 5α-Stanol/Δ5-Sterol Ratios
Generally, short-chain (C14–18; the sum of C14, C16 and C18) n-alcohols are primarily derived from marine organisms and long-chain (C26–30; the sum of C26, C28 and C30) n-alcohols are mainly produced by terrestrial vascular plants (e.g., Mudge and Norris, 1997; Treignier et al., 2006; Hu et al., 2009; Strong et al., 2012; Strong et al., 2013; Guo et al., 2019). The middle-chain unsaturated n-alcohols (i.e., n-C20:1) are typically diagnostic biomarkers for copepods (Kattner and Krause, 1989) and short-chain branched alcohols (i.e., br-C15; the sum of iso- and anteiso-C15) are ubiquitous in marine environments produced by certain microbes (Mudge and Norris, 1997; Treignier et al., 2006; Huang et al., 2013; Yang et al., 2014; Naafs et al., 2019). The odd/even ratio of short-chain n-alcohols (i.e., C15–17/C16–20; the sum of C15 and C17/the sum of C16, C18 and C20) indicates the degree of microbial alternation and is a rough measure of microbial activity (Treignier et al., 2006).
The C27–29 sterols have diverse and ecologically widespread sources, including aquatic plankton (i.e., phytoplankton and zooplankton) and terrestrial plants (Volkman, 1986; Volkman, 2003; Volkman et al., 1998; Rampen et al., 2010). Generally, zooplankton is the major biological precursor for C27 sterols, whereas C28 and C29 sterols appear to be particularly abundant in phytoplankton and terrestrial plants, respectively. However, a comprehensive study on 106 marine diatom species reveals that C27–29 sterols are all present with C28Δ5,24(28) being the most common component, followed by C27Δ5, C28Δ5, C29Δ5, and C28Δ5,22 (Rampen et al., 2010); nevertheless, none of these sterols can be used as an unambiguous diatom biomarker due to their wide occurrence in other algae (Volkman, 2003).
The 5α-stanols are generally derived from the anaerobic reduction of their Δ5-sterol counterparts (e.g., Gaskell and Eglinton, 1975; Wakeham, 1989, 2020; Berndmeyer et al., 2014; Nakakuni et al., 2017; Nakakuni et al., 2018). The particulate matter studies at various depths of the water column from different marine settings revealed that the extent of conversion of Δ5-sterols to 5α-stanol counterparts varies with water-column redox potential (Wakeham, 1989; Wakeham, 2020; Wakeham et al., 2007; Berndmeyer et al., 2014). Generally, little 5α-stanol generation occurs under oxic conditions, yielding low 5α-stanol/Δ5-sterol ratios, whereas substantial conversion of Δ5-sterols occurs in anoxic environments, resulting in high 5α-stanol/Δ5-sterol ratios. However, the 5α-stanol/Δ5-sterol ratios can also be regulated by direct biogenic input of 5α-stanols and/or preferential degradation of Δ5-sterols relative to 5α-stanols (e.g., Nishimura and Koyama, 1977; Wakeham, 1989; Arzayus and Canuel, 2004; Bogus et al., 2012).
The occurrence of 5α-stanols has been reported in some species of marine organisms, such as diatoms (e.g., Thalassionema nitzschioide and Skeletonema costatum; Barrett et al., 1995; Rampen et al., 2010), dinoflagellates (e.g., Scrippsiella sp. and Gymnodinium sanguineum; Mansour et al., 1999), microalgae (e.g., Pavlova sp.; Volkman et al., 1990), and zooplankton (e.g., Themisto gaudichaudi; Nelson et al., 2000; Nelson et al., 2001). For example, T. nitzschioide and S. costatum produce a minute fraction (<11%) of 5α-stanols, such as C27Δ22 and C28Δ24(28), respectively (Barrett et al., 1995; Rampen et al., 2010), and Scrippsiella sp. and G. sanguineum produce high fractional abundances of C27Δ0 (24.3%) and C28Δ22 (31.7%), respectively (Mansour et al., 1999). Recently, comprehensive investigations on a series of C26–29 5α-stanol/Δ5-sterol ratios in sediment cores demonstrated that some ratio pairs are not applicable to trace historical redox processes because of the interference of in vivo produced 5α-stanols by some organisms (Nakakuni et al., 2017; Nakakuni et al., 2018).
The preferential degradation of Δ5-sterols relative to their 5α-stanol counterparts may also confound the 5α-stanol/Δ5-sterol ratios to reflect anaerobic conversion processes (e.g., Arzayus and Canuel, 2004; Bogus et al., 2012). The higher rate of degradation than hydrogenation of Δ5-sterols has been proposed to explain higher 5α-stanol/Δ5-sterol ratios in sediments from the York River estuary (Arzayus and Canuel, 2004). This is followed by a subsequent study on surface sediments in a cross-shelf transect offshore the Pakistan continental margin, suggesting that the increasing trend in the C27Δ0/Δ5 ratio is attributable to the faster degradation of C27Δ5 compared with that of C27Δ0 (Bogus et al., 2012).
MATERIALS AND METHODS
Study Area
The YDU, located in the inshore area from Hong Kong to the Nanri Islands (Figure 1), is a common phenomenon with a large spatial extent occurring in summer, leading to colder SST and higher salinity and nutrients than surrounding waters (Jing et al., 2011; Hu and Wang, 2016). The local southwesterly wind stress is one of the most important dynamical factors to induce the coastal YDU with apparent inter-annual variability (Jing et al., 2011; Hu and Wang, 2016). Recently, sedimentary records of long-chain diol index (LDI) and diol index 2 (DI-2), which are respective indicators for annual mean SST and southwesterly wind-induced upwelling intensity in the YDU area, revealed increasing warming and enhancing upwelling over recent decades (Zhu et al., 2018).
[image: Figure 1]FIGURE 1 | Location of the YDU, sediment cores (S101, S201, and S401: this study; A9: Jia et al., 2013 and Xu et al., 2020) and monitoring station (MM13: Zhang et al., 2018) mentioned in this study. PRE: Pearl River estuary; MB: Mirs Bay; HK: Hong Kong; NRI: Nanri Islands.
To the west of YDU is the Pearl River estuary (PRE; Figure 1), receiving discharges from the subtropical Pearl River. The river is the second largest river in China in terms of discharge, 80% of which occurs during the wet season (April to September). After being poured out of the estuary, the Pearl River plume swings seasonally (Dong et al., 2004; Su, 2004); it generally turns toward the west during the dry winter due to northeasterly winds and Coriolis effect and extends offshore toward south and southeast during wet summer under southwesterly winds when the Pearl River discharge reaches its maximum.
Sample Collection
In this work, three short box cores (Figure 1; Table 1) at the margin of the YDU were studied. They were collected in 2009 during the China Ocean Carbon (CHOICE-C) Cruise I onboard the Dongfanghong II. The core surfaces were well preserved upon collection, as demonstrated by the fairly clear water above the sediment surface in the box corers. After the overlying water being siphoned out, core barrels were pushed into each box to collect sub-cores. Sediment in the sub-cores was then (usually within an hour) extruded onboard using a hydraulic jack, and sectioned at 2-cm intervals. The sectioned samples were sealed in plastic jars, then frozen until they were freeze-dried at −50°C in the laboratory, and grounded with an agate mortar and pestle for further analyses and tests. The chronology of the cores has been determined by the 210Pb method and reported by Zhu et al. (2018). Table 1 shows the dating results and other information of the three cores.
TABLE 1 | Information of the three sediment cores.
[image: Table 1]Lipid Extraction, Separation and Measurement
The core sediments have been reported for long-chain diols and the detailed experiments for lipid extraction and separation can be found in the work of Zhu et al. (2018). Briefly, freeze-dried and powdered sediments were extracted ultrasonically with MeOH, dichloromethane (DCM)/MeOH (1:1, v/v), and DCM, and all extracts were combined after centrifugation. Following saponification with KOH/MeOH and extraction into hexane, the neutral lipids were purified using silica gel chromatography by elution with DCM/n-hexane (4:1, v/v) and DCM/MeOH (2:1, v/v), respectively. The latter fraction containing alcohols was converted to trimethylsilyl derivatives with bis(trimethylsilyl)trifluoroacetamide (BSTFA) at 60°C for 2 h before gas chromatography–mass spectrometry (GC–MS) analyses.
GC–MS analysis was performed at the State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, with a Thermo Scientific Trace gas chromatograph coupled to a Thermo Scientific DSQ II mass spectrometer. Separation was achieved with a 60 m × 0.32 mm i.d., fused silica column (J and W DB-5) coated with a 0.25-μm film thickness. The oven temperature was programmed from 80°C (held 2 min) to 220°C at 6°C/min, then to 290°C (held 5 min) at 8°C/min, and at last to 315°C (held 25 min) at 2°C/min. Identification and quantification of alcohol compounds, including n-alcohols, br-alcohols, sterols, and stanols, were based on their characteristic mass fragments, i.e., m/z 103 for n- and br-alcohols, 255 for Δ5-and Δ5,22-sterols, 257 for Δ22-sterols, and 215 for 5α-stanols (Huang et al., 2013; Yang et al., 2014; Nakakuni et al., 2017; Nakakuni et al., 2018).
Further, an approach proposed by Nakakuni et al. (2017); Nakakuni et al. (2018) was applied to determine the accuracy of the analytical 5α-stanol/Δ5-sterol ratio results, especially the C27Δ22/Δ5,22, C27Δ0/Δ5, and C28Δ22/Δ5,22 ratio pairs used in this study (see below). Four samples from cores S101 (2–4 cm and 22–24 cm) and S201 (0–2 cm and 22–24 cm) were measured replicated for quality control, because both cores with relatively low or even unquantifiable contents of Δ5-sterols (this scenario can be seen roughly in mass spectrogram) were particularly susceptible to large deviations caused by pronounced background noise. Estimated values of relative standard deviation of the three ratio pairs in the four samples (2–4 cm and 22–24 cm in S101, and 0–2 cm and 22–24 cm in S201) ranged from 4% to 10%, similar to those (<10%) reported by Nakakuni et al. (2017); Nakakuni et al. (2018), implying high precision of the analytical results in the present study.
Degradation-Corrected Downcore Sterol Concentration
Using an approach similar to (Middelburg, 1989) power model, log-log plots of degradation rate constant (k) vs. time since deposition (t) were proposed by Canuel and Martens (1996) to evaluate the influence of post-diagenesis on downcore sterol concentration according to the following equation:
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Further, given a known apparent initial age (a0), the sterolscorr (the initial sterols at the sediment surface before post-depositional loss) for any downcore sample at depositional time t (sterolst) can be solved using the following equations:
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The sterolst was initially termed as the sum of several sterols (Canuel and Martens, 1996); however, given almost similar degradation behaviors between individual sterols under anaerobic conditions (Sun and Wakeham, 1994; Canuel and Martens, 1996; Harvey and Macko, 1997; Sun and Wakeham, 1998; Grossi et al., 2001), the sterolst can be also utilized to calculate sterolscorr for each individual sterol. The value of a0 has been found to be several decades in coastal and shelf areas (Middelburg, 1989; Jia et al., 2013). For simplicity, an empirical 59-year value for a0 calculated by Jia et al. (2013) for site A9 outside the PRE (see Figure 1 for location) was used in this study.
RESULTS
Spatial Distribution of Sterols and Stanols in the Three Cores
A great variety of sterols and stanols were identified in core S401 sediments (Figure 2; Table 2); however, many of them, especially C28 and C29 sterols were below detection limit in most samples in cores S101 and S201. Accordingly, the common compounds in three cores, including 4-desmethyl sterols C27Δ5,22, C27Δ5, and C28Δ5,22 and their 5α-stanol counterparts (C27Δ22, C27Δ0, and C28Δ22, respectively), as well as 4-methyl sterol C30Δ22, were preferentially used for comparisons among different cores. The information of other sterol and stanol compounds detected in core S401 (see Figure 2 and Table 2) is also given in Supplementary Table S1.
[image: Figure 2]FIGURE 2 | Partial total ion chromatogram (TIC) of the alcohol fraction in core S401 sediments. Most of the sterols and stanols with abbreviation are labeled in the figure. The systematic and trivial names of each compound are present in Table 2; more detailed information can be found in published studies (e.g., Rampen et al., 2010; Nakakuni et al., 2017; Nakakuni et al., 2018).
TABLE 2 | Sterol and stanol compounds identified in core S401 (see Figure 2 for TIC). Detailed information (i.e., structure, nomenclature, and source) of individual compounds can be found in, e.g., the works of Rampen et al. (2010) and Nakakuni et al. (2017, 2018).
[image: Table 2]On the whole, contents of ∑sterols (i.e., the sum of C27Δ5,22, C27Δ5, C28Δ5,22, and C30Δ22) were highest (ranged 73–742 ng/g and averaged 219 ± 183 ng/g dry sediment) in core S401 and lowest (ranged 10–189 ng/g and averaged 49 ± 49 ng/g) in core S101 (Figure 3A; Supplementary Table S1). The sterols exhibited largely similar compositions between cores S101 and S201, with C30Δ22 being the major component (ranged 4–44 and 29–135 ng/g and averaged 18 ± 15 and 75 ± 30 ng/g, and accounted for averaged 42 ± 9% and 50 ± 17% in ∑sterols, respectively) followed by C27Δ5,22 (24 ± 3% and 21 ± 4%, respectively), C28Δ5,22 (21 ± 5% and 17 ± 8%, respectively) and minimal C27Δ5 (13 ± 4% and 12 ± 7%, respectively) (Figure 3A; Supplementary Table S1). The C30Δ22 was also dominant in core S401 (ranged 28–125 ng/g and averaged 63 ± 26 ng/g, and accounted for averaged 34 ± 7% in ∑sterols), followed by relatively equivalent C28Δ5,22 (26 ± 2%), C27Δ5 (22 ± 5%) and C27Δ5,22 (18 ± 3%) (Figure 3A; Supplementary Table S1). Moreover, contents of individual sterols and ∑sterols exhibited strong positive correlations with each other (Supplementary Table S2), thereby allowing for ∑sterols to provide a general view of the sterol distribution in the three cores, as shown later.
[image: Figure 3]FIGURE 3 | Average abundances of sterols (A), stanols (B), and alcohols (D), and average ratios of 5α-stanol/Δ5-sterol (C) in the three cores. The percentage of each individual sterol and stanol is calculated relative to ∑sterols and ∑stanols, respectively. Error bars indicate the standard deviations.
Contents of ∑stanols (i.e., the sum of C27Δ22, C27Δ0, and C28Δ22) were lowest (ranged 34–240 ng/g and averaged 114 ± 72 ng/g) in core S101 and highest (ranged 272–761 ng/g and averaged 499 ± 157 ng/g) in core S201 (Figure 3B; Supplementary Table S1). The stanols exhibited largely similar compositions between the three cores, with C27Δ0 being the major component (ranged 25–153, 187–505, and 40–208 ng/g and averaged 76 ± 44, 336 ± 101, and 98 ± 47 ng/g, and accounted for averaged 69 ± 4%, 68 ± 3%, and 57 ± 1% in ∑stanols in cores S101, S201, and S401, respectively) followed by C28Δ22 (18 ± 2%, 18 ± 1% and 24 ± 2%, respectively) and C27Δ22 (13 ± 3%, 14 ± 2%, and 20 ± 1%, respectively) (Figure 3B; Supplementary Table S1).
The stanols were more abundant than sterol counterparts in cores S101 and S201 (Figures 3A,B; Supplementary Table S1), yielding relatively high ratio values of C27Δ0/Δ5 (ranged 2.7–33.7 and 4.9–134.6 and averaged 18.6 ± 9.2 and 32.7 ± 32.7, respectively), C28Δ22/Δ5,22 (ranged 0.7–5.7 and 1.2–13.3 and averaged 3.1 ± 1.5 and 5.2 ± 3.9, respectively), and C27Δ22/Δ5,22 (ranged 0.7–2.6 and 1.1–4.6 and averaged 1.7 ± 0.5 and 2.5 ± 1.0, respectively) (Figure 3C). However, the stanol abundances were slightly higher or even lower than sterol counterparts in core S401 (Figures 3A,B; Supplementary Table S1), yielding comparatively lower ratio values of C27Δ0/Δ5 (ranged 1.0–3.5 and averaged 2.5 ± 0.9), C28Δ22/Δ5,22 (ranged 0.4–1.1 and averaged 0.8 ± 0.2), and C27Δ22/Δ5,22 (ranged 0.5–1.3 and averaged 1.0 ± 0.3) (Figure 3C). Furthermore, these three ratio pairs showed strong positive correlations with each other (Supplementary Table S3), thereby allowing for C28Δ22/Δ5,22 to provide a general view of the ratio distribution in the three cores, as shown below.
Temporal Distribution of Sterols and Stanols Over the Past Few Decades
Contents of ∑sterols (and individual sterols as demonstrated in Supplementary Table S2) displayed roughly similar variation features in cores S101 and S201; i.e., relatively low concentration without significant change before ∼1985 (averaged 21 ± 13 and 103 ± 32 ng/g, respectively) followed by large oscillation during ∼1985–1995 (varied 19–101–67 and 141–315–70, respectively), and a rapid increase after ∼1995 (ranged 67–189 and 70–313 ng/g, respectively) (Figure 4). Temporal variation of ∑sterols in core S401 exhibited largely similar patterns with cores S101 and S201 before ∼1985 and after ∼1995 (averaged 148 ± 58 and 431 ± 282 ng/g, respectively); however, the oscillation during ∼1985–1995 did not occur in core S401 likely due to low sediment rate and time resolution of the core (two data at the time interval; Figure 4 and Table 1).
[image: Figure 4]FIGURE 4 | Distribution of the ∑sterols abundances and the C28Δ22/Δ5,22 ratios in the three cores.
Values of the C28Δ22/Δ5,22 ratio (and other two ratio pairs as demonstrated in Supplementary Table S3) oscillated in large amplitudes in cores S101 and S201 (ranged 0.7–5.7 and 1.2–13.3, respectively) but swung less variably in core S401 (ranged 0.4–1.1) (Figure 4). Distributions of the C28Δ22/Δ5,22 ratio varied similarly in shape between cores S101 and S201 but changed diversely in terms of multi-year variations as compared to core S401 (Figure 4) likely due to the low-resolution data of the core (Table 1). Temporal variations of the C28Δ22/Δ5,22 ratio exhibited no clear trends before ∼1980s; after that, however, there occurred a persistent decreasing trend in cores S101 (from 3.2 to 0.7) and S401 (from 1.1 to 0.4) or basically remained at relatively lower values in core S201 (mostly <3 with two exceptions) (Figure 4).
Distribution of n- and Br-Alcohols in the Three Cores
On the whole, contents of n-C14–18, n-C26–30 and br-C15 alcohols were highest in core S201 (ranged 518–2,118, 313–974, and 96–228 ng/g and averaged 932 ± 366, 530 ± 183, and 160 ± 40 ng/g, respectively) and lowest in core S101 (ranged 103–568, 79–390, and 13–90 ng/g and averaged 268 ± 128, 199 ± 73, and 38 ± 24 ng/g, respectively) (Figure 3D; Supplementary Table S4). The n-C20:1 alcohol was also most abundant in core S201 (ranged 16–72 ng/g and averaged 41 ± 17 ng/g) but was least abundant in core S401 (ranged 4–24 ng/g and averaged 9 ± 5 ng/g) (Figure 3D; Supplementary Table S4).
Moreover, contents of n-C14–18 and n-C20:1 alcohols exhibited strong positive correlations with ∑sterols (and individual sterols as demonstrated in Supplementary Table S2) in the three cores (Figure 5). The abundances of br-C15 alcohols resembled to the n-alcohol ratios of C15–17/C16–20 down the cores (Supplementary Figure S1) but correlated insignificantly with ∑sterols (and individual sterols as demonstrated in Supplementary Table S2) especially in cores S201 and S401 (Figure 5).
[image: Figure 5]FIGURE 5 | Linear correlation of ∑sterols with n-C14–18 (red points), n-C26–30 (blue points), n-C20:1 (green points) and br-C15 (orange points) alcohols in the three cores.
DISCUSSION
Origin of Sterols and Their Application as Primary Production (PP)
The biological sources of the C27Δ5,22, C27Δ5, C28Δ5,22, and C30Δ22 sterols in the study area are likely predominantly marine organisms. This is supported by the better correlations of ∑sterols (and individual sterols as demonstrated in Supplementary Table S2) with marine-sourced n-C14–18 alcohols than with terrigenous-originated n-C26–30 alcohols in the three cores (Figure 5). Presently, it is difficult to constrain the species-specific sources of these biological sterols, owing to their ubiquity in a wide range of marine organisms, including phytoplankton and zooplankton (Volkman, 1986; Volkman et al., 1998; Volkman, 2003; Rampen et al., 2010), which are abundant in the study area (Wang et al., 2011; Duan et al., 2014; Ren et al., 2020). However, the strong correlations among these sterols in the three cores (Supplementary Table S2) suggest common factors in modulating production of various phytoplankton and subsequent consumption by zooplankton in food chains. This is further supported by the strong correlations between ∑sterols (and individual sterols as demonstrated in Supplementary Table S2) and n-C20:1 alcohol (Figure 5), a diagnostic biomarker for copepods (Kattner and Krause, 1989), which dominate zooplankton composition in the YDU area (Ren et al., 2020). Therefore, here, ∑sterols, the sum of sterols produced by various phytoplankton (i.e., diatoms and dinoflagellates) and/or phytoplankton-dependent zooplankton, rather than individual sterol, are more suitable to roughly indicate PP in the study area. Nevertheless, the ∑sterols loss due to degradation processes in the water column and/or sediments (e.g., Sun and Wakeham, 1994; Canuel and Martens, 1996; Prahl et al., 2000; Sinninghe Damsté et al., 2002; Wakeham et al., 2002; Hernández-Sánchez et al., 2014) may confound ∑sterols burial fluxes to reflect initial export PP.
Present-day investigations in the YDU area reveal that total phytoplankton abundances are not highly variable at various depths of the upper 30-m water column (i.e., 78.9 × 102 unit in surface water vs. 50.7 × 102 unit at 20- to 30-m water depth; Wang et al., 2011). This occurrence should be due to that the photic zone (i.e., 0–30 m) can extend readily to the seafloor of the study sites (water depths <35 m; Table 1). Phytoplankton-derived lipid biomarkers could undergo least degradation in such shallow water depths, as even in deep-sea water columns, including the Arabian Sea (0–3,380 m; Prahl et al., 2000; Wakeham et al., 2002) and the South East Atlantic Ocean (0–100 m; Hernández-Sánchez et al., 2014), the loss of biomarkers (including sterols) has been found insignificant. Accordingly, the application of buried ∑sterols to infer paleo-PP in the YDU area is feasible as long as degradation in sediments is properly considered.
Thus, we used a model proposed by Canuel and Martens (1996) to estimate the degradation loss of ∑sterols in sediments and further to assess its influence on the downcore changes of ∑sterols, similar with the approach for organic carbon-degradation correction applied in the PRE (Jia et al., 2013) using the (Middelburg, 1989) model. It should be noted that the (Canuel and Martens, 1996) model is established for the anoxic environments of Cape Lookout Bight but is also likely applicable for coastal areas where aerobic conditions are usually confined to uppermost few-millimeter sediments (e.g., Hansen and Blackburn, 1991; Sun and Wakeham, 1994; Sun and Wakeham, 1998; Arndt et al., 2013). As illustrated in Figure 6, the initial ∑sterols (∑sterolscorr) changed almost similarly with the burial ∑sterols, indicating that downcore ∑sterols can be used to infer PP variations in the study area, despite the degradation loss could be as high as ∼24% in sediment depths.
[image: Figure 6]FIGURE 6 | Comparison between ∑sterols (red curves) and ∑sterolscorr (blue curves), and between C28Δ22/Δ5,22 (orange curves) and C28Δ22/Δ5,22corr (green curves) in the three cores. The C28Δ5,22corr profiles were calculated using the method by Canuel and Marten (1996), as the similar approach for ∑sterolscorr.
According to Figure 4, the ∑sterols with largely similar variation features in most parts of the three cores suggest common factors controlling PP in the YDU area over the past few decades. The change in abundances of algal sterols, which is associated with PP variability, has been also documented offshore the PRE (i.e., at site A9; Figure 1) over the past century (Jia et al., 2013), demonstrating, again, the reliability of burial ∑sterols to reflect export PP in the coastal northern SCS. Moreover, the variability of PP offshore the PRE is considered as a result from the fluvial nutrient influx from the Pearl River (Jia et al., 2013). However, riverine nutrient inputs could be largely ruled out as a cause for PP variations in the study area due to minor influence of the Pearl River plume, as have been described in detail in our previous study (Zhu et al., 2018). This is further supported by the relatively lower sterol abundances in core S101 than in cores S201 and S401 (Figure 3A; Supplementary Table S1), because core S101 was located closest to, whereas the other two cores were distributed further away from, the PRE (Figure 1). Our previous study on long chain diols derived DI-2 records in three cores revealed that the increasing trend in the upwelling intensity with inter-annual variability is a common phenomenon covering the YDU area over recent decades (Zhu et al., 2018). Thus, we deem that the upwelling-induced nutrients may have exerted an important effect on the variations of PP and sterol abundances at the sites.
Origin of Stanols
The diatom community is almost the exclusively dominant algae in the study area, accounting for ∼88% of the total phytoplankton composition with Proboscia alata being the major species, followed by T. nitzschioides, Pseudo-nitzschia pungens, and S. costatum (Wang et al., 2011). The S. costatum is predominantly abundant in the PRE (Qiu et al., 2010; Shen et al., 2011); however, C28Δ24(28) that can be produced in vivo by S. costatum (Barrett et al., 1995; Rampen et al., 2010) has not been identified (or reported) in this region (Hu et al., 2009; Strong et al., 2012; Strong et al., 2013; Jia et al., 2013; Guo et al., 2019). The C28Δ24(28) was not detected either in core S101 (closest to the PRE), suggesting that C28Δ24(28) would be little produced by algae (i.e., S. costatum) in the coastal northern SCS. However, C28Δ24(28) was identified, despite with minimal amounts (averaged 7 ± 4 ng/g; Supplementary Table S1) in core S401 (farthest to the PRE), thus indicating that anaerobic conversion of C28Δ5,24(28) is more likely responsible for the presence of C28Δ24(28) at the site. The contribution of T. nitzschioide to C27Δ22 (Barrett et al., 1995; Rampen et al., 2010) in the three cores, however, could not be completely neglected based on the present study.
Dinoflagellates, despite account for a minute fraction of the total phytoplankton community, are the second most abundant algae in the YDU area (Wang et al., 2011; Duan et al., 2014). The dominance of Scrippsiella sp. in dinoflagellate floras in the study area (Duan et al., 2014) likely suggests this species as a considerable contributor to C27Δ0. This is further supported by the much high values of the C27Δ0/Δ5 ratio; i.e., an average of 32.7 in core S201 (Figure 3C), as such a similarly high C27Δ0/Δ5 ratio has been also documented in Scrippsiella sp. (Mansour et al., 1999). The possibility of dinoflagellate G. sanguineum as a biological source for C28Δ22 (Mansour et al., 1999), however, could be largely ruled out, owing to the absence of this species in the YDU area (Wang et al., 2011; Duan et al., 2014). Similarly, some other marine organisms that have been reported to contain considerable fractional abundances of C28Δ22 (Volkman et al., 1990; Nelson et al., 2000; Nelson et al., 2001) have also not been observed (or reported) in the study area (Wang et al., 2011; Duan et al., 2014; Ren et al., 2020).
Implication of the C28Δ22/Δ5,22 Ratio for Bottom Water DO Condition
As explained above, the C27Δ22/Δ5,22 and C27Δ0/Δ5 ratios are not suitable as reliable indicators for anaerobic transformation processes at the study sites, as T. nitzschioide and Scrippsiella sp. may contribute to C27Δ22 and C27Δ0, respectively. In contrast, the insignificant contribution of living organisms to other 5α-stanols (i.e., C28Δ24(28) and C28Δ22) suggests they are more likely derived from the anaerobic conversion of their Δ5-sterol counterparts. The C28Δ22/Δ5,22 ratio is selected in this study because the three cores all contained detailed data of this ratio. However, another confounding factor should be ruled out before the application of the ratio as a redox indicator, i.e., the C28Δ22/Δ5,22 ratio variations down the cores could be caused by differential degradation, given that 5α-stanols are more refractory than their respective Δ5-sterol counterparts (e.g., Nishimura and Koyama, 1977; Wakeham, 1989; Arzayus and Canuel, 2004; Bogus et al., 2012). Lines of evidence have revealed that biomarker (including sterols) degradation is insignificant even in deep-sea water columns as compared to in sediments (e.g., Prahl et al., 2000; Sinninghe Damsté et al., 2002; Wakeham et al., 2002; Hernández-Sánchez et al., 2014). Therefore, the potential loss of C28Δ5,22 in the studied shallow water column (<35 m; Table 1) is not considered, but instead, its loss in sediments were evaluated. Here, we used the model by Canuel and Martens (1996) to estimate the initial C28Δ5,22 (C28Δ5,22corr, as the case for ∑sterolscorr) and then assessed the potential influence of degradation process on the downcore C28Δ22/Δ5,22 variations. As illustrated in Figure 6, profiles of the corrected C28Δ22/Δ5,22 (C28Δ22/C28Δ5,22corr) followed those of buried C28Δ22/Δ5,22 in three cores, indicating that degradation loss of C28Δ5,22 in sediment depths is not responsible for the downcore changes in the C28Δ22/Δ5,22 ratios.
Therefore, by elimination, we deem the anaerobic conversion of C28Δ5,22 is a more reasonable process to interpret past C28Δ22/Δ5,22 variations. Previous studies have revealed that the 5α-stanol/Δ5-sterol ratios increase sharply in the oxic-anoxic transition zone in waters (Wakeham, 1989; Wakeham et al., 2007; Berndmeyer et al., 2014; Wakeham, 2020) and sediments (Nishimura and Koyama, 1977). Conditions in such a zone are well suited to the development of a large and most active microbial population (Karl, 1978; Larock et al., 1979; Lin et al., 2008; Rodriguez-Mora et al., 2013; Berndmeyer et al., 2014). In the YDU area, the significant reduction of C28Δ5,22 in the water column could be largely ruled out due to the absence of anaerobic waters (and thus oxic-anoxic transition zone), as revealed by monitoring records (Zhang et al., 2018; Figure 7) and satellite observations (the World Ocean Atlas 2018; https://www.nodc.noaa.gov/cgi-bin/OC5/SELECT/woaselect.pl?parameter=3).
[image: Figure 7]FIGURE 7 | Comparison of the C28Δ22/Δ5,22 ratios (orange curve) in core S101 with bottom water DO concentrations (4-year running average; green curve) at proximate station MM13 (Figure 1) during 1991–2007. The annual mean DO concentration is estimated from monthly data collected by the Environmental Protection Department, Hong Kong (https://cd.epic.epd.gov.hk/EPICRIVER/marine). Note that monitoring DO data are available since the early 1990s, so given time span (before 2006) and resolution (averaged 3.6 years per 2-cm interval) in core S101 (Table 1), this figure shows a rough comparison between records of the C28Δ22/Δ5,22 ratio and monitoring DO content (4-year running average) during 1991–2007.
Thus, we believe the anaerobic conversion of C28Δ5,22 should have occurred principally in sediments. The hydrogenation reduction of Δ5-steros has been found to be rapid in the oxic-anoxic transition zone in microbiologically active sediments in the early sedimentation process, below which the hydrogenation rate is greatly attenuated (Nishimura and Koyama, 1977). This scenario may thus suggest that, in the coastal YDU, the greater part of C28Δ22 originating from the hydrogenation of C28Δ5,22 may have been produced mainly in the microbiologically active oxic-anoxic transition zone, which would lie in surface sediments. This is because 1) aerobic conditions are usually confined to the uppermost few-millimeter layer in coastal areas (e.g., Hansen and Blackburn, 1991; Sun and Wakeham, 1994; Sun and Wakeham, 1998; Arndt et al., 2013) and 2) microbial population is highest near the sediment surface and drops off steeply with depths in coastal marine sediments (e.g., Jørgensen and Revsbech, 1989; Sahm et al., 1999; Arndt et al., 2013). Moreover, comparison of surface sediments (≤2 cm) from different lakes with diverse bottom water redox potentials demonstrates an increasing trend in the 5α-stanol/Δ5-sterol ratios from relatively oxidizing (i.e., 0.36 at Lake Kizaki) to reducing (i.e., 0.66 at Lake Suigetsu) environments (Nishimura and Koyama, 1977). Similarly, the 5α-stanol/Δ5-sterol ratios are found higher in surface sediments with comparatively lower bottom water DO levels in the Yangtze River estuary (Zhu et al., 2012) and the PRE (Guo, 2015), implying that the ratio records in downcore sediments may reflect bottom water (surface sediment) redox conditions in the past. This is followed by a recent study on short cores around Penguin Island, demonstrating that sedimentary variations of the 5α-stanol/Δ5-sterol ratios may be attributed to changes in bottom water conditions at the study sites at the time of deposition (Ceschim et al., 2016).
Accordingly, in this study, sedimentary C28Δ22/Δ5,22 ratios are likely also predominantly determined by bottom water DO conditions that modulate the extent of anaerobic conversion of C28Δ5,22 at its initial deposition as a component of surface sediments. Here, DO condition is not an either–or concept between anaerobic and aerobic but a description of likely continuous change in DO concentration, although a common quantitative relation between the C28Δ22/Δ5,22 ratio and DO concentration cannot be made at present and could be site specific. This is because the so-called anaerobic conversion has been found to take place under various redox conditions not strictly devoid of oxygen with a reported wide range of DO concentrations from 0 to ∼10.6 mg/L (Wakeham, 1989; Wakeham, 2020; Wakeham et al., 2007; Berndmeyer et al., 2014; Guo, 2015). This implies that in the YDU area the anaerobic conversion of C28Δ5,22 may occur persistently and with varying degrees in surface sediments in response to variable bottom water DO concentrations. Given that the mean temporal resolutions of the three cores were ∼2–7 years per 2-cm sediment interval (Table 1), the C28Δ22/Δ5,22 ratio in each sediment interval is effectively a result of multi-year accumulated anaerobic conversion processes. Such an integrated continuous accumulation record would dampen or smooth out greater variations on shorter time scales (e.g., monthly and seasonal) and thereby should tend to reflect longer-term (i.e., multi-year) mean state of DO conditions. This point is supported by previous studies showing that the 5α-stanol/Δ5-sterol ratios are not reflective of seasonal-biased DO signals in surface sediments, where bottom water experience dramatically seasonal DO variability (Nishimura and Koyama, 1977; Zhu et al., 2012; Guo, 2015), implying that seasonal DO dynamics is hard to be recorded in sedimentary C28Δ22/Δ5,22 ratios. Therefore, we believe multi-year mean state of bottom water DO conditions should be responsible for sedimentary C28Δ22/Δ5,22 records in the study area. This is consistent with a rough comparison between the C28Δ22/Δ5,22 ratios in core S101 (3.6 years per 2-cm sedimentary interval; Table 1) and 4-year averaged bottom water DO variations at proximal monitoring station MM13 (Figure 1) during 1991–2007, showing higher C28Δ22/Δ5,22 ratio values corresponding with lower DO concentrations (Figure 7). According to the ratio records down the three cores (Figure 4), DO concentrations varied at each site but similarly in shape between sites S101 and S201 with no clear temporal trend before ∼1980s; after that, DO concentrations increased gradually (i.e., at sites S101 and S401) or shifted to a relatively abundant state (i.e., at site S201).
Potential Factors on Bottom Water DO Variations
Our novel sterol data (Figure 3A; Supplementary Table S1), together with already published diol data (Zhu et al., 2018), reinforce that the Pearl River plume contributes insignificantly to the study area, consistent with a recent study suggesting the influence of runoff from the Pearl River only within a certain range (Xu et al., 2020). Therefore, the input from the Pearl River is not considered as the most important driver on bottom water DO dynamics, but instead, the climate-induced upwelling-involved physical-biogeochemical processes (i.e., source water, wind stress, oceanic warming, photosynthetic production, and aerobic consumption) should be important to influence past changes in bottom water DO concentrations in the YDU area. These upwelling-involved processes have also been proposed as potentially important drivers on bottom water DO dynamics in many other upwelling regions without direct riverine influence (e.g., Fennel and Testa, 2019 and references therein).
The substantial impact of upwelling intensity on DO condition has been observed in upwelling regions off Peru, showing overall enhanced oxygenation in response to gradually intensified upwelling, which is attributed to a subtle oxygenation trend in the upwelled source waters (Cardich et al., 2019). The advection of upwelled source waters has been also proposed as a dominant factor controlling DO variability in many other upwelling regions (e.g., Grantham et al., 2004; Monteiro et al., 2006; Monteiro et al., 2008; Chan et al., 2008; Mohrholz et al., 2008). However, a 29-year observation across the northern SCS shelf area during 1976–2004 reveals a significant decrease in DO concentrations at various depths of the upper 200-m water column (Ning et al., 2009), thus likely transporting reduced-oxygenated source waters from outer shelf to inner coastal area at times of upwelling over recent decades. This scenario would rather decrease bottom water oxygenation and thus promote the anaerobic conversion of C28Δ5,22 in more reducing surface sediments, leading to elevated C28Δ22/Δ5,22 ratios in recent decades that is in contrast with our present records. Therefore, the physical supply of source waters from outer shelf due to upwelling activity is not likely the major cause for bottom water DO variability in the study area.
Increases in southwesterly wind stress have been simulated to decrease bottom water hypoxia by eroding vertical stratification and aerating deep waters in the PRE (Wei et al., 2016; Lu et al., 2018). However, a time-series (2001–2015) observation in the nearby Mirs Bay reveals that larger hypoxic areas in bottom waters are often observed during years with longer-lasting southwesterly wind as a result of enhanced stratification, extended residence time of bottom waters, and onshore transport of low-oxygenated source waters induced by stable upwelling (Zhang et al., 2018). This inconsistency between the two proximal regions just to the west of YDU suggests that the actual impact of local southwesterly wind on DO condition may be highly site specific in the coastal northern SCS. Specific to our study sites, the wind stress appears to exert a minor effect on bottom water DO condition, as the C28Δ22/Δ5,22 ratio correlated insignificantly with DI-2 inferred local wind stress in the three cores (Supplementary Figure S2).
Oceanic warming has a high potential to enhance stratification, decrease the DO solubility, and increase the rate of organic matter mineralization, thus eventually increasing oxygen deficiency and causing low-oxygen condition in bottom waters (Ning et al., 2009; Keeling et al., 2010; Schmidtko et al., 2017; Breitburg et al., 2018; Fennel and Testa, 2019). However, the important role of oceanic warming in regulating bottom water DO condition could be largely ruled out in the study area, because the C28Δ22/Δ5,22 ratio changed uncorrelated with LDI-derived annual mean SST in three cores (Supplementary Figure S2). Similar findings suggesting less importance of oceanic warming on DO condition in the coastal area than in the open ocean have been also made in other studies (e.g., Breitburg et al., 2018; Fennel and Testa, 2019 and references therein).
The above difficulties in the interpretation on the C28Δ22/Δ5,22 ratio-inferred bottom water DO variability prompt us to consider the possible role of biogeochemical processes, because we notice that the C28Δ22/Δ5,22 ratios correlate substantially reversed with the ∑sterols abundances in three cores (Figure 4). This occurrence suggests that bottom water DO concentrations change positively with total PP in the YDU area, which is compatible with recent studies focused on a small area of the western YDU, showing that low-oxygen areas do not coincide with the regions of high PP (Wei et al., 2016; Zhang et al., 2018). This phenomenon may be related with the competitive results of the twofold impacts induced by elevated PP in shallow, clear waters (Fennel and Testa, 2019); i.e., exacerbated oxygen depletion due to high rate of respiration and mineralization, and sufficient oxygen supply through photosynthetic production. To give a rough assessment of the competitive results between the biogeochemical oxygen sink and source, we compared the records of zooplankton and microbes (consumers) with records of phytoplankton (producers). As illustrated in Figure 8, distributions of the n-C20:1/C28Δ5,22 and br-C15/C28Δ5,22 ratios, indicative of the relative abundances of zooplankton and microbes compared with phytoplankton, respectively, changed almost in parallel with the C28Δ22/Δ5,22 ratios in the three cores. These occurrences suggest that, in our studied shallow-water area with less turbidity due to minor influence of the Pearl River plume (Zhu et al., 2018; this study), the oxygen production via photosynthesis may have exceeded biological oxygen consumption by zooplankton respiration and microbial remineralization, leading to a strong positive relationship between water column PP and bottom water (surface sediment) DO (Figure 4). Figure 9 illustrates general scenarios of the dominant role of photosynthetic production in the photic water column (i.e., 0–30 m; Wang et al., 2011) just above the seafloor of the study sites (water depths <35 m; Table 1) in determining bottom water redox conditions in surface sediments. We suggest that net photosynthetic oxygen production outweighs upwelling-involved source water– and oceanic warming–induced deoxygenation in bottom waters in the YDU area. We believe this phenomenon may also occur elsewhere with similar coastal upwelling conditions, such as shallow, clear waters with minor influence of riverine terrigenous input. However, the dominance of biogeochemical forcing on bottom water DO condition may be greatly attenuated in large river-impacted upwelling regions. For example, in the Mirs Bay (Figure 1) that is the western boundary of YDU affected by the Pearl River plume, the physical processes (i.e., freshwater discharge), rather than biogeochemical dynamics, are proposed as the most important drivers for inter-annual bottom water DO variability (Zhang et al., 2018).
[image: Figure 8]FIGURE 8 | Comparison of n-C20:1/C28Δ5,22 (blue curves) and br-C15/C28Δ5,22 (red curves) with C28Δ22/Δ5,22 (green curves) in the three cores.
[image: Figure 9]FIGURE 9 | Schematic diagram of the biogeochemical mechanism of photosynthetic production in determining bottom water DO variations in surface sediments in the shallow, clear YDU area, showing (A) decreased bottom water oxygenation (−) and more reducing surface sediment (+) indicated by higher C28Δ22/Δ5,22 ratio (+) in response to lower PP indicated by less abundant ∑sterols (−), and (B) increased bottom water oxygenation (+) and less reducing surface sediment (−) indicated by lower C28Δ22/Δ5,22 ratio (−) in response to higher PP indicated by more abundant ∑sterols (+). Here, anaerobic conversion of C28Δ5,22 is setting to occur principally in the oxic-anoxic transition zone in microbiologically active surface sediment, and thus, the C28Δ22/Δ5,22 ratio at each sedimentary interval is mainly governed by bottom water DO level at the time of deposition. For detail in, e.g., figure (B), higher abundances of phytoplankton can fuel more abundant zooplankton (Figure 5) in the total photic water column; however, higher amounts of phytoplankton (and phytoplankton-dependent zooplankton) derived relatively labile organic matter may not always lead to increased microbial biomass (i.e., at sites S201 and S401; Figure 5). Regardless of certain degree of DO consumption by zooplankton respiration and microbial remineralization, the dominant role of DO production by phytoplankton photosynthesis in the photic zone (Figure 8) may still lead to higher extent of net bottom water DO penetrating into surface sediment, resulting in less reducing condition and thus lower sedimentary C28Δ22/Δ5,22 ratio.
CONCLUSION
A series of sterols and stanols were identified, and the 5α-stanol/Δ5-sterol ratios were examined for their applicability for redox reconstruction in sediment cores in the YDU area in the coastal northern SCS. The ∑sterols abundances with roughly similar variation features were observed in most parts of the three cores, suggesting common factors controlling PP, which may be related to upwelling-induced nutrients over the past few decades. The C27Δ22/Δ5,22 and C27Δ0/Δ5 ratios were not so reliable to reflect redox conditions because marine organism may produce these two stanols in vivo. However, some other ratio pairs such as the C28Δ22/Δ5,22 ratio can be accepted as a feasible redox indicator to infer changes of redox conditions in surface sediments, which are largely dependent on bottom water DO levels. The C28Δ22/Δ5,22 ratio records in three cores showed oscillations in varying degrees and exhibited no clear trends in bottom water DO concentrations before ∼1980s but indicated a persistent increasing trend in oxygenation (at sites S101 and S401) or basically shifted to relatively higher DO level (at site S201) since then. This occurrence could be caused by the changes in net ecosystem production, as indicated by the n-C20:1/C28Δ5,22 and br-C15/C28Δ5,22 records that changed similarly with the C28Δ22/Δ5,22 records in the three cores. This study may provide a perspective on the responses of bottom water DO variation to upwelling and climate change in the future in shallow, clear coastal upwelling regions.
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The declining trend of the δ13C of tropical corals over the last century was about −0.01‰ year−1, according to global coral records. The decrease was attributable to the significant input of anthropogenic CO2 (13C Suess effect) to the atmosphere. Previous studies of δ13C in corals suggested that the signal of the anthropogenic carbon in the Pacific and Indian Oceans were weaker than that in the Atlantic Ocean. However, biases relating to environments in which corals grew caused concerns. To investigate the anthropogenic carbon signal in the Western Pacific, foraminiferal records in a suite of 13 box cores with good age control were obtained from the continental slope off southwestern Taiwan between 2004 and 2006. δ18O values of planktonic foraminifera (Globigerinoides sacculifer or so-called Trilobatus sacculifer) in collected cores were relatively stable at −2.5‰ to −2‰ in the last century, but foraminiferal δ13C had a gradual secular decline after the 1900s. The decline trend of δ13C began to intensify after the 1960s, and its rate was similar to that observed in the Atlantic. Similar decline trends of δ13C were also found in coral records at regions where the human activity is high (Liuqiu) and low (Dongsha). Our findings indicate that the anthropogenic carbon signal in the Western Pacific was not weaker than that recorded in the Atlantic, and the nearshore sediment can supplement the lack of δ13C records in corals, which are deficient when the environment is not suitable to grow.
Keywords: anthropogenic activity, corals, sediment cores, δ13C, δ18O, foraminifera
INTRODUCTION
Large quantities of CO2 have been emitted into the atmosphere since the late 18th century as a result of human activities like fossil fuel burning, deforestation, and cement manufacturing (Crutzen and Stoermer, 2000). The input of the anthropogenic carbon not only altered lateral carbon fluxes from the land to the ocean but also influenced the climate on continental scales (Khatiwala et al., 2009; Höök and Tang, 2013; Regnier et al., 2013; Hansen and Stone, 2016).
The pathway of anthropogenic CO2 entering the ocean is through gas exchanges across the air–sea interface (Suess, 1955; Keeling, 1979; Broecker and Maier-Reimer, 1992; Quay et al., 1992). The perturbation of carbon fluxes from the land to the ocean was calculated to be about 1.0 PgC year−1 since the Industrial Revolution (Regnier et al., 2013), and the uptake of anthropogenic CO2 by oceans was estimated up to 70% on the time scales of thousands of years (Archer et al., 1998; Raven and Falkowski, 1999). However, the current oceanic capacity only accounts for around one-third of the value because of the slow mixing rate (Field and Raupach, 2004; Sabine et al., 2004). Approximately 30% of the anthropogenic CO2 was found at water depths shallower than 200 m (Sabine et al., 2004).
The penetration and distribution of the anthropogenic CO2 concentration in oceans have been investigated by various instruments and proxies, among which carbon isotopes in sedimentary records are conventionally applied (Sabine et al., 2004; Khatiwala et al., 2009; Höök and Tang, 2013; Regnier et al., 2013). Fossil fuels stored in geological reservoirs contain high 12C (lighter carbon isotope than 13C) because the buried C3 plants discriminated against 13C in the photosynthesis occurring hundreds of millions to tens of millions of years ago (Farquhar et al., 1989; Graven et al., 2020). As a result, the combustion of fossil fuels releases the lighter carbon isotope and causes the 12C concentration to increase faster than 13C in the atmosphere. Consequently, the carbon isotopic composition of 13C (δ13C: the ratio of 13C/12C) depletes both in atmospheric and oceanic environments. The 13C depletion associated with anthropogenic combustions, which induce CO2 emission, is signified as the Suess effect (Keeling, 1979).
The 13C Suess effect is not only archived in the atmosphere (Suess, 1955; Friedli et al., 1986) but also imprinted in marine realms (Quay et al., 1992; Swart et al., 2010; Black et al., 2011; Mellon et al., 2019; Simon et al., 2020). The significant decline trend of the δ13C was measured in corals or sclerosponges pervasively distributed over the Atlantic, Indian, and Pacific Oceans (Damon et al., 1978; Nozaki et al., 1978; Druffel and Benavides, 1986; Wei et al., 2009; Swart et al., 2010). The decline rate of the δ13C in the Atlantic Ocean was found to be greater than that in the Indian and the Pacific Oceans because of physiological activities of corals, local bathymetric conditions, or different buffer capacities in marine regimes (Takahashi et al., 1993; Sabine et al., 2004; Swart et al., 2010). Therefore, there are constraints to demonstrate the temporal variability of stable carbon isotopes by using coral records.
The calcium carbonate deposits in marine sediments (e.g., foraminifera) are regarded as another potential research material due to the wide coverage without constraints (e.g., water depth, turbidity; Mcconnaughey, 1989; Grottoli and Wellington, 1999; Linsley et al., 2019). The foraminiferal δ13C records are often used to extract the environmental and metabolic information, though the offset exists because of physical and biogeological processes (Spero and Williams, 1988; Jonkers et al., 2013; Gaskell and Hull, 2019). For example, the fossil benthic foraminifera had indicated the negative excursion of the long-term δ13C variability occurring within this century, which was related to the anthropogenic CO2 emission (Al-Rousan et al., 2004; Mellon et al., 2019).
In addition to carbon isotopes, the composition of oxygen isotopes (δ18O: the ratio of 18O/16O) in the foraminiferal shell are widely used to estimate changes in the water temperature or glacier volumes (Shackleton, 1967; Thunell et al., 1999). In tropical and subtropical oceans, δ18O records in foraminifera and corals have been applied to reconstruct the history of the sea surface temperature and the sea surface salinity over the century scale (Qiu et al., 2014; Watanabe et al., 2014; Raza et al., 2017). The foraminiferal δ18O is also conventionally used to reflect the δ18O in the ambient seawater (Katz et al., 2010). Tao et al. (2013) indicated that the varying δ18O represented variabilities in hydrographic conditions such as the strength of the local upwelling and the freshwater input.
However, related studies are few due to low resolutions inhibited by the sedimentation rate in the open ocean. Furthermore, the near-shore realm with high sediment rates is usually intrigued by bioturbations, which can only be exempted in anoxic bottom conditions (Schimmelmann et al., 1990; Kennedy and Brassell, 1992; Black et al., 2007; Black et al., 2011). Therefore, the isotopic signal in sediments is crucial to be further studied. A suite of short box cores was collected from the continental slope off southwestern Taiwan in this study. Downcore sediment records were constrained by fallout radionuclides including 210Pb and 137Cs. The activity of radionuclides shows fairly constant hemipelagic accumulations and indicates that the near-shore realm was stable with high sedimentation rates. Therefore, our sediment cores provide good quality records in δ13C and δ18O to compare with coral isotope records collected in different areas such as Liuqiu and Dongsha. Liuqiu is located near our sampling sites, and Dongsha is around 424 km away from sampling sites in the northern South China Sea (SCS). Such precious materials provide insight information regarding the anthropogenic imprint in the Western Pacific for the last century.
MATERIALS AND METHODS
Sediment cores
FATES (Fate of Terrestrial/Nonterrestrial Sediments) Program was conducted to understand processes and responses of substances from the land to the marine sink. A suite of 13 short box cores were collected between 2004 and 2006 from the continental slope off SW Taiwan, northern SCS (Table 1; (Huh et al., 2009; Liu et al., 2009). Locations of sediment cores are shown on the bathymetric map (Figure 1), and information regarding geographic coordinates, water depths, and core lengths are listed in Table 1. Sediments were sampled at 5-cm intervals throughout sediment cores for foraminiferal isotope analyses. Planktonic shell sizes used for isotopic measurements were constrained by the sieving mash size of 300–355 μm for Globigerinoides sacculifer (so-called Trilobatus sacculifer) to minimize ontogenetic effects. Benthic foraminiferal shells of Uvigerina sp. were picked from a fraction greater than 150 μm. Stable isotopic analyses were done on groups of 10 specimens or less for each sample. The picked foraminiferal specimens were cleaned thoroughly in an ultrasonic bath with methanol to remove adhering fine particles, followed by soaking in sodium hypochlorite (NaOCl, 5%) at room temperature for more than 24 h to further remove any fine organic particles. Cleaning with deionized distilled water followed, and samples were then oven dried at 50°C. Stable isotope analyses for specimens were measured at the Stable Isotope Laboratory, National Taiwan University, Taiwan, following standard procedures with a precision better than 0.07‰ for δ18O and 0.04‰ for δ13C.
TABLE 1 | The information of coring sites.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) The location of Taiwan and Dongsha in the Western Pacific. Red circles represent the sampling locations of the box core, and purple triangles represent the sampling locations of the coral core. (B) is the enlarged segment of (A) marked with the red dash square and shows the location and label of the collected box cores.
Samples used for the radionuclide isotope analysis were sliced into sections with 2-cm intervals from the top of the sediment core. Each section was sealed in a plastic bag and stored in the refrigerator at 4°C before being freeze dried. After the sample was dried, the water content in the sediment sample was determined. Dried samples were then transferred to plastic jars (inside diameter is 8.5 cm; height is 7.5 cm) for nondestructive gamma spectrometric assay of radionuclides. Analyzed radionuclides include 210Pb, 214Pb, and 137Cs, which were used as sediment chronometers (Huh et al., 2009) and were calculated according to a salt-free dry weight. The digital gamma-ray spectrometer was connected to HPGe detectors for counting radionuclides simultaneously based on photon peaks centering at 46.52 (210Pb), 351.99 (214Pb), and 661.62 (137Cs) keV, respectively. Afterward, the counting results were analyzed with GammaVision 32 software (Su and Huh, 2002; Huh et al., 2006; Huh et al., 2009).
214Pb is the precursor of 210Pb and used as the index of supported 210Pb (210Pbsup). An excess of 210Pb (210Pbex) can be obtained by subtracting the 214Pb active concentration from the recorded 210Pb (210Pbex = 210Pbmea − 210Pbsup; (Huh et al., 2006; Huh et al., 2009). 137Cs could be measured simultaneously with 210Pb by nondestructive gamma spectrometry, but it took a long time to obtain 137Cs data due to the lower activity. Therefore, only a portion of the cores were analyzed for 137Cs to constrain the 210Pb chronology. More details of the gamma spectrometry analysis are described in Huh et al. (2009).
Sedimentation rates derived from fallout radionuclides (210Pb and 137Cs) indicate constant hemipelagic accumulation, which implies that collected cores are suitable for reconstructing the recent paleoenvironment (Huh et al., 2009). The two out of 92 sediment cores (789-L1 and 791-K38) were selected as representatives in our study because of ample planktonic and benthic foraminiferal shells and the well age dating of box cores.
Ages of core samples at different depths were estimated by the sedimentation rate of each core. The linear regression of each core between δ13C values of foraminifera shells and ages of samples was performed by the least square method using FITLM function provided by MATLAB R2020 software (Street et al., 1988). The two datasets, age later than 1900s and later than 1960s, were screened for regression analyses to compare with published records. Results of regression are listed in Tables 2 and 3 (e.g., slope, intercept, r squared, p value, and number of samples).
TABLE 2 | Linear regression analyses of δ13C from 1900 to the present.
[image: Table 2]TABLE 3 | Linear regression analyses of δ13C from 1960 to the present.
[image: Table 3]Coral skeletal records from Dongsha (Ren et al., 2017) and Liuqiu were also included to compare the anthropogenic effects on the two reef sites (Figure 1). The coral skeletal core collected around Liuqiu (120.36°E, 22.35°N) was drilled from a living Porites sp. colony at a depth of about 10 m on June 29, 2017. The core was cut into two slabs, then scanned by x-rays to identify its maximum growth axis, and then subsampled with an automated three-axis saw machine. Skeletal pieces (11 mm × 1 mm × 2.5 mm) with about monthly resolution were cut along the maximum growth axis and crushed into powder. About 5% of the powder is used for δ13C and δ18O analyses with isotope ratio mass spectrometer in the Stable Isotope Laboratory at the Department of Earth Science in National Normal University. The remaining powder is saved for other analysis. Combined with annual growth bands in x-ray images, skeletal δ18O was compared with the extended reconstructed sea surface temperature (ERSSTv5) of the NOAA to establish the age model.
RESULTS AND DISCUSSION
The chronology of sediment cores
In general, 210Pb in marine sediments is influenced by two factors: 1) the decay of 226Ra of marine sediments, 210Pbsup, and 2) the decay of atmospheric 222Rn, which deposits into the ocean and is preserved in marine sediments by the removal of particles from the water column, expressed as 210Pbex (Hung and Chung, 1998). The depletion of 210Pbex causes the 210Pb activity to decrease exponentially or quasi-exponentially along the downcore until total 210Pb activity in the sediment is equal to 210Pbsup. In short, the 210Pbex profile represents the stable deposition if 210Pbex decays exponentially with the depth and can be explained by the steady-state advection-decay model (Huh et al., 2009).
Assuming the amount of the sediment and 210Pb flux at a given site are constant, and the mixing in the sediment is ignored. The downcore of 210Pbex profile is, thus, invariable with time and described by:
[image: image]
where C0 and Cz are 210Pbex at the sediment–water interface and depth Z, respectively. λ is the decay constant (0.0311 year−1) of 210Pb, and S is the sedimentation rate (cm year−1). Based on the regression analysis of 210Pbex (Eq. 1), the linear sedimentation rate can be calculated (Holmes, 1998; Lewis et al., 2002; Huh et al., 2009).
Most of the 210Pbex in the collected sediment cores decreased exponentially downcore with a few layers having low 210Pbex values (Figure 2). The characteristics of 210Pbex profiles were separated into Type I (sediment deposition in nonreworked settings; e.g., 789-L1), Type III (the existence of a physically and/or biological reworked surficial layer; e.g., 779-St11), and Type V (influenced by strong episodic events; e.g., 779-St9) according to the classification described by Xu et al. (2015). After excluding bio-interferences and event layers, the sedimentation rate and the preliminary age model of the 13 sediment cores were estimated.
[image: Figure 2]FIGURE 2 | The 210Pbex profile in each sediment core (black dots) shows a good fit (R2 > 0.93) with a steady-state advection-decay model. The red and blue dots represent the selected fitting points, and the dashed line of each color represents the corresponding fitting results. The black dots that are not marked by color are not included in the fit, usually in the flood event layer. The 137Cs profile is represented by gray dots. The control points in the age model, the maximum value of 137Cs and Typhoon Haitang, are represented by green and orange dashed lines, respectively [The data of 210Pbex and 137Cs was from Huh et al., (2009)]. Brown patches in the core top indicate the event layer (flood layer).
137Cs was introduced as the control point of the 210Pbex-derived age model in collected sediment cores. The 137Cs profile had the typical maximum radioisotope activity in the subsurface (the anthropogenic nuclide in 1963 A.D.) in which 137Cs decreased gradually upward but sharply downward (Holmes, 1998; Huh et al., 2009; Figure 2). Since the 210Pb-derived age model matches the control point indicated by 137Cs, the quality of 210Pb dating is reliable.
Additionally, the interference by the typhoon was considered as another control point of the age model in our study. For example, the intense rainfall caused flood deposits in the downstream shelf during Super Typhoon Haitang occurring on July 18–20, 2005 (Huh et al., 2009). This resulted in a low 210Pbex layer occupying on the sediment core top collected afterward, especially for cores obtained in the same year of the typhoon event (e.g., 779-St9 and 779-St11 in Figure 2). The 210Pbex profile implies the typhoon event did not interfere with the 210Pb-derived age model severely in the long-term scale because the event layer (indicated by the minimum 210Pbex value) was gradually buried by accumulating pelagic or hemipelagic sediments. Eventually, the event signal with low 210Pbex was diluted and became weaker, though the signal was still observed in some of the collected sediment cores.
Isotopes in planktonic Foraminifera
Oxygen and carbon isotopes of G. sacculifer in 13 box cores were plotted in Figure 3. Of the δ18O data, 84% ranged between −2.5‰ and −2‰ for the last 150 years from 2010 (Figure 3A). The δ13C records, however, fluctuated around 1.5‰ and started to decline after the 1900s followed by the rapid decline trend after the 1960s (Figure 3B). Both oxygen and carbon isotopic compositions from coretops were consistent with modern shells collected by sediment traps in this regime (Lin, 2014). To decipher historical isotopic changes, two out of 13 cores, 789-L1 and 791-K38, were selected as the representatives. The isotopes generated from planktonic foraminifera G. sacculifer and benthic foraminifera Uvigerina sp. are shown in Figures 4A–D. The planktonic isotopes of the other 11 cores are shown in Supplementary Figure S1.
[image: Figure 3]FIGURE 3 | δ18O and δ13C derived from planktonic foraminifera G. sacculifer of 13 box cores are shown in (A) and (B), respectively. LOESS fit from 1850 to the present was plotted as the gray line. Linear regressions of δ13C from 1900 to the present and from 1960 to the present were plotted as blue and red lines, respectively. Different symbols with colors indicate box cores collected near Liuqiu.
[image: Figure 4]FIGURE 4 | (A) The δ18O of G. sacculifer in core 789-L1 and 791-K38 combine with the anomaly of sea surface temperature around Taiwan (adopted from Shiu et al., 2009). (B) The δ18O of Uvigerina sp. in core 789-L1 and 791-K38. (C) The δ13C of G. sacculifer in core 789-L1 and 791-K38. (D) The δ13C of Uvigerina sp. in core 789-L1 and 791-K38. (E) The light gray symbol shows all the δ13C of planktonic foraminifers in this study, and the LOESS fit represent the situation in the mid-low latitude Pacific Ocean. The orange, purple, and light blue lines represent the situation of planktonic foraminifera in the Atlantic Ocean at low, mid, and high latitudes, respectively (adopted from Black et al., 2011; Mellon et al., 2019; Simon et al., 2020). The δ13C axis of these three data sets was shifted to facilitate comparison with our data. (F) The δ13C of corals in the Atlantic and the Pacific/Indian Oceans (green and purple lines; adopted from Swart et al., 2010), and the global δ13C of atmosphere (light blue line; Graven et al., 2017). (G) The δ13C of coral record from Liuqiu. (H) The δ13C of coral record from Dongsha. The gray line represents the raw data, and the black line is the 4-year running mean average.
The δ18O variability in core samples
The range and fluctuation pattern of planktonic δ18O of two selected downcore records were very similar, particularly the broad δ18O-enriched interval between 1950 and 1990 (Figure 4A). The deceasing of δ18O occurring between 1950 and 1970 followed by a rising trend until 1990 was also observed in local meteorological data (Shiu et al., 2009). However, the planktonic δ18O was consistent overall.
Unlike the relatively continuous planktonic record, the benthic δ18O for core 789-L1 was discrete due to insufficient foraminiferal shells at specific layers of the sediment core (Figure 4B). Despite the limited number of measured shells, δ18O values of Uvigerina sp. from core 789-L1 were generally lighter than that of core 791-K38. Mulitza et al. (2003) has described that the increase in δ18O is induced by the temperature drop, regardless of salinity effect. Therefore, the offset in benthic δ18O records (2.2‰ for 789-L1 vs. 2.9‰ for 791-K38 in average between 1910–1940) could be attributed to the different water temperatures between two coring sites (5.51°C at 911 m for 789-L1 vs. 3.45°C at 1,260 m for 791-K38 according to the hydrographic data). However, the variability of the regional upwelling should be another potential factor to change benthic δ18O (Wang et al., 2008).
Generally speaking, the planktonic δ18O corresponded well with the change in the local surface temperature, and benthic δ18O values were controlled by the temperature gradient at the sampled water depth or the regional ocean circulation. There is no further evidence indicating that human activities influenced δ18O values in marine sediments in the nearshore realm.
The δ13C trend in core samples and anthropogenic carbon effects
The carbon isotope composition of G. sacculifer of two selected cores are shown in Figure 4C. Unlike the coherent pattern in planktonic δ18O records (Figure 4A), the time-series of planktonic δ13C showed a 1‰–1.5‰ decline trend for the last century. Particularly, the decline trend since 1960 is a pervasive feature showing in all collected sediment cores (Figure 3B), which also followed the depletion trend of δ13C in the atmospheric CO2 (Figure 4H). Since the planktonic δ18O did not present a corresponding decline (or incline) trend during the same period (Figures 3A and 4A), the depletion of the planktonic δ13C was not attributed to the temperature change (Goericke and Fry, 1994; Dixit et al., 2015). The results highlight the creditability of foraminiferal records for identifying the 13C Suess effect in the nearshore off southwestern Taiwan.
The decline trend of δ13C in the surface ocean was caused by the input of radiocarbon-dead or anthropogenic-produced 13C-depleted carbons from the atmosphere through the air–sea exchange process (Suess, 1955; Keeling, 1979; Broecker and Maier-Reimer, 1992; Quay et al., 1992). The 13C-depleted carbon has been widely reported in coral skeleton and sclerosponge (Druffel and Benavides, 1986; Swart et al., 1996a; Swart et al., 1996b; Swart et al., 2010; Al-Rousan and Felis, 2013; Hou et al., 2019; Liu et al., 2021) and planktonic foraminifera (Al-Rousan et al., 2004; Black et al., 2011; Xu et al., 2014; Mellon et al., 2019; Simon et al., 2020), while the downcore variability of the benthic δ13C was rather flat and restricted within 0.51‰–1‰ in our study area (Figure 4D). This implies that the penetration of the anthropogenic carbon only occurred in the upper water column at our study site. Although other processes could influence the δ13C of benthic foraminifera (Mccorkle et al., 1990; Schmittner et al., 2017), our results were consistent as the previous finding by Sabine et al. (2004).
The similar magnitude of planktonic δ13C decline from the 1900s were around 0.6‰ and 0.9‰ for cores 789-L1 and 791-K38, respectively (the decline rate for each core was shown as the slope in Table 2). The similar range in the decline of δ13C was first noted by corals and sclerosponges with 0.5‰ between 1850 and 1975 from Bermuda (Nozaki et al., 1978) and Jamaica (Druffel and Benavides, 1986). The global average rate of change in the coral skeletal δ13C was estimated as −0.01‰ year−1 from 1900 to 1990 based on a compilation of coral records throughout the oceans (Swart et al., 2010). However, the decline rates of δ13C in the Indian, Pacific, and Atlantic Oceans were different during 1960–1990. The rate in the Atlantic Ocean was −0.019‰ year−1, but in the Pacific and the Indian Ocean, it was around −0.007‰ year−1 (Swart et al., 2010). The differences could be caused by physiological activities of corals or bathymetric conditions, which change the δ13CDIC [dissolved inorganic carbon (DIC)] in the ambient seawater (Swart et al., 2010; Watanabe et al., 2017; Fujii et al., 2020; Simon et al., 2020).
To compare with previous coral records (Swart et al., 2010), the δ13C used in this study was analyzed by the linear regression at two corresponding periods (1900 to the present and 1960 to the present, Tables 2 and 3). More than half of the sediment cores used in this study show the statistical significance in the depletion of δ13C (p < 0.05) toward the present (Table 2). From 1900 to the present, the average decline rate of the δ13C in planktonic foraminiferal records was about 0.008‰ year−1, which was similar to the findings of the global coral. From 1960 to the present, the average decline rate of the δ13C significantly increased to 0.016‰ year−1, which was higher than published coral records in the Pacific Ocean but was close to the value of coral measurements in the Atlantic Ocean (Swart et al., 2010). Although the decline rate was different from the previous record in the Pacific Ocean, our findings suggest that the δ13C Suess effect at the surface water of the Pacific Ocean might be as strong as that of the Atlantic Ocean, which is consistent with the global estimation by Eide et al. (2017).
Although there were isotopic offsets between precipitated calcium carbonate shells and the ambient seawater, Mellon et al. (2019) have indicated that decline trends of the δ13C recorded by different species of foraminiferal were still consistent. To compare δ13C among different planktonic foraminiferal records, data published in previous studies were digitalized and plotted with the long-term variability of measured planktonic δ13C in this study (Figure 4E). Our measurement was depicted by LOESS fit (Mellon et al., 2019) and showed a similar trend to planktonic foraminiferal records in the lower latitudes of the Atlantic, both in terms of the overall decline magnitude in, and the enhanced decline rate after, the 1960s. However, there were differences in the δ13C trend found in the higher latitudes of the Atlantic. Our planktonic records showed a larger decreasing range of δ13C than that found in mid to high latitude of the Atlantic, though the rapid decline trend also occurred after the 1960s. The differences have been described by Eide et al. (2017) indicating that the 13C Suess effect in the surface seawater is relatively uniform in the North Pacific and North Atlantic but slightly lower in the mid-high latitudes. In the Atlantic, the decline range of δ13C in foraminiferal records was less than 0.3‰ (−0.007‰ year−1) in high latitude, about 0.4‰ (−0.010‰ year−1) in the middle latitude, and close to 0.7‰ (−0.018‰ year−1) in the low latitude (Black et al., 2011; Mellon et al., 2019; Simon et al., 2020). The lower 13C Suess effect occurring in the higher latitudes of the Atlantic was attributed to local ocean circulations and primary productivities (Mellon et al., 2019; Simon et al., 2020).
The collected foraminiferal and coral records in sediment cores were further compared with the coral records obtained at Liuqiu (high human impact and close to the coring sites of foraminiferal records) and Dongsha (less human impact). The δ13C trends in foraminiferal and coral records were consistent, and its decline rates were similar (Figures 4C, F–H). The slopes of the Liuqiu and Dongsha coral records after the 1960s were −0.022 and −0.031‰ year−1, respectively (Table 3), which were also higher than that in the published records of Pacific corals. Obviously, the similar δ13C trend found in foraminiferal and coral records was not influenced by the local effect since the distance between Liuqiu and Dongsha is 412 km away (Figure 1), so global 13C Suess effect is considered to explain the extensive effect on the records of these two regions. This indicates that planktonic records of sediment cores collected off southwestern Taiwan are suitable to represent the anthropogenic signal of δ13C in the last century.
CONCLUSION
Our results show that the δ13C of planktonic foraminifera off southwestern Taiwan in the Western Pacific has decreased by 1‰–1.5‰ over the last century. From the 1900 to the present, the decline trend was about 0.008‰ year−1, which became steeper to 0.016‰ year−1 after the 1960s. The decline trend of δ13C found in our foraminiferal samples was higher than that in previous coral records in the Pacific and consistent with that in the Atlantic coral records, which presented a similar decline trend in global atmospheric CO2. The decreasing δ13C in planktonic foraminiferal records was attributed to the additional anthropogenic CO2 input, which is regarded as the Suess effect. Such anthropogenic carbon signal was only observed in the upper water column according to the planktonic and benthic foraminiferal records. Since the variability of δ13C in foraminiferal records were highly consistent with that in coral records collected at Liuqiu and Dongsha, the SCS, our findings suggest that carbon isotopes on a centennial scale could be reconstructed in the nearshore region with well age-controlled sediment cores. Therefore, the nearshore sediment core potentially complements the lack of δ13C records in specific areas where coral growth is restricted.
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Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are components of bacterial membranes in terrestrial soils, which are widely used in paleoenvironmental reconstruction in global terrestrial soils and marine sediments. In marine sediments, the mixed sources of brGDGTs complicate the applications of brGDGT-related indicators in reconstructing terrestrial environments. In this study, we reported the spatial distribution of brGDGT-related indicators (MBTʹ 5ME, CBTʹ 5ME, #Ringstetra, and IIIa/IIa) in surface sediments from the East China Sea (ECS). MBTʹ 5ME and CBTʹ 5ME showed a stepped trend from the inner shelf to the outer shelf, and #Ringstetra and ∑IIIa/∑IIa values in sediments of the ECS are distinct compared with those in the catchment soils, suggesting marine in situ production of brGDGTs. We also examined the existence of marine in situ brGDGTs and quantitatively determined the contributions of terrestrial and in situ production of brGDGTs. This study reported mixed sources of soil-derived brGDGTs were dominant, and marine in situ brGDGTs were overprinted. Our results indicate that there were predominantly marine in situ brGDGTs (avg. 60.5 ± 5.5%) in the outer shelf due to the weak riverine transportation and were characterized by high #Ringstetra and IIIa/IIa.
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INTRODUCTION
Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are membrane-spanning lipids found in bacteria with different degrees of methylation and cyclization. They are widespread in soil, peat, rivers, lakes, and marine sediments (Hopmans et al., 2004; Blaga et al., 2009; Kim et al., 2012). The methylation index of branched tetraethers (MBT) and the cyclization ratio of branched tetraethers (CBT) are found to have substantial correlations with mean annual air temperature (MAAT) and pH, and the associations are used to recreate paleoenvironments in worldwide soils and peat (Weijers et al., 2007). However, some studies have reported the significant differences when applied to estimated MAATs by global soil- and peat-based brGDGT calibrations due to the source and seasonal differences in regional coasts (Coffinet et al., 2014; Dong et al., 2014; Ge et al., 2014; Zell et al., 2014). The limitations of the global calibrations promote the development of local regional temperature calibrations. For example, compared with local regional calibrations, global calibration overestimated MAAT by about 4°C in warm and humid acid soil regions (Yamamoto et al., 2016) but underestimated about 4–9°C MAAT in semiarid and arid region alkaline soils (Yang et al., 2014). Besides, improved chromatographic methods can be used to separate 5-, 6-, and 7-methyl isomers, and the MAAT, pH calibrations have been improved by 5-methyl brGDGTs (De Jonge et al., 2013; De Jonge et al., 2014; Liu et al., 2021). Moreover, Russell et al. (2018a), 2018b developed a new temperature calibration method for MAAT for use in the aquatic environment, based on the MBT′ 5ME-empirical model and a multivariate regression of brGDGT fractional abundances on temperature.
During previous reports, brGDGTs in marine sediments were considered to be particular tracers for terrestrial soil organic matter (Hopmans et al., 2004). Recent research has reported that the distributions of brGDGTs in marine sediments and continental soils are distinct (Hopmans et al., 2004; Peterse et al., 2009; Sparkes et al., 2015). Sinninghe Damsté (2016) established the average number of cyclopentane moieties in tetramethylated brGDGTs (#Ringstetra), and reported that #Ringstetra value of marine-derived brGDGTs (>0.7) is higher than that of the soil-derived brGDGTs (<0.7). This index has been effectively utilized to reconstruct the sources of brGDGTs in the North Sea Basin and Baltic Sea (Crampton-Flood et al., 2018; Warden et al., 2018). Additionally, the ratio of hexamethylated to pentamethylated brGDGT (∑IIIa/∑IIa) has been used to trace the sources of brGDGTs in marine sediments. The ∑IIIa/∑IIa value less than 0.59 in over 90% of global soil, varies between 0.59 and 0.9 in nearshore marine sediments, and above 0.9 in the deep sea (Xiao et al., 2016). Some simulations also suggested in situ lipid production in the lake water column (Martínez-Sosa et al., 2020). Additionally, these investigations demonstrate the existence of water or marine in situ production of brGDGTs, which had effects on paleoclimate reconstructions.
BrGDGTs and related indicators were used for paleoclimate reconstructions in the ECS (Zhu et al., 2011; Ge et al., 2016; Zhang et al., 2018; Duan et al., 2019; Zhang et al., 2020). In previous studies, the Yangtze River subaqueous delta is mainly composed of sediment discharged from the Yangtze River, and most finer sediments escape the river mouth and disperse further seaward (liu et al., 2006). Zhu et al. (2011) reported that the MBT/CBT-derived MAAT reflected the temperature of the upper basin (4–10°C), rather than the mid-lower basin (14–18°C) in ECS surface sediments. And Ge et al. (2016) established MBT/CBT-derived MAAT was more likely to reflect mid-lower basin temperature. Zhang et al. (2018) reported a strong correlation between brGDGT records and historical flood events. The Zhe-Min coastal mud area was limited to the offshore area and mainly affected by the source material of the Yangtze River, and local rivers in Zhejiang-Fujian. However, different amounts of Yangtze River sediments moved south in different periods, and the source of sediments in the outer shelf remains to be clarified in future studies (Liu et al., 2018). Due to mixed sources of sedimentary deposits and the complexity of hydrodynamic processes, the brGDGT-related indicators are used to reveal different climatic information in the ECS. In addition, Cao et al. (2020) and Liu et al. (2021) attempted to constrain the source attribution of mixed brGDGTs in the ECS sediments. According to these research studies, brGDGTs are predominantly derived from continental soil erosion. Recently, it is challenged by the potential existence of marine in situ brGDGTs in ECS sediments (Duan et al., 2019; Zhang et al., 2020). However, the source attribution of different brGDGT sources in marginal ECS remains poorly constrained, which is significant for paleoclimatic reconstruction. The purpose of this study was to determine the source of brGDGTs and investigate the link between the native environment of brGDGTs and their indicators.
MATERIALS AND METHODS
Study Area
The study areas were located in the ECS (Figure 1), a typical river-dominated continental margin sea that has been deeply influenced by riverine inputs from terrestrial soil in the Yangtze River (YR) catchments. The ECS received about 12 Mt/yr of organic matter (OM) as the largest continental margin in the Western Pacific realm (Wu et al., 2003). The muddy areas on the Yangtze River subaqueous delta and the Zhe-Min coastal mud area are formed by terrestrial inputs. As a result, the ECS shelf is an important target for paleoclimate reconstruction and understanding the role of the continental marginal sea in global carbon cycling.
[image: Figure 1]FIGURE 1 | Location of surface sediment samples in the East China Sea. ZFCC: Zhejiang and Fujian Coastal Current; TWC: Taiwan Warm Current; YSCC: Yellow Sea Coastal Current; YSWC: Yellow Sea Warm Current; TSWC: Tsushima Warm Current; CDW: Changjiang diluted water.
Sample Collection and Analysis
Between 2013 and 2015, surface sediments (0–2 cm) were collected from 53 study locations in the ECS using a box corer (Figure 1). Samples were immediately placed in pre-cleaned polyethylene bags, sealed, and stored in a −20°C freezer until further analysis. Samples were freeze-dried for more than 48 h in a Christ Delta 1–24 LSC Laboratory freeze dryer (Christ, Germany). The dried samples were ground using a pre-cleaned agate mortar and pestle for further analysis.
Lipid Extraction and GDGT Analysis
Lipid extraction and GDGT analysis were conducted following the protocol described by Hopmans et al. (2016) and Zhang et al. (2018). Then 5 g of freeze-dried samples were weighed, ground, mixed with a quantified standard (C46GDGT) (Huguet et al., 2006), and analyzed using an Agilent 1200 high-performance liquid chromatography system coupled to an Agilent 6460A triple-quadrupole mass spectrometer (HPLC-MS/MS) with atmospheric pressure chemical ionization (APCI) (Hopmans et al., 2004; Hopmans et al., 2016). The GDGTs were separated using two silica columns in tandem at 40°C. The elution gradients were n-hexane/ethyl acetate (84:16; v:v) for the first 5 min, n-hexane/ethyl acetate (82:18; v:v) for another 60 min, and then ethyl acetate for 21 min and kept for 4 min, followed by n-hexane/ethyl acetate (84:16; v:v) for 30 min at a flow rate of 0.2 ml/min. The MS conditions were given as follows: nebulizer at 60 psi, vaporizer at 400°C, N2 flow at 6 L/min and temperature at 200°C, the capillary voltage 3500 V, and corona current at 5 μA (3200 V). Selected ion monitoring (SIM) was used for monitoring at m/z 1,292, 1,050, 1,048, 1,046, 1,036, 1,034, 1,032, 1,022, 1,020, 1,018, and 744. The quantification of GDGTs was performed by comparing the peak area of each compound with that of the C46 GDGT internal standard. The average relative standard deviation (RSD%) was lower than 10%.
Calculation of GDGT-Related Proxies
BIT (a ratio of the branched and isoprenoid tetraether) index was calculated according to Hopmans et al. (2004):
[image: image]
MBT′ 5ME, CBT′ 5ME, and pH were calculated according to De Jonge et al. (2014):
[image: image]
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The weighted average number of cyclopentane moieties (#Ringstetra) was calculated for the tetramethylated brGDGTs according to Sinninghe Damsté (2016):
[image: image]
MAAT was calculated according to Russell et al. (2018):
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IIIa/IIa as calculated according to Xiao et al. (2016):
[image: image]
RESULTS
Spatial Distribution of brGDGTs and Crenarchaeol (Cren) in ECS Surface Sediments
In ECS, the brGDGT contents in the sediments ranged from 19.7 ng/g to 158.7 ng/g (avg. 66.59 ng/g), as shown in Figure 2A. From the subaqueous delta of the Yangtze River and the Zhe-Min coastal mud area to the outer shelf, the brGDGT contents showed a decreasing trend with water depth. The Cren contents varied from 36.1 ng/g to 814.9 ng/g (avg. 312.15 ng/g) in ECS (Figure 2B). In comparison with brGDGTs, the spatial distribution of Cren exhibited an opposite spatial distribution (Figure 2B).
[image: Figure 2]FIGURE 2 | Spatial distributions of brGDGTs and Cren in the ECS and MBT′5ME, CBT′5ME, MAAT, BIT, #Ringstetra, and IIIa/IIa derived from brGDGTs. (A) Total brGDGTs (ng/g); (B) Cren (ng/g); (C) MBT′5ME; (D) CBT′5ME; (E) MAAT; (F) BIT.
In addition, the brGDGT contents were dominated by brGDGTs without cyclopentane moieties including brGDGT-Ia (16.6 ± 4.7%), IIa (19.3 ± 3.1%), II´a (8.7 ± 2.9%), IIIa (11.3 ± 4.5%), and III´a (10.8 ± 3.1%), which accounted for between 60.1 and −70.2% of the total brGDGT content, while brGDGTs with 1-2 cyclopentane moieties accounted for between 29.8 and 39.9%. Besides, tetra-, penta- , and hexamethyl-brGDGTs accounted for 32.3 ± 1.3%, 46.3 ± 1.2%, and 26.4 ± 1.1% of the total brGDGT content, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | Abundances of tetramethyl, pentamethyl, and hexamethyl brGDGTs of surface sediments of the ECS continental shelf, Chinese soil, Chinese lakes, lakes, and soils in the Yangtze River catchment (Xie et al., 2012; Yang et al., 2014; Dang et al., 2018).
brGDGT Proxies in ECS Surface Sediments
In ECS sediments, the MBT′ 5ME value ranged between 0.30 and 0.48 (avg. 0.38 ± 0.11), and the MBT′ 5ME value showed a decreasing trend from the subaqueous delta of the Yangtze River and inner shelf to the outer shelf (Figure 2C). The CBT′ 5ME value ranged between 0.23 and 0.49 (avg. 0.31 ± 0.13, Figure 2D). Compared with the CBT′ 5ME in the inner shelf, the brGDGTs in the subaqueous delta of the Yangtze River showed stronger cyclization. The CBT′ 5ME-derived pH ranged from 7.0 to 7.45 (avg. 7.3 ± 0.2) in the ECS. The calibration for MAAT by Russell et al. (2018a) ranged from 11.9°C to 19.7°C (avg. 15.4 ± 2.4°C, Figure 2E) and was consistent with the measured annual MAAT in mid-lower reaches of the Yangtze River (14.7°C–16.9°C, avg.15.4 ± 1.8°C) (Li et al., 2015). The MAAT based on MBT′ 5ME ranged from 8.6°C to 14.5°C (avg. 11.2 ± 2.1°C) and was 4°C lower than the measured annual MAAT in mid-lower reaches of the Yangtze River. The BIT values ranged from 0.02 to 0.71 (avg. 0.12 ± 0.13), which showed a decreasing trend from the inner shelf to the outer shelf (Figure 2F). The #Ringstetra and IIIa/IIa values ranged from 0.40 to 0.79 (avg. 0.59 ± 0.15) and 0.35 to 0.78 (avg. 0.58 ± 0.13), respectively, which also showed an increasing trend from the inner shelf to the outer shelf (Figures 2G,H).
DISCUSSION
Environment Significance of MAAT Based on brGDGTs in the ECS
In comparison to the calibration (based on worldwide soil) for MAAT by De Jonge et al. (2014), the calibration (based on the aquatic environment) for MAAT by Russell et al. (2018a) had a lesser variance with the measured annual MAAT in the Yangtze River’s mid-lower reaches. This finding was most likely attributable to the aquatic environment, yet Russell et al. (2018a)’s MAAT was still a deviation applied to ECS sediments. In the inner shelf, the MAAT was more consistent with the recorded air temperature in the mid-lower reaches of the Yangtze River (Supplementar Figure S1 in the Supplementary Materials). This supports the previous report that most of the riverine inputs deposited and accumulated to form the subaqueous delta and inner shelf (Liu et al., 2006). Therefore, the MAAT of the subaqueous delta-brGDGTs closely matched the recorded air temperature of mid-lower catchments of the Yangtze River. Compared with the inner shelf, the MAAT based on MBT′ 5ME in the outer shelf indicated a lower level temperature than the recorded air temperature in the mid-lower reaches of the Yangtze River. In membrane lipid simulations, decreasing the degree of methylation leads to a more ordered and compact membrane with reduced membrane fluidity, providing a mechanistic foundation for widespread observation from natural samples that the degree of methylation of brGDGTs decreases with increasing temperature (Naafs et al., 2021). This explains why marine sediments contained fewer tetramethylated brGDGTs than soil (Sinninghe Damsté., 2016). Moreover, the presence of marine in situ brGDGTs resulted in a lower degree of tetramethylation brGDGTs in marine sediments than in the soil.
Source Apportionment of brGDGTs in the ECS
BIT was used to track terrestrial OM in the sediments, where brGDGTs originated from terrestrial soil (Hopmans et al., 2004; Weijers et al., 2007, Kim et al., 2012). The BIT value decreased offshore in ECS sediments, and the peak area was controlled by the Changjiang River. Although the BIT value did not take into account the in situ production of brGDGTs in the ECS, but it still indicated the influence of terrestrial materials in the large estuary. When compared to soil and lake sediments in the Yangtze River Basin, ECS surface sediments showed significant differences among tetra-, penta-, and hexamethylated brGDGTs (Figure 3) (Xie et al., 2012; Yang et al., 2014; Dang et al., 2018). This is consistent with findings from previous studies (Zhu et al., 2011; Sinninghe Damsté, 2016; Zhang et al., 2020). The fractional abundance of tetramethylated brGDGTs in ECS surface sediments was lower than the soil and lake sediments of the Yangtze River Basin, and the pentamethylated brGDGT level was higher. Furthermore, the majority of the brGDGTs in the ECS surface sediments were pentamethylated brGDGTs, whereas the soil contained mostly tetramethylated brGDGTs. This result represents the aquatic environment was smaller than the soils in our study area due to the degree of temperature difference, and the degree of methylation of brGDGTs decreases with increasing temperature. In ECS sediments, the #Ringstetra values increased offshore, as other reports in shelf sediments (Sinninghe Damsté, 2016). Due to the #Ringstetra value controlled by pH (Weijers et al., 2007), we suggest that the low #Ringstetra values controlled by Changjiang River and Zhe-Min coastal rivers. The high #Ringstetra values indicated marine in situ brGDGTs on the outer shelf, which was consistent with previous reports results (Duan et al., 2019; Zhang et al., 2020). The IIIa/IIa value was a sensitive source indicator for brGDGTs, and it considerably increased offshore in ECS sediments, which is useful for accurate estimation of organic carbon.
These were also significant differences in the #Ringstetra and IIIa/IIa values between soil and marine derived brGDGTs (Sinninghe Damsté, 2016; Xiao et al., 2016; Crampton-Flood et al., 2018; Warden et al., 2018; Cao et al., 2020; Zhang et al., 2020; Liu et al., 2021). In marine sediments, the #Ringstetra values ranged from 0.79 to 1.12 (avg. 0.96), while the IIIa/IIa values ranged from 0.92 to 1.16 (avg. 1.04), as shown in Figure 4A (Zhou et al., 2014; Sparkes et al., 2015; Xiao et al., 2016; Crampton-Flood et al., 2018; Cao et al., 2020; Zhang et al., 2020; Liu et al., 2021). In Yangtze River Basin soil, the #Ringstetra values ranged from 0.2 to 0.32 (avg. 0.29), whereas the IIIa/IIa values ranged from 0.22 to 0.45 (avg. 0.35) (Dang et al., 2018). The value of #Ringstetra and IIIa/IIa in Yangtze River Basin soil was lower than that in the surface sediments in ECS (Yang et al., 2014; Dang et al., 2018). Therefore, the existence of marine in situ production of brGDGTs in ECS was shown by the distribution of #Ringstetra and IIIa/IIa.
[image: Figure 4]FIGURE 4 | (A) #Ringstetra index and Ⅲa/Ⅱa ratio in different environment, (B) the spatial distribution of contributions from terrestrial soil brGDGTs, and (C) marine in situ brGDGTs.
Thus, the source of brGDGTs is discriminated by the following equations:
[image: image]
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where AC represents the contribution of brGDGTs in the Yangtze River soil, Amarine represents the contribution of marine in situ production of brGDGTs, #RC represents the mean value of #Ringstetra in the Yangtze River catchment soil (a mean of 0.29), and [image: image] represents the mean of IIIa/IIa in the Yangtze River catchment soil (a mean of 0.35). Moreover, #Rmarine and [image: image] are considered as the marine in situ production of brGDGTs in the marine environment, with averages of 0.96 and 1.04, respectively (Zhou et al., 2014; Sparkes et al., 2015; Xiao et al., 2016; Crampton-Flood et al., 2018; Cao et al., 2020; Zhang et al., 2020, Liu et al., 2021). As a result, the contributions of brGDGTs derived from Yangtze River catchment ranged from 34 to 91% (Figure 4B), while marine in situ production of brGDGTs ranged from 9 to 66% (Figure 4C). In general, the production of marine in situ brGDGTs in the ECS showed an increasing trend from the coast to the outer shelf. The majority of the soil brGDGTs were deposited in the estuary and coast, which was consistent with previous reports (Duan et al., 2019; Cao et al., 2020; Zhang et al., 2020).
Implications for Marine In Situ brGDGTs Paleothermometry
Previous studies suggest that brGDGTs can be produced in situ in the water column or the sediments of an aquatic environment (Peterse et al., 2009; Kim et al., 2012; Sparkes et al., 2015; Sinninghe Damsté., 2016; Xiao et al., 2016; Crampton-Flood et al., 2018; Warden et al., 2018; Cao et al., 2020; Zhang et al., 2020, Liu et al., 2021). Acidobacteria have been proposed as a potential candidate group, and its subdivisions I, III, IV, and VI had produced the presumed building block of brGDGTs (Weijers et al., 2009; Sinninghe Damsté et al., 2018). Compared with the anaerobic zones, Acidobacteria increased from 2.80 to 4.69% of total bacterial RNA in sediments and increased from 0.05 to 4.91% in oxygen-saturated areas (Zimmermann et al., 2012). Acidobacteria preferred aerobic zones with an organically enriched environment. In addition, they had a feedback relationship with phototrophic communities dominated by cyanobacteria (Zimmermann et al., 2006; Zimmermann et al., 2012). The differences of methylation and cyclization of brGDGTs in microbial cultures of Acidobacteria were not only considered as physiological responses but also related to compositional changes (Sinninghe Damsté et al., 2018). As shown in Figure 4, the methylation of brGDGTs in ECS was similar to that of the lakes in the catchments when compared with the soils in the Yangtze River catchments. Moreover, in situ brGDGTs synthesis in water is associated with eutrophication and redox stratification. The high proportion of IIIa´ in total brGDGTs is a common phenomenon in marine environments, where in situ production of brGDGTs is significant (Xiao et al., 2016). Besides, it is predominantly biosynthesized in the lower part of the oxygenated water column (Weber et al., 2018), which imprints the redox transition zone at the subsurface water in the ocean. In membrane lipid simulations, the decreasing degree of methylation leads to a more ordered and compact membrane with reduced membrane fluidity (Naafs et al., 2021). Therefore, marine in situ brGDGTs are preferred to associate with subsurface water. In recent work, samples by the contribution rate of in situ production of brGDGTs for temperature reconstructions allowed the MBTʹ 5MEmarine to be separated from samples (Crampton-Floodet al., 2018). Thus, we calculated the MBTʹ 5MEmarine in low-latitude continental margin surface sediments and associated with the subsurface water. It showed good potential in paleoenvironment reconstruction and land–sea interactions. Moreover, earlier research had shown that pH has a significant impact on modifying the degree of cyclization to mix the sources of brGDGTs (De Jonge et al., 2014; Russell et al., 2018a; Naafs et al., 2021). Therefore, the effects of methylation and cyclization on keeping membranes fluid and permeable must be considered in brGDGTs paleothermometers. Overall, brGDGT paleothermometer is worth further research to understand its responses in climate changes.
CONCLUSION
The spatial distribution and fractional abundance of brGDGTs in ECS were reported in this study. There was also a quantitative source analysis of brGDGTs. The results showed a decreasing trend in total brGDGTs from the estuary and the inner shelf to the outer shelf. The MAAT based on MBTʹ 5ME at the estuary and the inner shelf matched the recorded air temperature at the Yangtze River mid-lower reaches. Furthermore, the findings indicated mixed sources of soil-derived brGDGTs were dominant and showed decreased offset offshore. Meanwhile, due to weak riverine transportation, the outer shelf was dominated by marine in situ brGDGTs, which were characterized by high #Ringstetra and IIIa/IIa values. Overall, the degree of brGDGT methylation or cyclization is deeply influenced by the environment. Compared with MAAT, marine in situ brGDGT components are more relevant with subsurface water temperature. It is worth noting that there are deviations when employing the relation indicators of brGDGT components to separate land and sea sources in sediments, and much data are required to train the model.
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By examining bathymetric and seismic reflection data in the shelf-slope region offshore northeast of Taiwan, the morphology of the Huapinghsu Channel/Mienhua Canyon System was refined and the occurrence of axial incision in the major erosional trough of the Mienhua Canyon was identified. The Huapinghsu Channel extends from its head at a water depth of 120 m seaward across the shelf-slope region and merges with the Mienhua Canyon before finally emptying into the Southern Okinawa Trough. This review with a new idea illustrates this channel/canyon system as a sediment conduit transporting sediments from western Taiwan rivers to the Southern Okinawa Trough. Within the proximal reach of the Mienhua Canyon, in situ suspended particles were found associated with bottom nepheloid layers, which transport resuspended particles along the canyon course, and eventually into the Southern Okinawa Trough even during sea-level highstand. The shelf area around the channel head is subject to the influence of frequent occurrences of large typhoons and seasonal migrations of oceanic currents. Numerical examinations indicate that the flow velocities related with large waves or currents satisfy the critical values to the threshold of the motion of fine sand, implying gravity flows occur around the channel head, sweep unconsolidated sediments in the channel head, or even incise the channel floor at the present day. In this paper, sea level changes from the Last Glacial Maximum (LGM, ∼21 ka BP) to the present and sediment input to the head of the Huapinghsu Channel head are considered the major factors in the control of the Huapinghsu Channel/Mienhua Canyon system, which functions as a sediment conduit in the study area. Tectonics and climate are the minor factors that contribute to shelf sediment transport to the Southern Okinawa Trough via this channel/canyon system.
Keywords: Huapinghsu Channel, Mienhua Canyon, modern sediment conduit, morpho-seismic features, Okinawa Trough, Taiwan
1 INTRODUCTION
Submarine canyons and channels are important conduits for transporting modern sediments from shelf to deep sea during both sea-level highstands and lowstands (Gardner, 1989; Covault et al., 2007; Piper and Normark, 2009; Canals et al., 2013; Normandeau et al., 2015; Puig et al., 2017; Chiang et al., 2020). In regional source-to-sink schemes, submarine canyons and channels are significant morpho-dynamic segments, serving not only as major sediment conduits but also as temporary sediment sinks (Sømme et al., 2009). It is reasonable to expect that channels and canyons on the shelf-slope region off northeastern Taiwan (Figure 1) are good candidates for conduits of East China Sea shelf (ECS shelf) sediments to the Southern Okinawa Trough (SOT).
[image: Figure 1]FIGURE 1 | A map showing the main physiographic provinces off northeastern Taiwan. The inset in the lower left corner shows the regional geologic setting and the major Taiwan Warm Current and the Kuroshio Current (Zhang et al., 2019; Liu et al., 2020). Note that the Huapinghsu Channel crosses the Chilung Shelf and joins the western branch of the Mienhua Canyon on the slope before finally emptying into the SOT. The Mienhua Canyon can be divided into two parts by the western branch: proximal (P) and distal (D). The CHIRP sonar profile (1355-1) crosses the shelf northwest of Taiwan and extends southeastward to the head of the Huapinghsu Channel. Close to the channel head, a deltaic sediment body (>20 m in thickness) marked in gray is mainly composed of sand with 88% sand-sized grains (Liu et al., 2008). Three parallel track lines of seismic reflection profiles (in green) lie perpendicular to the distal part of the Mienhua Canyon. Three short segmented seismic profiles in red are displayed as interpreted seismic sections in Figure 4. HPI, Huapinghsu Islet; MHI, Mienhua Islet; RI, Ryukyu Islands; IP, Ilan Plain; KC, Kuroshio Current; TWC, Taiwan Warm Current; CCC, China Coastal Current; CR, Choshui River.
Submarine sea valleys, channels, and canyons offshore northeastern Taiwan have been known for more than 40 years (Wang and Hilde, 1973; Boggs et al., 1979; Kimura, 1983; Marsset et al., 1987; Song and Chang, 1993; Yu and Hong, 1993; Song et al., 2000; Chang et al., 2021), but their morphologies, sedimentary processes, sediment dispersals, and evolution have not been fully investigated. Few are well understood as data acquired by modern marine geophysical and geological techniques have been insufficient. Especially, the sediment transport regime and the sediment conduit for delivering the ECS shelf sediments to SOT are still unknown.
We propose a hypothesis that a channel/canyon system is serving as the sediment conduit transporting sediments from western Taiwan rivers to the SOT. This new idea regarding this channel/canyon system as a sediment conduit has not been mentioned in source-to-sink studies in the region offshore northeast of Taiwan before. This hypothesis pays attention to the possibility of a connection of the head of the Huapinghsu Channel to the sediments derived from Taiwanese rivers on the ECS shelf and to the nature of the channel/canyon transition where sediments within the channel course are delivered via the Mienhua Canyon to the SOT (Figure 1).
2 BACKGROUND
2.1 Geology and Geomorphology
The island of Taiwan (Figure 1) was formed by oblique collision of the passive Chinese margin and the Luzon Volcanic Arc in the Late Miocene–Early Pliocene (Suppe, 1981; Teng, 1990; Dadson et al., 2003). The West Taiwan Basin developed approximately 6.5 Ma ago by lithospheric flexure of the Chinese continental margin in front of migrating thrust and fold loads in the Taiwan orogenic belt (Yu and Chou, 2001; Lin and Watts, 2002). The basin is occupied by shallow sea and was subaerially exposed during the late Pleistocene, when the East China Sea was up to 140 m below its present level (Boggs et al., 1979). Small mountainous rivers draining Taiwan collectively can discharge ∼200 Mt/year sediment into the Taiwan Strait, mostly during typhoon-generated floods (Dadson et al., 2003). The Choshui River, the largest river in Taiwan, occupies only ∼2% of the watershed area of the Yangtze (Figure 1) (Xu et al., 2009). The mountain belt in central-southern Taiwan is still actively uplifting, while the northern Taiwan mountain belt is beginning to collapse (Teng, 1996; Lo and Hsu, 2005). As a result, the sea floor immediately off northern Taiwan is situated in a transition zone among the post-collision Taiwan mountain belt, the passive Chinese margin, and the N-S extension of the rifting SOT (Sibuet et al., 1998; Tsai et al., 2018).
Regionally, the continental margin off northeastern Taiwan consists mainly of the broad ECS shelf, the narrow East China Sea slope (ECS slope), and the deep SOT (Figure 1). The ECS shelf is relatively flat and wide, measuring about 400 km in width, and has a northeast trending edge about 140 m in water depth. The ECS slope near Taiwan is characterized by irregular sea floor features with an average slope angle of about 1.5° (Song et al., 2000; Tsai et al., 2018). Linear depressions such as sea valleys, canyons, channels, and gullies are prominent morphological features of the shelf-slope region off northeastern Taiwan. The Okinawa Trough (OT), lying between Japan and Taiwan, is a back arc basin formed by extension within the continental lithosphere behind the Ryukyu trench-arc system (Kimura, 1985; Sibuet et al., 1998; Chen et al., 2019). The SOT near northeastern Taiwan is bounded by the ECS slope to the north and by the Ryukyu Islands to the south. It extends from the southwest Kyushu Island to the Ilan Plain of Taiwan (Sibuet et al., 1998) (Figure 1). The floor of SOT is at a water depth of less than 2,300 m (Sibuet et al., 1998). The water depth is nearly 200 m close to the Taiwan coast. The SOT is actively rifting with the current N-S extension of the shelf-slope areas near the Huapinghsu Channel and the Mienhua Canyon. The areas surrounding the SOT are characterized not only by active tectonics but also by frequent typhoons and earthquakes (Hsu et al., 2004; Huh et al., 2004; Liang et al., 2019). Submarine slides and mass-wasting features are also observed in this region (Tsai et al., 2018; Chang et al., 2021).
Locally, a relatively small portion of sea floor immediately off the northern coast of Taiwan, known as the Chilung Shelf, shows marked differences from the ESC shelf in terms of tectonics and topography (Song et al., 2000). The Chilung Shelf looks like a platform with rugged surface approximately bounded by isobath 200 m west of the Huapinghsu Channel and the Mienhua Canyon (Figure 1). The noticeable Chilung Sea Valley occurs along the northern coast of Taiwan and is characterized by a relatively small and short linear trough with low reliefs about 20 m along its valley axis (Figure 1). It is about 65 km long and ends near the shelf edge (Song and Chang, 1993; Song et al., 2000). East of the Chilung Sea Valley, two canyons were named the Mienhua Canyon and the North Mienhua Canyon, respectively, by Song and Chang (1993), after an islet near the head of the canyon on the shelf. These two canyons barely indent the shelf, before crossing the slope and extending southeastward into the SOT (Figure 1). The North Mienhua Canyon is a slope-confined canyon with four distinct heads immediately below the shelf edge, coalescing to form a single canyon down-cutting the sea floor with its end in the lower slope about 900 m in water depth (Yu and Lee, 1998). The stem of the Mienhua Canyon mainly developed on the continental slope. The head of this canyon barely indents the shelf edge northward at about 200 m in water depth near the islet of Mienhua (Figure 1). This canyon displays a relatively straight southeastward course but with two noticeable branches at the head and ends in the lower slope at approximately 1,000 m isobath. Yu and Hong (1993) noticed that a broad trough-shaped channel occurs northwest of the Mienhua Canyon with its head close to the islet of Huapinghsu where the water depth is around 120 m. This channel extends from its head near the Huapinghsu Island seaward in a slightly southeasterly direction and merges into the western side of the Mienhua Canyon where a canyon branch occurs at a water depth of about 300 m. The apparent connection of the Huapinghsu Channel to the Mienhua Canyon led Yu and Hong (1993) to name this linear depression the Huapinghsu Channel/Mienhua Canyon System, although the channel/canyon transition has not been clearly determined by the limited bathymetric data (Figure 1).
2.2 Oceanography
The Kuroshio current is an oceanic warm current flowing toward north or northeast off the eastern coast of Taiwan (Figure 1). The current shows the maximum velocity with over 100 cm/s near the surface of its core and gradually reduces it with depth (Tang et al., 2000). Seasonal migration of the Kuroshio current around the shelf edge off north of Taiwan interacts with the northward flowing Taiwan Warm Current (TWC) (Chuang et al., 1993; Tang and Yang, 1993; Tang et al., 1999; Tang et al., 2000; Tseng and Shen, 2003; Yin et al., 2020; Zhao et al., 2021), which yields a counterclockwise circulation of about 100 km in diameter centered around the Mienhua Canyon.
This circulation leads intrusion of the subsurface Kuroshio water onto the northern shelf of Taiwan, a deep southwestward countercurrent along the northern wall of the Mienhua Canyon, and a seaward outflow of continental shelf water around the northern coast of Taiwan. The mean velocity of the southwestward countercurrent showed a nearly constant value of 0.23 m/s over the upper 380 m water volume (Yin et al., 2020). The southwestward countercurrent can be significantly enhanced by a stronger offshore Kuroshio Current northeast of Taiwan. The northward flow of TWC in the Taiwan Strait has been formed about 7.3 Ka BP and has maintained its pathway to the present (Hsiung and Saito, 2017).
Wave condition around the study area is usually moderate. Based on the wave statistics of the Central Weather Bureau, Taiwan, 0.6–2.0 m of the mean wave height and 4.7–6.1 s of the rush period are reported in December, 2015–2019, near the Huapinghsu Channel head (northeast Taiwan; 25.304°N, 121.534°E; 34 m water depth). However, strong typhoons could generate giant waves offshore with the wave height (Hs) > 10 m and a period (Tp) of >10 s (Ou et al., 2002; Shih et al., 2018).
2.3 Sediment Transport
The SOT has been considered to be an ideal place to study regional source-to-sink process. As a main sediment sink, the SOT receives abundant terrigenous sediment from multiple sources (Figures 1 and 2), including major rivers on the Chinese mainland and small mountain rivers in Taiwan (Kao et al., 2003; Wei et al., 2006; Bentahila et al., 2008; Diekmann et al., 2008; Liu et al., 2008; Dou et al., 2016; Li et al., 2016; Chen et al., 2017; Hsiung and Saito, 2017; Xu et al., 2019; Hu et al., 2020).
[image: Figure 2]FIGURE 2 | There are variations in sediment provenance in the SOT from the dominance of the paleo-Changjiang to western Taiwan rivers with changes in sea level from 22 ka to the present (Wang et al., 2015). The gradient gray bar represents the relative sediment contributions of possible provenances to the SOT from 22 to 9.5 ka. Dark gray indicates high contribution and light gray low contribution. Gray represents the sediment contribution mainly from western Taiwan rivers from 9.5 ka to the present. The sea level curve is represented by the solid black line in the Western Pacific Ocean (Liu et al., 2004). Note that in this study, gravity-driven sediment flows and nepheloid layers were considered the main sediment transport regime for the Huapinghsu Channel/Mienhua Canyon System, delivering sediments across the shelf/slope region to the SOT.
Diekmann et al. (2008) have suggested that sediment supply increased from the northwestern Taiwan between 28 and 19.5 ka BP, rather than predominantly coming from East China. Other proxies, for instance, Pb and Sr isotopes (Bentahila et al., 2008), have indicated a mixture, with about 60% from Taiwan, 30% from Chinese loess, and 10% from Changjiang River (Yangtze River). The SOT has a very high sedimentation rate of 0.10–0.95 cm/year (Chung and Chang, 1995; Wei et al., 2005; Wei et al., 2006), providing a good archive for examining sedimentation history in the Late Quaternary. For instance, Dou et al. (2016) found changes in detrital sediment provenance in the SOT from a dominance of the paleo-Changjiang and/or continental shelf sediment during the late deglaciation and from western Taiwan rivers since 9.5 ka BP (Figure 2).
Hsiung and Saito (2017) linked the abrupt provenance shift in SOT sediments from mainland China to Taiwan with the birth of the TWC since 7.3 ka BP, which transports sediments derived from western Taiwan rivers to the ECS shelf. From Sr-Nd isotopes and geochemical measurements, Hu et al. (2020) proposed that terrigenous sediment supply has increased from western Taiwan to the SOT over the last 3 ka BP (Figure 2).
Under the present sea-level highstand, sediments on the sea floor in the Taiwan Strait are composed mainly of silt, whose coarse fractions (fine sand to medium silt) have mostly been derived from large hyperpycnal discharges from rivers in the western Taiwan (Xu et al., 2009; Hsiung and Saito, 2017; Jin et al., 2021). Much of the sediments were carried northward by the TWC through Taiwan Strait and formed a thick (>20 m) sediment body on the shelf (Liu et al., 2008; Hsiung and Saito, 2017). Furthermore, Hsiung and Saito (2017) suggested that western Taiwanese river sediments are transported northward by the TWC to the ECS shelf and finally to the SOT with the evidence from provenance studies of SOT. Liu et al. (2008) conducted a comprehensive study of post-glacial northwestern Taiwanese sediment distribution and transport in the Taiwan Strait. Geochemical evidence has led Chen et al. (2017) to suggest that some Changjiang River-derived sediment is carried by the China Coastal Current southward and subsequently joins the northward flowing Kuroshio along the western Taiwan coast to be transported to the SOT.
3 DATA AND METHODS
Using bathymetric data and reflection seismic profiles, the general topography of the continental margin off northeastern Taiwan is revealed with focuses on the morpho-seismic features of the Huapinghsu Channel and the Mienhua Canyon on the shelf-slope region (Figure 1). In 1996, a French–Taiwanese cooperative research program (the Active Collision in Taiwan program) was carried out aboard the French R/V L’Atalante in the offshore areas of Taiwan, including the shelf-slope region off northeastern Taiwan (Lallemand et al., 1996). During this cruise, a six-channel streamer was deployed with two 75-cubic-inch GI guns at a pressure of 160 bars. The guns were fired in harmonic mode to generate a source signature centered on 20 Hz to enhance sub-bottom penetration of energy. Shot intervals were ∼50 m. Following standard procedures using the SIOSEIS and PROMAX software packages, the seismic data was processed to generate the seismic sections. Seismic reflection profiles collected during the 1996 cruise were stored in the Ocean Data Bank (ODB) at the National Taiwan University, Taiwan. Three seismic profiles (ACT 02–ACT04) across the distal reach of the Mienhua Canyon were selected for this study (Figure 1).
Bathymetric data was collectively acquired by R/V Researcher I and R/V Researcher II, which were operated by the National Taiwan University and the National Taiwan Ocean University, respectively. New bathymetric data were then integrated into the bathymetric databank at the National Center for Ocean Research of National Taiwan University to generate the bathymetric charts and bathymetric profiles for this study. A series of bathymetric profiles across the axis of the Huapinghsu Channel displayed the cross-sectional morphology of the channel. In addition, one CHIRP sonar image (profile 1355-1) was selected from the published literature (Liu et al., 2008) to link the possible shelf sediment supply to the head of the Huapinghsu Channel. The southeastern end of the profile close to the head of the Huapinghsu Channel shows a sediment body mainly derived from western Taiwan rivers about 20 m thick, which could be disturbed and mobilized by earthquakes or typhoon events (Figure 1). Our study primarily presents integrated interpretation of morpho-seismic characteristics including new bathymetric data and other published datasets across the course of the Huapinghsu Channel and the Mienhua Canyon and selected seismic profiles covering the distal reach of the Mienhua Canyon.
4 RESULTS
4.1 Geomorphology
4.1.1 Planform Morphology
Based on bathymetric mapping, the Huapinghsu Channel planform characteristics include a relatively straight linear depression that runs slightly southeast parallel to the coastline of northern Taiwan (Figure 1). The head of the Huapinghsu Channel extends headwards into the shelf for about 82 km, showing a linear depression, representative of a typical shelf-indenting channel (Figures 3A,B). This channel head has two short branches, eastern and western, which converge down-channel at a 150-m water depth. The southeast end of the Huapinghsu Channel displays an ambiguous bathymetric expression, losing the confined channel course and forming a break that opens to the northeast, where the 200 m isobath along the northern side of the channel sharply bends to the north and then turns to the east along the ECS shelf edge (Figure 1). However, the Huapinghsu Channel continues down-slope and joins the western branch of the Mihenhua Canyon at the water depth of 215 m, forming a channel/canyon connection (Figures 1 and 3).
[image: Figure 3]FIGURE 3 | Locations of a series of bathymetric profiles across the Huapinghsu Channel and the distal part of the Mienhua Canyon (A). The length of the Huapinghsu Channel/Mienhua Canyon System is 215 km and can be separated into two parts by the reference point “T,” which is the turning point for the change in slope angle. The Huapinghsu Channel has a gentle slope angle of 0.15°, and the distal Mienhua Canyon has a steep slope angle of 0.98° (B). The stem of the Huapinghsu Channel is characterized by a V-shaped depression with a narrow width of about 5 km and an incision depth of around 120 m (profiles A-A′ through C-C′). The channel end increases in width up to 8 km and in incision depth up to 400 m. The thalwegs of the Huapinghsu Channel can be aligned into a continuous bathymetric depression as shown by the dotted lines (C). Profiles E-E′ through G-G′ show that the distal part of the Mienhua Canyon is characterized by an axial incision within the major erosional trough (D).
4.1.2 Channel Relief Morphology
A series of bathymetric profiles across the courses of the Huapinghsu Channel and Mienhua Canyon show the cross-sectional morphology of this channel/canyon system (Figure 3). The channel head segment is about 5-km wide and 100-m deep with steep channel walls of about 2.3° on both sides, revealing a V-shaped trough (Figure 3C, profile A-A′). The incision depth of the channel is the relief between channel bottom and edges on bathymetric profiles. Farther down-channel, bathymetric profile B-B′ shows that the width of the channel increases slightly to about 6 km with the depth maintained at about 100 m with steep channel walls and slope angles of about 2.5°. Apparently, the channel edge to the north is slightly shallower than that to the south, revealing an asymmetrical V-shaped trough. Profile C-C′, farther down-channel, shows that the channel is about 7-km wide and 120-m deep with steep channel walls and slope angles of about 2°, just like on profile B-B′. Apparently, the channel wall on the northern side has an irregular surface, in contrast with the smooth surface of the southern channel wall. In general, the Huapinghsu Channel is a relatively narrow (5–7-km wide) V-shaped trough with incision depths ranging from 100 to 120 m.
4.1.3 Canyon Axial Incision (Cross-Sectional View)
Crossing the western branch and the head segment of the Mienhua Canyon, profile D-D′ shows that the western canyon branch is a general V-shaped trough. The canyon width is about 11 km and the canyon depth is about 600 m with irregular bottom and no narrow V-shaped depression (Figure 3C). In contrast, the head segment of the Mienhua Canyon is characterized by the sharp V-shaped cross-sectional morphology typical of submarine canyons (Figure 3C, profile D-D′). The canyon edges of the head segment are about 180-m deep and about 4-km wide, with a canyon relief of about 320 m. Farther down-canyon, profiles E-E′, F-F′, and G-G′ show that the cross-sectional morphology of the canyon segment on the lower slope is quite different from that of the canyon head segment (Figure 3D). Profile E-E′ shows that the western canyon edge is about 240 m in water depth, which is shallower than the eastern canyon edge, resulting in an asymmetrical V-shaped trough. This canyon is about 10.5 km wide and about 810 m deep with canyon relief of around 570 m. The canyon gradually narrows downwards. Near the bottom, the width decreases substantially to form a sharp V-shaped axial incision of about 120 m in height and 1.5 km in width (Figure 3D). Farther down-canyon, the cross-sectional morphology on profile F-F′ resembles that on profile E-E′. The cross section of the canyon shows an asymmetrical V-shaped trough with a width of about 13 km. The canyon bottom is about 860 m deep with canyon relief of about 600 m. This canyon segment is also characterized by an axial incision about 100 m high and 2.5 km wide (Figure 3D). Profile G-G′, farther down-canyon, shows that the canyon displayed as a V-shaped trough is about 13.5 km wide and 970 m deep with canyon relief of about 440 m. An axial incision about 140 m high and 3.6 km wide can be seen at the canyon bottom (Figure 3D). It is noted that the cross-sectional morphology on profiles E-E′, F-F′, and G-G′ is characterized not only by a general V-shaped trough of typical submarine canyons but also by the presence of a sharp V-shaped axial incision. This distinct cross-sectional canyon morphology has been reported in the Danube submarine canyon in the northwestern Black Sea (Popescu et al., 2004) and submarine canyons of the western Gulf of Lion (Baztan et al., 2005). Morphologically, the canyon from both edges to the bottom is referred to as a major erosional trough (Popescu et al., 2004). A V-shaped notch or depression on cross sections where there is no sediment accumulation in the deepest part of the canyon is referred to as an axial incision (Baztan et al., 2005; Micallef et al., 2014; Normandeau et al., 2015). Note that the major erosional trough described in this paper follows the terminology of Popescu et al. (2004) rather than that of Shepard (1981).
4.1.4 Longitudinal Profile of the Huapinghsu Channel/Mienhua Canyon System
The longitudinal profile of the Huapinghsu Channel/Mienhua Canyon System shows a relatively flat channel and generally convex upward canyon (Figure 3B). The thalweg length of the Huapinghsu Channel/Mienhua Canyon System is 215 km and can be separated into two parts at reference point “T,” which marks the turning point of change in slope angle. The Huapinghsu Channel at the shelf is characterized by a relatively gentle longitudinal profile with minor variations in channel depth along the course and an average slope angle of around 0.15° in accordance with that of the surrounding shelf floor (Song et al., 2000). In contrast, the longitudinal profile of the Mienhua Canyon is a steep continuous inclination. Moreover, the western branch head of the Mienhua Canyon is at about 215 m in water depth, dropping to 1,000 m for about 46 km along the canyon course with an average slope angle of 0.98° (Figure 3B). Apparently, the reference point “T” divides this channel/canyon system into a channel segment with a gentle slope angle of 0.15° and a canyon segment with a steep slope angle of 0.98°.
4.2 Morpho-Seismic Features
This section describes major seismic characteristics and morpho-sedimentary features from three seismic reflection profiles crossing the segment of the Mienhua Canyon at a water depth of more than 600 m. Seismic profiles penetrate downwards into the slope strata below the present canyon floor, allowing for examinations of characteristic features of the infilled sediments accumulated during the preceding canyon developing stages and interpretations of sedimentary processes related to the present Mienhua Canyon. Seismic profile ACT-04 (Figure 4A) shows distinct morpho-sedimentary features of a major erosional trough with steep flanks and flat-bottom cut by an axial incision. The main body of the major erosional trough consists of layered parallel to sub-parallel reflectors with high to low amplitudes. These seismic reflectors show variations in lateral continuity. Tilting and chaotic seismic facies are also present. The surface of the southwestern flank of the Mienhua Canyon is an inclined seismic reflector that extends down-slope and is intercepted by the canyon floor, which is a relatively smooth and flat seismic reflector. The shallow successions below the canyon floor are characterized by stratified, continuous, and parallel reflectors, which form layers that terminate at the inclined reflector below the canyon floor, forming an onlap seismic configuration (Figure 4A). Moreover, the northeastern flank of the Mienhua Canyon is an inclined seismic reflector with an irregular surface associated with several steps extending down-slope to the flat canyon bottom. It is noted that sub-parallel reflections below the northeast canyon flank terminate against the inclined reflection, implying that the northwestern canyon flank is an erosional surface. The axial incision is a sharp V-shaped depression without sediment accumulation at the thalweg. Apparently, layers of reflections below the canyon floor are truncated by both flanks of the axial incision, indicating down-cutting of the canyon bottom. Below the axial incision, chaotic seismic reflections occur, overlain by high-amplitude bedded facies that are probably incised axially. Ancient axial incisions likely formed during the early stages and were infilled by sediment later, resulting in axial incision-like features. Farther down-canyon, seismic profile ACT-03 (Figure 4B), parallel to seismic profile ACT-04, shows two distinct morpho-seismic features of a major erosional trough, flat bottom, and entrenched axial thalweg, closely resembling those on profile ACT-04. However, there are noticeable differences in these two features. Both major erosional trough tops are well recognized on seismic section, showing a symmetrical V-shaped depression with relatively narrow canyon walls and broad flat canyon floors. In the middle of the canyon floor is an entrenched axial incision with similar dimensions to those on profile ACT-04. However, the axial incision is characterized by a narrow U-shaped depression rather than a V-shaped depression. Note that the axial incision on profile ACT-03 is partially infilled by sediment, resulting in a relatively flat reflector at the incision bottom with a U-shaped depression.
[image: Figure 4]FIGURE 4 | Seismic profiles (ACT-04 and ACT-03) crossing the distal canyon segment show two distinct morpho-seismic features, major erosional trough, and entrenched thalweg, of the Mienhua Canyon (A,B). Farther down-canyon, seismic profile ACT-02 shows a small V-shaped depression about 1-km wide, cutting downward into the flat canyon bottom (C). The major erosional trough was mainly formed over multiple episodes of erosion and partial sediment infilling. The occurrence of an axial incision implies down-cutting into the canyon floor by erosive sediment flows with high sediment supply. The presumed basal erosional surface is denoted by the red dotted line (C). The southeast trending CHIRP sonar profile (1355-1) across the East China Sea shelf shows that the head of the Huapinghsu Channel is immediately in front of the local depocenter of shelf sediments (about 20-m thick) sourced from western Taiwan rivers (D). Note that the shelf sediments have a steep flank facing the head of the Huapinghsu Channel, characterized by a narrow V-shaped entrenched channel floor. The shelf sediments flanked by over-steeping slope most likely collapse and re-mobilize, with subsequent feeding into the head of the Huapinghsu Channel. The closely spaced spikes are sand waves on the surface of the sediment body (Boggs et al., 1979; Liu et al., 2008). The presence of sand wave indicates that bottom currents are fast enough to move sand-sized sediment. The location of the chirp sonar profile is shown in Figure 1 (Liu et al., 2008).
Farther down-canyon, seismic profile ACT-02 (Figure 4C) crossing the Mienhua Canyon shows a small V-shaped depression about 2 km wide and 190 m deep, cutting downward into the slope strata. Apparently, the canyon shape changes drastically from a well-defined major erosional trough with a distinct axial incision to a hardly recognizable major erosional trough with only a thalweg incision down-cutting the present canyon floor.
5 DISCUSSION
5.1 Huapinghsu Channel
In general, channels and canyons are formed by downslope erosion of the sea floor on both active and passive margins. The major difference is that tectonics control the location and orientation, while sedimentary processes contribute to the excavation and enlargement of channels and canyons (Hagen et al., 1994; Yu and Hong, 2006; Bernhardt et al., 2015; Chiang et al., 2020). This section focuses on the sedimentary processes related to the role of the Huapinghsu Channel as a modern sediment conduit. Moreover, the orientation and location of the Huapinghsu Channel are related to tectonic influence on the development of this channel.
5.1.1 Tectonic Control
Yu and Hong (1993) proposed that base level change (i.e., changes in sea level) mainly controlled erosion and deposition within the Huapinghsu Channel but did not consider tectonic influence on its development. In contrast, Song et al. (1997) and Song et al. (2000) examined the tectonics offshore northeastern Taiwan and found regional topographic lineaments and lateral strike-slip faults on the Chilung Shelf. The occurrence of the Chilung Sea Valley is closely related to topographic lineaments and associated faults, which led Song et al. (2000) to propose a fault-controlled origin for the Chilung Sea Valley. This alternative tectonic origin for the Chilung Sea Valley can explain the low slope gradient of about 1/500 along its course, which is very close to that of the Chilung Shelf.
The Huapinghsu Channel and the Chilung Sea Valley characteristically share similar orientation and location mainly due to the influences of tectonics. We considered that the Chilung Sea Valley is a modern analogy for the Huapinghsu Channel, paying attention to the tectonic influence on the development of the Huapinghsu Channel. The development of channels and canyons under structural control is common (e.g., Laursen and Normark, 2002; Chiang and Yu, 2006; Noda et al., 2008; Chiang et al., 2012; Micallef et al., 2014; Wiles et al., 2019). Therefore, we proposed that the Huapinghsu Channel developed under the effects of not only changes in sea level but also tectonics and gravity-driven sediment flows. The relative contributions to the development of the Huapinghsu Channel are not able to be completely determined based on the currently available data.
5.1.2 Sedimentary Processes of the Huapinghsu Channel
At the head of the Huapinghsu Channel close to the islet of Huapinghsu, the water depth is around 120 m. This shallow shelf channel is characterized by a relatively narrow (5–7 km wide) V-shaped trough with incision depths ranging from 100 to 120 m. Using models of submarine canyon evolution (Shepard, 1981; Farre et al., 1983), Yu and Hong (1993) speculated that there was initiation of the Huapinghsu Channel at the paleo-shelf edge at 15 ka BP when the sea level dropped to about 140 m below the present level. This may have been followed by significant slope failures and mass-wasting, with channel head erosion progressively up-slope and indentation into the shelf for about 60 km. The channel head did not extend far into the shelf probably due to the low gradient of the shelf and the absence of fluvial sediment input from Taiwan or mainland China, resulting in low capacity for generation of erosive sediment flows within the channel. The rising sea level stopped the headward erosion of the Huapinghsu Channel. Cut off from its main sediment source, this channel/canyon system no longer acted as a modern conduit transporting sediment to the sea (Yu and Hong, 1993, p. 307).
The results of this study suggest that the Huapinghsu Channel acts as an active sediment conduit during the present sea-level highstand, which is in contrast to the findings of Yu and Hong (1993). Yu and Hong (1993) considered that the rise and fall of relative sea level (i.e., base level change) is the key control of sedimentary processes including erosion, transportation, and deposition in the Huapinghsu Channel. However, recent advanced studies have suggested that other factors such as tectonics, climate, and sediment input are as important as relative sea-level changes in channel and canyon activities (Walsh and Nittrouer, 2003; Covault et al., 2007; Covault and Graham, 2010). In particular, sediment input to the heads of channels and canyons has been emphasized for maintaining the activity of channels and canyons and transport of sediment down-slope during the sea-level highstand (Covault et al., 2007; Covault and Graham, 2010). For example, the presence of littoral sediment cells or accumulations of sediment brought by longshore currents or other oceanographic processes close to the head of channels or canyons and the shelf sediments near the head are captured or intercepted by the head segment, generating gravity sediment flows and allowing sediment transport along the channel/canyon floor farther down-slope (Covault et al., 2007; Bernhardt et al., 2015; Maier et al., 2019). If there is adequate sediment input to the Huapinghsu Channel head, this channel can maintain transport of sediments down-slope along the channel course even during the present sea-level highstand. Therefore, we explored the sediment input to the Huapinghsu Channel head. To date, there has been no published report on the presence of littoral sediment cells on the shelf around the head of the Huapinghsu Channel. However, we found thick deposits of sediment mainly derived from northwestern Taiwan rivers on the shelf off northwestern Taiwan near the Huapinghsu Channel head (Figure 1). In addition, a southeastern trending CHIRP sonar profile (1355-1) across the ECS shelf showed that the location of the head of the Huapinghsu Channel is immediately southeast of the 20-m-thick shelf deposits sourced from Taiwan rivers (Figure 4D). Core samples indicate that coarse-grained sediments are dominant near the end of the Huapinghsu channel, whereas coarse-grained rock fragments and mud clasts are transported farther down channel to the Mienhua Canyon (Yu and Hong, 1993). These mud clast conglomerates are interpreted to be the product of gravity flow due to the presence of sub-angular to rounded clasts that range in size from granular to pebble. The sub-angular clasts probably result from slumping or sliding due to failures of steepened walls. The coarse-grained sediments indicate that the distal part of the channel has experienced strong (high-velocity) currents that enable to resuspend fine-grained sediments during the present high-stand condition. It is suggested that the present-day Huapinghsu Channel remains active mainly due to erosive mass-wasting events in response to slumping and slope failure at the steep flanks.
Oceanographic studies have indicated that occurrences of upwelling, counter-currents, branching, and frontal eddies are associated with turning of the Kuroshio Current in this region (Lin et al., 1992; Chern and Wang, 1994; Yin and Huang, 2019). The shelf sediments close to the Huapinghsu Channel head could be disturbed and removed by local currents, resulting in a connection between the channel head and nearby shelf sediments. Seasonal typhoons and earthquake events occur around the channel head areas, re-remobilizing the shelf sediments and feeding sediments to the head of the Huapinghsu Channel. The high sediment supply to the Huapinghsu Channel head is favorable to the generation of turbidity flows, transporting trapped shelf sediment in the head segment farther down channel to the SOT via the Mienhua Canyon. Here, we considered that the present Huapinghsu Channel remains active due to the erosion of channel bottom and transportation of sediments down-channel to the western branch of the Mienhua Canyon mainly due to a continuous sediment supply from the nearby shelf into the channel head. Furthermore, both the Chilung Sea Valley and the nearby Huapinghsu Channel are located on the Chilung Shelf under similar tectonism and on relatively flat sea floor. There exist morphological differences between these two linear troughs in terms of relief or incision depth. The former has an incision depth of around 20 m and the latter has an incision depth of about 100–120 m. Our explanation for the differences in incision depth is that the Chilung Sea Valley has no apparent sediment input to its head at present, resulting in low capacity for generation of gravity sediment flows that erode the valley bottom. In contrast, the Huapinghsu Channel head is supplied by nearby modern shelf sediments, allowing the generation of gravity sediment flows to down cut the flat sea floor (gradient of 0.15°) with an incision depth of up to 120 m and to transport sediment to the SOT during sea-level highstand.
5.2 Factors on Generating Density Currents Around the Channel Head
V-shaped channel bottom indicates that the channel is not filled by sediments, implying gravity flows sweep unconsolidated sediments in the channel or even actively incises the channel floor. Here, we discuss the possibility of the occurrence of such density currents around the channel head.
Large waves during typhoons can often resuspend seafloor sediments on shelves and generate density current (e.g., Fan et al., 2004; Puig et al., 2004; Palanques et al., 2008). Because the study area is a place where intensive typhoons repeatedly attack every year, density flows may be formed by resuspended sediments from the seafloor during and after the events. Recent typhoons Soudelor (August, 2015) and Megi (September, 2016) are examples that caused heavy damages and numbers of fatalities in Taiwan. Both typhoons recorded large wave heights and long wave periods, whose maximum significant waves and the periods were 14.2 m and 15.1 s for the Soudelor and 8.2 m and 11.9 s for the Megi, respectively, at the Fugui Cape Buoy (Central Weather Bureau, Taiwan).
Based on the Airy wave theory (e.g., Komar, 1998), the maximum orbital velocities Uw for the maximum significant wave heights reach 139 cm/s for the Soudelor and 44 cm/s for the Megi at the water depth of 80 m around the head of the Mienhua Canyon (Figure 5A). Here, the threshold velocities for the motion of sand by the bottom orbital velocity Uw are obtained from the equations of Komar and Miller (1975),
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where s is the ratio of densities of grain and sea water (1,650 kg/m3), g is the gravitational acceleration (9.81 m/s2), D is the grain size, and do is the orbital diameter by wave at the seafloor. Combining the depth-dependent orbital velocities (Figure 5A) with the threshold grain size under the waves (Figure 5B) yields a diagram showing the relationship between water depth and the threshold grain size (Figure 5C). This suggests that the typhoon waves are large enough to entrain coarse sand (1 mm) shallower than 80 m water depth and fine sand (0.1 mm) at ∼120 m water depth, although the normal wave base for coarse sand and fine sand are 16 and 27 m, respectively (Figure 5C). Because the wave-induced bottom shear stress is commonly enhanced by tides and surges (e.g., Shih et al., 2018), it is likely that sediment resuspension and generation of sediment gravity flows around the channel head occur during typhoon events.
[image: Figure 5]FIGURE 5 | Orbital velocities under usual (red) and typhoon (blue and orange) conditions. The maximum significant wave height (H) and period (T) were recorded by the typhoons of Soudelor (2015) (blue) and Megi (2016) (orange) (A). Relationships between threshold orbital velocity and grain sizes for three cases (B). Plots of water depth versus grain size. Under usual conditions, wave base for fine sand is less than 40 m in water depth, while typhoons can shift the base to more than 100 m (C).
Another possibility for shelf-to-channel flows at the edge of the shelf northeast of Taiwan may be also caused by the seasonal migration of the Kuroshio current (Chuang et al., 1993; Tang et al., 1999; Tang et al., 2000; Tseng and Shen, 2003). More than 30 cm/s of the flow velocity were reported along the shelf margin of 100–300 m water depth (Tang et al., 1999; Tang et al., 2000; Yin et al., 2020). For the case of unidirectional steady flows, threshold grain size can be estimated by using the following equations (p. 100 in Soulsby, 1997),
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where h is the height from the seafloor and ν is the kinematic viscosity of water (10−6 m2/s). This equation indicates that the threshold current velocities at 1 m above the seafloor are 0.29 m/s for fine sand (0.1 mm) and 0.41 m/s for coarse sand (1 mm), respectively. The observed flow velocities of the currents satisfy the critical values to threshold of motion of fine sand. Therefore, such southwestward countercurrent in this region may also cause density currents from the outer shelf where unconsolidated sediments are supplied.
5.3 Mienhua Canyon
Based on bathymetry, seismic profiles, and previous studies, we focused on the Mienhua Canyon as a main sediment conduit for receiving shelf sediments from the Huapinghsu Channel and transporting them down slope towards the SOT. The stem of the Mienhua Canyon is a slope-confined canyon characterized by a head terminating at the upper slope immediately below the shelf-break (Figure 1). Therefore, in the present sea-level highstand, the stem of the Mienhua Canyon has no apparent sediment input from fluvial sources to the canyon head. Hsu et al. (2004) clearly illustrates developments of intermediate and bottom nepheloid layers that were responsible for suspended sediment transportation from the shelf to the trough. Hung et al. (2003) also suggests the suspended particles might be sourced from resuspended bottom sediments. Submarine canyons can act as preferential pathways for sediment escaping from the continental shelf to the deep sea (Puig et al., 2014; Wilson et al., 2015; Haalboom et al., 2021), In other words, the present Mienhua Canyon acts as a sediment conduit, delivering mainly in situ sediments generated within proximal reach with minor amounts of ECS shelf sediments farther down canyon.
Instead, the western canyon branch and distal part function as a main sediment conduit delivering sediments sourced from Taiwan rivers to the SOT. Our results showed that the distal reach of the Mienhua Canyon is characterized by distinct morpho-seismic features of a major erosional trough with steep flanks and flat bottom cut by an axial incision (Figures 4A,B). The major erosional trough and axial incision observed in the Mienhua Canyon closely resemble the morpho-seismic features found in other submarine canyons (Popescu et al., 2004; Baztan et al., 2005). For the Mienhua Canyon, the major erosional trough and the filling of the canyon below the flat canyon bottom have resulted from multiple episodes of erosion and deposition throughout its evolution, in agreement with the findings of previous studies on canyon development (Shepard, 1981; Pratson and Coakley, 1996; Popescu et al., 2004; Baztan et al., 2005). For example, the stratified sediments of flat canyon floor overlie the steep canyon flanks to form an onlap seismic configuration (Figure 4A), indicating that the major erosional trough is subsequently and partially filled with sediment. In general, the occurrences and formation of axial incision in submarine canyons are mainly formed by erosive sediment flows generated by high sediment input into the canyon head areas. High sediment supply to the canyon is usually related to paleo-fluvial drainage during sea-level lowstand. Specifically, present-day axial incisions in submarine canyons (Black Sea and Gulf of Lion) have resulted from erosive sediment flows down-cut into the flat canyon bottom during the last sea-level lowstand. By analogy, the axial incisions in the Mienhua Canyon were formed by erosive sediment flows during the last sea-level lowstand 18 ka BP. Subsequent transgression took place some 9 to 9.5 ka BP (Figure 2). The ECS shelf north of the Mienhua Canyon head became a sediment-starved shelf, and the sediment supply to the canyon head was cut off with reduced canyon erosion and sediment transport. The Mienhua Canyon remained active, transporting sediment down-canyon even without high sediment supply from the head areas during the sea-level highstand. Due to the high sediment supply from the western canyon branch, the stem of the canyon head kept the canyon segment south of the head areas active during the subsequent transgression and sea-level highstand. In addition, intensities or magnitudes of erosion and transportation of sediment flows within the Mienhua Canyon may have been enhanced by episodic floods and earthquakes (Hsu et al., 2004). As long as shelf sediments are adequately and continuously supplied to the western canyon branch via the Huapinghsu Channel, the Mienhua Canyon maintains an active sediment conduit, delivering river-borne sediments from western Taiwan to the SOT even during sea-level highstand.
5.4 Development of a Modern Sediment Conduit: The Huapinghsu Channel/Mienhua Canyon System
In this section, we intend to integrate the shelf sediments sourced from western Taiwan rivers, Huapinghsu Channel, Mienhua Canyon, and the SOT into a unified source-to-sink scheme. We propose a simplified model for the Huapinghsu Channel/Mienhua Canyon System as a modern sediment conduit with the main controls of changes in sea level, sediment supply to the heads of channel and canyon, sedimentary processes, and tectonics. This simplified model is described as follows:
At about 18 ka BP, a series of subaerial rivers and submarine channels and canyons developed in northeastern Taiwan (Boggs et al., 1979). No names were given to these linear troughs on the exposed shelf and submerged channels and canyons, which were assumed to be the seaward extensions of subaerial rivers. These linear troughs are generally oriented in a NW-SE direction and normal to the paleo-shelf edge of the ECS shelf (Figure 6A). Some of these linear troughs are considered the precursors of the Chilung Sea Valley, Huapinghsu Channel, and Mienhua Canyon. During the last sea-level lowstand, most of the present-day Huapinghsu Channel was exposed subaerially as river channel. However, the distal part at a water depth of >140 m might have remained a submarine channel. The stem of the Mienhua Canyon and the Huapinghsu Channel, close to the paleo-shoreline, possessed the capacity for receiving nearby fluvial and shelf sediments. Fluvial sediment input and shelf sediments, together with in situ sediments, resulted from slope failures of both canyon walls in the canyon head areas with transport down-canyon and final delivery to the SOT. Dou et al. (2016) suggested that sediments sourced from paleo-Changjiang and mainland Chinese rivers transported to the SOT were prevalent before 9.5 ka BP (Figure 2). These results indicated that the paleo-Changjiang and mainland Chinese rivers dominated the early Holocene deposition in the OT before 9.5 ka BP, despite the paleo-Changjiang shoal and mainland Chinese rivers being submerged and estuaries retreating landward to the Chinese coasts due to sea-level rise (Li et al., 2002). Judging from the canyon setting, we suggest that the Mienhua Canyon and the Huapinghsu Channel can be considered viable sediment conduits for delivery of shelf sediments to the sediment sink of the SOT before 9.5 ka BP. At the end of the Younger Dryaswas (11.55–12.7 ka BP), there was a sudden sea-level rise from about −60 to −45 m below the present level, followed by another rapid 15-m rise between 9.5 and 9.2 ka BP. The Yangtze mouth shifted close to its present position in response to these sea-level rises (Liu et al., 2004). In addition, the paleo ESC shelf-break might have rapidly retreated landward, resulting in less sediment input to these canyons and sediment sourced from Chinese rivers deposited in the SOT (Xu et al., 2019). It is noted that local depocenter of post-glacial fluvial sediments is located near the head of the Huapinghsu Channel (Figure 4D). These deposits could be formed in the past 10 ka BP (Liu et al., 2008). Assumed continuous sediment input to the head of the Huapinghsu Channel from these deposits might have kept this channel/canyon system actively transporting sediments to the SOT via the distal Mienhua Canyon since the 9.5 ka BP. Shen et al. (2021) noted that these sediments derived by Taiwanese rivers are carried northward by TWC and deposited near the head of the Huapinghsu Channel. The deposits were formed after the 7 ka BP (Jin et al., 2021). However, continuous sediment input to the head of the Huapinghsu Channel from the deposits has kept this channel/canyon system actively transporting sediments to the SOT via the distal Mienhua Canyon since the 7 ka BP. The Mienhua Canyon might have become less active 9.5–7 ka BP due to the lack of connection between the head and fluvial sediments.
[image: Figure 6]FIGURE 6 | The hypothesized distributions of paleo-rivers, channels, and canyons in the Taiwan Strait and the shelf and slope region of East China Sea 18 ka BP. Note that the postulated southeast flowing river/channel/canyon drainages are indicated by blue dotted lines crossing the shelf and slope and extending to the SOT (A) (Boggs et al., 1979). Relatively large amounts of fluvial and near-shore sediments were transported from the ECS shelf to the SOT via the paleo-canyons, including the Mienhua Canyon, in a transverse transport direction during the LGM (B). By about 9.5 ka BP, rising sea level had reached about −35 m below the present level (C). The paleo-Taiwan Strait was restricted to a narrow seaway, allowing ocean currents as indicated by dotted line to flow northwards to the ECS. Shortly after the rise of sea level to −15 m (below the present level) about 9.0 Ka BP, the Taiwan Strait has been submerged nearly to the present shorelines and the north flowing ocean increased in strength and continued to transport sediments derived western Taiwan rivers (D). The birth of the Taiwan Warm Current followed the sea-level rise about 7.0 ka BP (Hsiung and Saito, 2017). After that, it began to transport sediments derived from western Taiwan rivers to the ECS shelf northwest of Taiwan (E). Isopach of the post-glacial sediments mainly derived from Taiwan rivers, shown in blue, is distributed in the Taiwan Strait west of Taiwan. The black arrows represent input and transport of the sediments derived from western Taiwan rivers. The southward flow of the China Coastal Current is denoted by yellow arrows. The open arrow with question mark (?) east of the tip of the isopach map represents unknown transport route of the river-borne sediments from Taiwan (F) (Liu et al., 2008). The results of this study suggested that the head of the Huapinghsu Channel is connected to the temporary sediment sink, with high sediment input, allowing for generation of sediment flows and transportation of river-borne sediments from western Taiwan to the SOT via the channel/canyon system during the present sea-level highstand (G). The variations in sediment provenance in the SOT from the dominance of the paleo-Changjiang to western Taiwan rivers can be explained by the lateral shifting sediment input associated with sea level changes, activities of sediment conduits, and the Taiwan Warm Current (H). HC, Huapinghsu Channel; MC, Mienhua Canyon; NMC, North Mienhua Canyon; CSV, Chilung Sea Valley.
With the subsequent transgression some 5–7 ka BP, when the sea level rose to close to the present position (Figure 2), the entire Huapinghsu Channel was a submerged submarine channel, while the stem of the Mienhua Canyon was a slope-confined canyon far from the present shoreline (Figure 1). As shown in Figure 1, there exists bathymetric continuity of the deepest part of the sea floor along the courses of the Huapinghsu Channel and the distal part of the Mienhua Canyon, allowing inter-connections along their axes to form a continuous bathymetric trough across the shelf and slope region. It is worth noting that the Mienhua Canyon preferentially developed along the western canyon branch, which connects to the distal part of the Huapinghsu Channel to form a channel/canyon transition pathway, allowing shelf sediments to bypass the Huapinghsu Channel and be transported laterally to the Mienhua Canyon. Finally, the modern sediment conduit developed in response to the progressive changes in sea level from lowstand to highstand with shifting sediment input from the head of the Mienhua Canyon (18–9.5 ka BP) to the head of the Huapinghsu Channel from 9.5 ka BP to the present. The shifting of high-sediment input to the Huapinghsu Channel head led to generation of gravity-driven sediment flows, with transport of river-borne sediments from western Taiwan to the ultimate sink of the SOT via the Huapinghsu Channel/Mienhua Canyon System. High sediment input to the head of Huapinghsu Channel during the present sea-level highstand has been supported by a provenance study (Hu et al., 2020). Hu et al. (2020) showed that terrigenous sediment supply from western Taiwan to the SOT progressively increased from 3 ka BP to the present (Figure 2).
Wide continental shelves are commonly considered as an important sediment sink for terrestrial sediments due to very low slope gradient (Nittrouer and Demaster, 1986; Thomas et al., 2004; Shen et al., 2021). In the modern day, the East China Sea shelf with a width more than 500 km is then considered as a sediment sink as much of Yangtze River-derived fine-grained sediments are transported southward by the China Coast Current and deposited along the Zhejiang–Fujian coast. Less sediments from the Yangtze River can be transported across shelf east of the coast of about 120–150 km where the TWC is present. The TWC hinders most cross-shelf coastal sediment transport (Milliman et al., 1989; Bian et al., 2013; Chen et al., 2021). Then, the modern sediments from the Yangtze River are unlikely transported to the outer shelf of East China Sea. On the other hand, the northern Taiwan Strait has high energy with strong currents and high-sediment-yield environment, where sediments derived from Taiwanese rivers, mainly the Choushui River, are carried northward by the north-flowing Taiwan Warm Current and tidal currents and deposited near northern Taiwan island in outer East China Shelf (Liao et al., 2008; Liu et al., 2008; Shen et al., 2021). This study recognized the head of the Huapinghsu Channel being immediately in front of the local depocenter of shelf sediments about 20 m thick sourced from western Taiwan rivers (Figure 1). It is noted that the Huapinghsu Channel may play an important role as a sediment conduit transporting sediment derived from Taiwan rivers along the channel course, with merging into the Mienhua Canyon and eventually into the Southern Okinawa Trough. Nepheloid layers are significant contributors to the cross-shelf transport of particle from the ECS shelf through the Mienhua Canyon (Hung et al., 2003). The linkages between the north-flowing currents in the northern Taiwan Strait, the deposition of sediments derived from western Taiwan rivers, and the sediment conduits of the Huapinghsu Channel and Mienhua Canyon may explain the increase of terrestrial sediment supply from western Taiwan rivers to the final sediment sink of Southern Okinawa Trough over the last 3 ka BP.
6 IMPLICATIONS
More than 30 years ago, Boggs et al. (1979) hypothesized that sediments derived from the northwestern Taiwan drainage basins and Chinese rivers were transported northward by paleo-river channels along the coastline to the offshore areas around northeastern Taiwan where some paleo-channels connect to submarine canyons, flowing southeastward and transporting sediments down to the slope and beyond during the sea-level lowstand about 18 ka BP ago (Figure 6A). In addition, it has been hypothesized that a paleo-river (Minjiang) flowed from the mainland China coast, crossed the entire ECS shelf, and joined an unnamed canyon on the continental slope, delivering terrestrial sediments to the deep sea (Boggs et al., 1979), as shown in Figures 6A, B. With the sea level lowered by 120 m during the Last Glacial Maximum (LGM) (∼21 ka BP), there were direct connections between river mouths and canyons, enhancing delivery of sediment to head areas of channel and canyon (Pratson and Coakley, 1996; Baztan et al., 2005; Deptuck et al., 2007; Jobe et al., 2015; Ribeiro et al., 2021). In the Gulf of Lions, Baztan et al. (2005) suggested that the direct input of fluvial sediments into the canyon head during the Last Glacial Maximum resulted in the formation of narrow (300 m wide) axial incisions, about 100 m deep, cutting across the thalweg of the major erosional trough. However, the Huapinghsu Channel head shows relatively small V-shaped trough with no sediment accumulation. Bathymetric and seismic data indicate that axial incision exists in the Mienhua Canyon. By about 18 ka BP, rising sea level had reached about −100 m below the present level. It is postulated that the axial incision down-cutting the flat floor in the Mienhua Canyon is likely due to erosive sediment flows generated by high-sediment input to the canyon head areas during the last sea-level lowstand about 18 ka BP (Figure 6B). Beginning ∼9.8 ka BP, sea level again rose rapidly, from −36 to −16 m (below the present level) in 800 years (Liu et al., 2004). By about 9.5 ka BP, rising sea level had reached about −35 m below the present level (Figure 6C). The paleo-Taiwan Strait was restricted to a narrow seaway, allowing ocean currents indicated as dotted line to flow northwards to the ECS. Shortly after the rise of sea level to −16 m (below the present level) about 9.0 ka BP, the Taiwan Strait has been submerged nearly to the present shoreline, and the north-flowing ocean currents increased in strength and continued to transport sediments derived from western Taiwan rivers (Figure 6D). The inferred presence of north-flowing ocean currents in the Taiwan Strait during 9.5–9.0 ka BP is based on the early Holocene sediment accumulation near the head of Huapinghsu Channel shown on CHIRP sonar profiles (Liu et al., 2008). The inferred north-flowing ocean currents formed during 9.5–9.0 Ka BP could be considered as the precursor of the Taiwan Warm Current (Hsiung and Saito, 2017).
Hsiung and Saito (2017) pointed out that in the Taiwan Strait, the birth of the TWC occurred following the sea-level rise at 7.3 Ka BP, after which the TWC began to transport sediments derived from western Taiwan rivers to the ECS shelf northwest of Taiwan. They further postulated that these shelf sediments would be transported eastward downslope to the SOT (Figure 6E). It is noted that the sharp provenance change in SOT sediments from mainland China (Figure 6B) to western Taiwan can be linked to the presence of north-flowing TWC (Figure 6E). On the other hand, early sedimentological data indicate that modern terrigenous materials from the Yangtze River are transported not only along the Zhejiang–Fujian coast of the East China Sea but also across the continental shelf (Zhang et al., 2019). The stable position of the fine-grained sediment zone and the coincidence of the coarse-grained area south of its base with the nearshore branch of the Kuroshio Current indicate that the Kuroshio intrusion plays an important role in triggering the cross-shelf flows (Zhang et al., 2019). However, how the modern terrigenous sediments from western Taiwan rivers are carried northward and accumulated on the outer ECS shelf and subsequently are transported to the SOT is not clearly understood (Figure 6F). Several pertinent hypotheses have been proposed. Oceanographic studies have suggested that transport of terrigenous material, mainly made up of fine particles, from the ECS shelf to the SOT takes place via strong wind-driven bottom flows and other current flows (Hu, 1994; Yanagi et al., 1996; Tang et al., 1999; Iseki et al., 2003; Tseng and Shen, 2003). For example, Tang et al. (1999) found intruded Kuroshio water, upwelled water, and shelf water mixed in the Mienhua Canyon head areas with outflow through the canyon, possibly facilitating transportation of particles as well. Using drifter measurements, Tseng and Shen (2003) found that the general flow paths include a deflected eastward Kuroshio Current from the ECS shelf directly passing through the Mienhua Canyon axis downslope. Drifter observations (Tseng and Shen, 2003) together with simulation modelling in the Taiwan Strait (Jan et al., 2004) and cyclonic eddies in northeastern Taiwan (Liu et al., 2003) led Kao et al. (2008) to imply the potential transport of Taiwan muddy sediment to the SOT via the flow path of surface currents. Several studies have suggested that fine-grained sediment discharged from western Taiwan rivers is transported northward into the SOT by local ocean currents (Kao et al., 2008; Liu et al., 2008; Xu et al., 2009; Dou et al., 2016; Hu et al., 2020). These studies have paid attention to the currents or ocean circulations in the sediment transport regime with crossing of the ECS slope and transporting of river-borne sediments from mainland China and Taiwan on the outer shelf to the SOT. However, it has been unclear how submarine canyons as a conduit are serving as a link in the transport of material from shelf edge to the SOT, because evidence of remobilization of shelf edge sediments into the canyon head and then farther transported down-canyon to the SOT are not available.
This study attempts to deal with the important subject relevant for tracking the source and sink of the shelf sediments sourced from northwestern Taiwan rivers delivered to the western end of the SOT (Figure 6G). The Huapinghsu Channel/Mienhua Canyon System as a modern sediment conduit may be supported by bathymetric mapping and seismic profiles, as well as our interpretations. From this, a complete sediment-routing system linking the Choushui River drainage basin (source) to the SOT (sink) can be established. As shown in Figure 6G, the proposed sediment-routing system consists of 1) the Choushui River drainage basin, the main sediment source, in central-western Taiwan, which provides much sediment to the Taiwan Strait; 2) a longitudinal sediment transport route parallel to the strike of the adjacent Taiwan mountain belt, river-borne sediments transported northward mainly by TWC and Kuroshio Current, and formation of a temporary sink of river-borne sediments with sediment thickness up to 20 m on the shelf and close to the Huapinghsu Channel head; 3) the Huapinghsu Channel/Mienhua Canyon System, a distinct morpho-sedimentary feature on the sea floor, a modern sediment conduit receiving sediments from the temporary sink in the head areas and transporting sediments along the channel/canyon course transversely across the shelf and slope region to the deep sea basin; and 4) the SOT as the ultimate sediment sink for deposition of river-borne sediments from western Taiwan rivers particularly during the past 3 ka BP.
This modern sediment conduit of the Huapinghsu Channel/Mienhua Canyon system has developed today in response to the progressive changes in sea level from lowstand to highstand and shifting sediment input from the head of Mienhua Canyon (from 18 to 7 ka BP) to the Huapinghsu Channel head from 7 ka BP to the present (Figure 6H). Subsequent transgression from 7 ka BP to the present has led to a shift in sediment input from the head of the Mienhua Canyon to the head of the Huapinghsu Channel and caused the proximal Mienhua Canyon to be inactive due to cut-off of sediment supply. Continuous sediment input to the head of the Huapinghsu Channel from the local depocenter of shelf sediments has enabled this channel/canyon system to actively transport sediments to the SOT via the distal Mienhua Canyon during the present sea-level highstand (Figure 6H). The variations in sediment provenance in the SOT from the dominance of the paleo-Changjiang to western Taiwan rivers can be explained by the lateral shifting sediment input associated with sea level changes, activities of sediment conduits, and the TWC.
7 CONCLUSION
Integrated interpretation of morpho-seismic characteristics including new bathymetric data and other published dataset in the region offshore northeast Taiwan has led us to propose a hypothesis that the Huapinghsu Channel/Mienhua Canyon System possibly functions as a sediment conduit for transport of sediments derived from western Taiwan to the SOT (Figure 7).
[image: Figure 7]FIGURE 7 | Since the last glaciation about 22 ka BP, sea level has risen by about 120 m (Boggs et al., 1979; Liu et al., 2004). As a result, in the study areas, the shoreline has migrated landward, inundating large areas of the ECS shelf. The sea level changes with ages have caused lateral sediment input from mainland China to western Taiwan and consequently the shifting sediment provenance in the SOT from the dominance of the paleo-Changjiang to western Taiwan rivers.
The Huapinghsu Channel extends from its head at the water depth of 120 m seaward across the shelf-slope region and merges with the Mienhua Canyon before finally emptying into the SOT. The river-borne sediment on the shelf edge may be a source of gravity-driven sediment flows into the head of the Huapinghsu Channel because our numerical examination indicates that large waves during huge typhoons or strong oceanic currents satisfy the critical values to threshold of motion of fine sand even deposited on the shelf edge. Within the proximal reach of the Mienhua Canyon, in situ resuspensed particles were found associated to nepheloid layers, which transport resuspended particles along the canyon course and eventually into the SOT even during sea-level highstand. The refined morpho-sedimentary features and presented scientific literature of this channel/canyon system may shed light on the alternative explanation for the regional sediment dispersal along the vast ECS shelf since the last sea-level lowstand. A summary in Figure 7 is presented to show that in the study areas, the sea level changes since 22 ka BP with ages have caused concordant sedimentary processes, including lateral sediment input from mainland China to western Taiwan with the birth of the Taiwan Warm Current and consequently the shifting sediment provenance in the SOT from the dominance of the paleo-Changjiang to western Taiwan rivers.
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Based on the measurements from the Oleander Project, the behaviors of submesoscale motions are examined in the area between New Jersey Shelf and Bermuda. The vertical variation of Rossby number, the kinetic energy in the submesoscale range, and the power law of kinetic energy spectra suggest that submesoscale motions are mainly confined within the surface mixed layer with seasonality that is strong in winter and weak in summer. Besides, submesoscale motions with no significant seasonality were also found beneath the surface mixed layer, which could reach 500 m depth. A possible explanation is that the drastically varying flows in the Gulf Stream and mesoscale eddy periphery could generate strong lateral shear throughout their influence depth, which is favorable for breaking the geostrophic balance and causing submesoscale motions beneath the surface mixed layer.
Keywords: submesoscale motion, the Gulf Stream, mesoscale eddy, lateral shear, mixed layer depth
INTRODUCTION
The ocean dynamics vary in a wide range of spatial–temporal scales. The planetary scale motions, including large-scale and mesoscale motions, are dominated by planetary rotation and density stratification (Mensa et al., 2013). At these scales, flows are under the balance of Coriolis force and lateral pressure gradient, and the planetary rotation plays a more important role than advection; thus, their Rossby number [image: image] is much smaller than 1, where ζz is the vertical relative vorticity and f is the planetary vorticity. Planetary scale motions are the main energy source for the ocean, for example, 90% oceanic kinetic energy stored in mesoscale eddies (Fu et al., 2010). On the contrary, the microscale motions, with spatial scale in O(1) mm, are dominated by advection and diffusion, which are fully three-dimensional turbulent flows (Mensa et al., 2013) and have Ro >> 1. The kinetic energy reaching here would be dissipated into heat eventually (Kolmogorov et al., 1991); therefore, the microscale motions are the main energy sink for the ocean. Between these two scales, there are motions called submesoscale motions, with spatial scale ranging from O(100) m to O(10) km and in the form of fronts, filaments, and eddies (Thomas et al., 2008; McWilliams, 2016). For submesoscale motions, planetary rotation and advection are equally important, resulting in Ro ∼ O(1), implying submesoscale motions are ageostrophic.
During the past years, submesoscale motions have become a hotspot of research and been mainly investigated by numeral simulations (Levy et al., 2001; Capet et al., 2008; Molemaker et al., 2015; Callies, 2018). Due to the high-level spatial resolution requirement of the research on submesoscale motions, studies based on satellite measurements and in situ observations are still rare. Pollard and Regier (1992) observed strong vertical velocities of up to 40 m/day and surface-trapped eddies in submesoscale (40 km) during frontal experiments, and they suggested that submesoscale eddies play a crucial role in property transports between the ocean surface and the interior. Based on high-resolution MODIS sea surface temperature and Chlorophyll-a product, Taylor and Ferrari (2011) found that submesoscale fronts could re-stratify the well-mixed surface layer and cause phytoplankton explosive bloom. Apparently, due to their re-stratification of mixed layer and strong vertical motions, submesoscale motions could explain a big part of the ocean phytoplankton production (Levy et al., 2001; Klein and Lapeyre, 2009; Mahadevan, 2016), which provides a probability to explain that the mesoscale motions cannot maintain the observed productivity level in a basin-scale (Oschlies, 2002; 2008; Martin and Pondaven, 2003). Through theoretical studies and numeral simulations, the properties and dynamics of submesoscale motions are gradually revealed. Submesoscale motions exist in the ocean surface mixed layer widely (Fox-Kemper et al., 2008; Gula et al., 2014; Qiu et al., 2014), mainly driven by frontogenesis and mixed layer instabilities (Lapeyre et al., 2006; Boccaletti et al., 2007; McWilliams, 2016), and they are characterized by a significant seasonality being active in winter and weak in summer (Callies et al., 2015; Buckingham et al., 2016). Due to their ageostrophic behavior, submesoscale motions are capable of breaking the geostrophic balance and transferring energy forward from mesoscale to microscale dissipation, hence making much contribution to energy cascade in the ocean (McWilliams, 2016).
Recently, some studies indicate that the weakly stratified layer over sloping topography can drive the active submesoscale field by baroclinic instability resulting from the release of available potential energy, which is caused by the elevated abyssal mixing in the deep ocean, or the Ekman adjustment of currents on slope (Wenegrat et al., 2018). These bottom boundary layer baroclinic instabilities are comparable to those in the surface mixed layer, suggesting this instability is energetic and widespread in the global oceans. Similar to the surface scenario, the bottom submesoscale eddies would re-stratify the bottom mixed water and thus maintain the elevated abyssal turbulence mixing, which play a crucial role in modulating the overturning circulation (Callies, 2018). Moreover, submesoscale motions in the bottom boundary layer also have an influence on the cross-shelf exchanges (Gula et al., 2015) and generation of long-lived submesoscale coherent vortices (Molemaker et al., 2015).
Submesoscale motions have been shown to be existing in both surface and bottom boundary layers in many regions. Are there submesoscale motions in the ocean interior, such as beneath the mixed layer? In this study, we present observed submesoscale motions beneath the mixed layer and make a reasonable explanation about their mechanism. The manuscript is organized as follows. In Materials and Methods, we briefly introduce the data source and data processing methods. In Results, we show results of submesoscale motions within the surface mixed layer, and then we discuss submesoscale motions occurring beneath the mixed layer and propose a possible explanation in Discussion. A brief summary in Conclusion is followed at last.
MATERIALS AND METHODS
Oleander Project
The data used in this study are mainly from the Oleander Project (Flagg et al., 1998), named by a container vessel CMV Oleander. This project was initiated in 1977 by the University of Rhode Island, Stony Brook State University of New York, the NOAA Northeast Fisheries Science Center, and the NOAA Atlantic Oceanographic Meteorological Laboratory, aiming to collect high-resolution upper-layer oceanographic data including ocean currents, temperature, salinity, and surface carbon dioxide in the dynamic and climatically important region, the Northwest Atlantic between New Jersey and Bermuda. The CMV Oleander repeats round-trips (red dashed line in Figure 1) between Port Elizabeth, New Jersey, and Hamilton, Bermuda, across the continental shelf near New Jersey, the Slope Sea, the Gulf Stream path (marked by thick white arrows in Figure 1), and a part of the Sargasso Sea. In this study, the current and temperature measurements are used. The horizontal current measurements began in 1992 by a shipboard narrow-band 150 kHz RD Instruments acoustic Doppler current profiler (ADCP) with limited vertical range to the upper 200 m. In 2005, a 75 kHz ADCP was installed, extending the depth range to ∼600 m in the Sargasso Sea. To better explore the hydrography under the mixed layer, the measurements from 2005 to 2016 were used in this study. The ADCP data were downloaded from the data retrieval website (http://po.msrc.sunysb.edu/Oleander) with 8 m vertical resolution, which is the usual vertical bin-size of those ADCP measurements, and the horizontal resolutions vary between 0.7 and 2 km, which are interpolated to 1.5 km along the sections. Besides, the temperature profiles measured by an eXpendable BathyThermograph (XBT) during 2013–2016 are used to calculate the mean mixed layer depth, which have a vertical resolution of 2 m.
[image: Figure 1]FIGURE 1 | Bathymetry of the region where the Oleander Project was conducted (the black dashed line is the 100 m isobath) and its ideal course track (the red dashed line). The thick white arrows are strong surface flow revealing the Gulf Stream path, the thin arrows are diagrams of the velocity transformation, the yellow arrows are the original meridional and zonal velocities, and the white arrows are the along-track and across-track velocities after transformation. The transformation is based on the angle of the track and the latitude, θ. The bathymetry data are taken from ETOPO2 (https://ngdc.noaa.gov/mgg/global/etopo2.html), and the sea surface velocity data are from ECCO Version 4 release 4 (https://ecco-group.org/products-ECCO-V4r4.htm, Forget et al., 2015; ECCO Consortium et al., 2021b, a).
Flow Transformation, Decomposition, and Wavenumber Spectra
We investigate the submesoscale motions by examining the Ro values, in which the vertical relative vorticity is calculated as [image: image], where (u, v) and (x, y) are the velocity components and grid spacing in zonal and meridional directions, respectively. Although the velocities [image: image] measured by the ADCP are expressed as u and v, however, the Oleander Project measurements were conducted along a linear section, and this section was not along the zonal or meridional direction but had an angle θ to the meridional direction (Figure 1). Therefore, the zonal and meridional velocities (u, v) are transformed into along-track and across-track velocities (uT, vT) for further calculations and analyses (sketched by thin white, black, and yellow arrows in Figure 1):
[image: image]
And the vertical relative vorticity is expressed as [image: image], where l is the spatial spacing along the sections. As the lateral gradient of uT in the cross-section direction is neglected, the accuracy of the relative vorticity calculation deeply relies on the section orientation relative to the flow direction, with the relative vorticity being accurate when the section is perpendicular to the flow and being more and more inaccurate as their angle becomes smaller. The main flow in the study area is the Gulf Stream, which intersects with the sections with angles greater than 70° (Figure 6); the other part of flows we care in this study is the mesoscale eddies, especially those near the eddy periphery, which are basically orthogonal to the sections (Figure 8E). Besides, to ensure the credibility of the results, we calculate the mean ratio of vT and uT of each section; only those greater than 2.1 are further analyzed, which is equivalent to an intersection angle threshold of 65°.
Besides, the kinetic energy in the submesoscale range [image: image] would be elevated if there are energetic submesoscale motions, where (us, vs) are velocity components in the submesoscale range. The (us, vs) can be separated from the total velocity by using a reasonable high-pass filter in space, with the cutoff wavelength distinguishing submesoscale motions from large-scale and mesoscale motions in the study area. This cutoff wavelength is determined via Rossby deformation radius R = Nh/f, where N is the buoyancy frequency, h is the mixed layer depth, and f is the Coriolis parameter. Taking the local values of N ≈ 10−2 s−1, h ≈ 100 m, and f ≈ 10−4 s−1, we applied R = 10 km to the high-pass filter and obtained submesoscale velocities (us, vs).
As submesoscale motions are intrinsically different from meso/large-scale motions in dynamic sense, they show a different power law in the spectral domain. Both observations and simulations show that the spectra of energetic submesoscale motions obey a power law of k−2 instead of k−3 when geostrophic motions dominate (Capet et al., 2008; Callies et al., 2015), which is also a criterion to validate the existence of submesoscale motions. Energy spectra of along-track velocities uT and across-track velocities vT are computed as
[image: image]
where k is the wavenumber, the caret denotes Fourier transform, and [image: image] denotes the depth average. Besides to inspect the spectral slopes, the spectra can also be used to examine submesoscale energy levels during different periods and depths (Callies et al., 2015).
RESULTS
Submesoscale Motions Within the Mixed Layer Revealed by Rossby Number
The Ro along the section during 10–15 December 2015 (case 201512) and 26–31 May 2016 (case 201605) is shown in Figure 2, which reveal the typical vertical variations of submesoscale motions in the study area in different seasons. Generally, there are “traditional cognitive” submesoscale motions that are energetic in winter and confined within the surface mixed layer; however, some Ro∼1 patches are found in 300 and 450 m in both periods, suggesting the occurrence of submesoscale motions beneath the surface mixed layer.
[image: Figure 2]FIGURE 2 | Longitude–depth variations of Ro in case 201512 (A) and case 201605 (B). The gray dashed line marks the mean mixed layer depth 125 m in winter. The black dashed boxes mark the Gulf Stream position, while the red dashed boxes represent the position of mesoscale eddies that generate/influence submesoscale motions.
The most distinguished Ro ∼ 1 patches are found near 71°W in both cases with depth ranging from the surface to about 350 m, which fall out of the scope of this subsection and will be discussed later. Our focus here are those elevated Ro values east of 70°W in case 201512, which are mainly confined within the upper 130 m with maximum and mean |Ro| being 2.2 and 0.7, respectively. These elevated Ro patches have a typical horizontal length scale of ∼3 km, coinciding with the spatial scale of submesoscale motions. The temperature profiles measured by XBTs (Figure 3) show the local mixed layer depth (determined by the threshold method with ΔT = 0.2°C, following de Boyer Montégut et al. (2004)) is about 125 m in winter, consistent with the depth ranges of elevated Ro. All these results indicate the ubiquity of energetic submesoscale motions within the surface mixed layer in case 201512, which was conducted in winter. On the contrary, apart from the areas influenced by the Gulf Stream and mesoscale eddies (black and red dashed boxes in Figure 2), |Ro| exceeding 0.1 can barely be found in case 201605, indicating the decline of submesoscale motions in summer.
[image: Figure 3]FIGURE 3 | Upper 200 m potential temperature profiles measured by XBTs. (A) Profiles measured in summer (represented by July): the light gray curves are actual profiles measured individually, the orange solid curve is their average, and the dashed orange line marks the mean surface mixed layer depth in summer, 14 m. (B) Profiles measured in winter (represented by December): the light gray curves are actual profiles measured individually, the blue solid curve is their average, and the dashed blue line marks the mean surface mixed layer depth in winter, 125 m.
Spectra and Submesoscale Kinetic Energy Analysis
The conclusion is validated by the features of kinetic energy spectra [image: image]. The spectra of case 201512 are calculated in two layers, the upper 150 m (Figure 4A) and 150–500 m (Figure 4B). The spectrum in the upper 150 m shows a power law of k−3 in a narrow wavenumber band from 9 × 10−3 km−1 to 2 × 10−2 km−1 and k−2 in a much wider band from 2 × 10−2 km−1 to 4 × 10−1 km−1, suggesting the occurrence of active submesoscale motions. However, the slope of spectrum of 150 m deeper obeying k−2 only ranges from 8 × 10−2 km−1 to 2 × 10−1 km−1, much narrower than that above 150 m. The wavenumber band of k−2 slope of case 201605 (Figure 4C) is from 6 × 10−2 km−1 to 4 × 10−1 km−1, also significantly narrower than that of upper 150 m of case 201512, revealing the seasonality of submesoscale motions being strong in winter but weak in summer.
[image: Figure 4]FIGURE 4 | Kinetic energy spectra of different cases and different layers. (A) Upper 150 m of case 201512; (B) layer between 150 and 500 m of case 201512; (C) depth average (35–535 m) of case 201605; (D) depth average (35–540 m) of case 201405. The velocities west of 70°W are used to calculate the spectra to exclude the influence of the Gulf Stream. The light gray curves are original spectra at every depth, the green curves denote the averaged states, and the red lines are references of k−3 and k−2.
Besides, the variation of SKE also supports this point. The spatial patterns of SKE of two cases (Figure 5) are similar to their Ro patterns (Figure 2). In case 201512, SKE is intensively elevated in upper 125 m, where there exist plenty of narrow patches with SKE values exceeding O (10−3) m2 s−2 while the background value is 10−4 m2 s−2. The elevated SKE patches in 150 m deeper are significantly scarce when compared with those in the upper 150 m, which are mainly located near 71°W, generated by the Gulf Stream. As for case 201605, the elevated SKE reaching 500 m is mainly due to the Gulf Stream and mesoscale eddies (black and red dashed boxes in Figure 5B); beyond their influence, the magnitude of SKE is also 10−4 m2 s−2 with few elevated SKE patches, suggesting the weakness of “traditional” submesoscale motions in summer.
[image: Figure 5]FIGURE 5 | Longitude–depth variations of log10(SKE) (m2 s−2) in case 201512 (A) and case 201605 (B). The gray dashed line marks the mean mixed layer depth 125 m in winter. The black dashed boxes mark the Gulf Stream position, while the red dashed boxes represent the position of mesoscale eddies that generate/influence submesoscale motions.
DISCUSSION
Submesoscale Motions Generated by the Gulf Stream
In both cases of 201512 and 201605, there are distinctly large Ro values extending to 500 m depth near 71°W, with mean Ro value as high as 0.8 (black dashed boxes in Figure 2). Especially in the upper 260 m, the maximum Ro reaches 2.24 and all Ro values are greater than 1. SKE patches exceeding 1 × 10−3 m2 s−2 are also common there (black dashed boxes in Figure 5), suggesting the occurrence of a “new type” of submesoscale motion. Compared with the submesoscale motions within the surface mixed layer, these submesoscale motions break the limit of the surface mixed layer and show no clear seasonality.
In combination with sea surface temperature (SST) maps (black dashed boxes in Figures 6A,B) and the velocity magnitude [image: image] sections (black dashed boxes in Figures 7A,B) in the same periods, this area is featured with high SST and strong flow. The mean SST in this area is 23°C in winter and 27°C in summer, about 5°C higher than its ambient water; the surface velocity exceeds 2 m s−1 and the velocity at 500 m depth is about 1 m s−1, which are the typical characteristics of the Gulf Stream. The distinctly high temperature and strong velocity peak at the central axis of the Gulf Stream and decrease to its periphery and the outer ambient water, inducing strong lateral gradients of temperature and velocity reaching 0.5°C km−1 and 10−4 s−1, which fulfill the precondition of frontogenesis and lateral shear instabilities (McWilliams, 2016) and give rise to strong submesoscale motions.
[image: Figure 6]FIGURE 6 | Maps of SST (°C) and SLA (cm) of case 201512 (A,C) and case 201605 (B,D). The white lines in (A,B) and the green lines in (C,D) are the vehicle tracks. The black dashed boxes mark the Gulf Stream, and the red dashed boxes mark mesoscale eddies that generate/influence submesoscale motions, consistent with those in Figures 2, 5. The SST data are from the Group for High Resolution Sea Surface Temperature (GHRSST, https://sealevel.nasa.gov/missions/ghrsst), and the sea level anomaly data are produced by SSALTO/DUACS and distributed by AVISO (https://www.aviso.altimetry.fr/en/home.html).
[image: Figure 7]FIGURE 7 | Longitude–depth variations of velocity magnitude U (m s−1) in case 201512 (A) and case 201605 (B). The gray dashed line marks the mean mixed layer depth 125 m in winter. The black dashed boxes mark the Gulf Stream position, while the red dashed boxes represent the position of mesoscale eddies that generate/influence submesoscale motions.
Submesoscale Motions Generated by Mesoscale Eddies
Besides the Gulf Stream area, Ro ∼ 0.5 patches and associated elevated SKE patches through the whole upper 500 m are also found between 68.4 and 69.2°W in case 201605 (the middle red dashed box in Figures 2B, 5B). The sea level anomaly (SLA) map (Figure 6D) and velocity magnitude section (Figure 7B) of case 201605 suggest there is a prominent cyclonic mesoscale eddy with a horizontal scale of about 200 km and vertical scale exceeding our deepest measurement (530 m). The rotation of eddy diverges water in the surface, leading to a 60 cm drop of sea surface height (the middle red dashed box in Figure 6D); the deeper colder water moves upward to compensate the loss of water due to the divergence, lowering down the local SST and hence increasing the lateral temperature gradient. Unlike the Gulf Stream, the maximum velocities appear at the periphery of the mesoscale eddy and decrease to both the eddy center and the ambient water (Figure 7B), which results in that the maxima of lateral shear and Ro appear at the periphery of the eddy.
A more convincing case of eddy-driven-submesoscale motions was captured during 8–13 May 2014 (case 201405). Based on the SLA map, the Gulf Stream was temporarily “cut off” by a strong cyclonic eddy (the middle red dashed box in Figure 8E). This eddy is located between 67.3–69.9°W and 35.4–37.8°N with SLA being -80 cm in the eddy center, which intersects with our measurement section between 67.9 and 69.8°W. The intensified flows at the eddy periphery exceed 1 m s−1 throughout our measurements (the middle red dashed box in Figure 8C); especially at the southeast periphery, the velocity maxima reach 2 m s−1 in the whole observed water column. The Ro section shows there are distinct |Ro| patches exceeding 1 at the peripheries of this eddy (the middle red dashed box in Figure 8A). The SKE is also elevated in these areas with large SKE patches exceeding 10−3 m2 s−2 (the middle red dashed box in Figure 8B), which is comparable to those energetic submesoscale motions in case 201512.
[image: Figure 8]FIGURE 8 | Information of case 201405. (A) Section of Rossby number; (B) section of SKE (m2 s−2); (C) section of velocity magnitude (m s−1); (D) surface and depth-averaged lateral shear (s−1); (E) SLA map (cm) and surface velocity vector (m s−1, magenta arrows); the green curve denotes the section.
The depth-averaged kinetic energy spectra of case 201405 are shown in Figure 4D. Compared with that of case 201512, the spectrum of case 201405 (Figure 4C) follows a k−2 power law in the wavenumber band ranging from 2 × 10−2 km−1 to 4 × 10−1 km−1, which is similar to the spectrum in mixed layer (upper 150 m) of case 201512, in which the submesoscale motions are active. Despite that case 201405 and case 201605 are in the same season even the same month, their spectra show distinct slopes, revealing the different active levels of submesoscale motions generated by mesoscale eddies. What should be noticed is this scenario happened in summer, when the surface mixed layer depth is only about 10 m (Figure 3), much thinner and more stable than that in winter, which suggests the submesoscale motions generated by mixed layer instability have neither space nor precondition to sufficiently develop. This implies that the eddy-associated submesoscale motions in deep water in summer are furnished by other processes.
Combining the distributions of large Ro, elevated SKE, and SLA (Figures 8A,B,E), this significant cyclonic eddy is highly correlated with the observed energetic submesoscale motions. As the surface velocity vector along the section (magenta arrows in Figure 8E) suggests, three strong flows exceeding 2 m s−1 are restricted between 67.6 and 70.6°W, which correspond to the Gulf Stream and the intensified flows at the northwest and southeast peripheries of this eddy. Within 375 km from 67.6 to 70.6°W, these flows veer from northeast to southwest and back to northeast, introducing strong lateral shear and vertical vorticity. At the southeast periphery of the eddy, the surface flow reaching 2.35 m s−1 sharply decreases to 0 m s−1 within ∼13 km, which causes extremely strong lateral shear reaching 1.9 × 10−4 s−1 (red curve in Figure 8D). However, the shear near the eddy center is about 3 × 10−5 s−1, a magnitude smaller than that of the periphery, which is consistent with the small Ro at the eddy center. The depth-averaged result (black curve in Figure 8D) has relatively small maxima (6 × 10−5 s−1) but still significantly larger than the eddy central value (1 × 10−5 s−1). The relative weakness of depth-averaged lateral shear suggests that the lateral shear decreases with the increasing depth, which is similar to the descending Ro from 1.9 at the surface to 0.8 at 400 m. The similarity between Ro and lateral shear suggests that the strong lateral shear should be responsible for the active submesoscale motions at the eddy periphery. Besides, despite the lack of local temperature measurements, the lateral temperature gradient induced by the temperature difference between the inner and outer mesoscale eddies may also contribute to the generation of the submesoscale at the eddy periphery.
Comparing the pattern of Ro, velocity magnitude, and SLA, we can find more examples suggesting mesoscale eddies generate or strengthen submesoscale motions. In case 201512, the Ro ∼ 1 patches near 69°W are deepened to ∼200 m by an anticyclonic eddy in its shedding from the Gulf Stream (the middle red dashed box in Figures 2A, 5A, 6C, 7A). In case 201605, the Ro in the upper 200 m near 67.1 and 67.6°W is elevated by a pair of opposite eddies (the left red dashed box in Figures 2B, 5B, 6D, 7B). In case 201405, the Ro near 67 and 70.5°W is separately elevated by an anticyclonic eddy (the right red dashed box in Figures 8A–E) and a cyclonic eddy (the left red dashed box in Figures 8A–E); the elevation level is correlated with the strength of eddy.
As internal gravity waves may share similar spatial–temporal scales with the submesoscale motions, they cannot be “exactly” distinguished from the submesoscale motions in this study. So, the above analyses of large Ro, elevated SKE, and k−2 slope spectra could be contaminated if there are internal gravity waves. To exclude the influence of internal waves, a part of section during 2–5 July 2009 (case 200907) is examined (red dashed box in Figure 9A, corresponding to the gray part of section in Figure 9C). As the SLA map (Figure 9C) suggests, this part of section is beyond the influence of mesoscale eddies, and the corresponding Ro is relatively small (Figure 9A), indicating the absence of submesoscale motions. The kinetic energy spectra show no slope of k−2 but are nearly identical to k−3 (Figure 9B), suggesting there are also no internal waves. Combining cases 200907 and 201405, the difference between them is the existence of mesoscale eddies and the submesoscale motions generated by them, and their kinetic energy spectra show distinct slopes. This difference suggests the k−2 slope of spectra in case 201405 is due to the submesoscale motions. Although the internal wave signal cannot be fully removed, this comparison may exclude the influence of internal waves to some extent.
[image: Figure 9]FIGURE 9 | Information of case 200907. (A) Section of Rossby number, where the red dashed box marks the part of section being examined; (B) kinetic energy spectra; the light gray curves are original spectra at every depth, the green curves denote the averaged state, and the red lines are references of k−3 and k−2; (C) SLA map (cm) and surface velocity vector (m s−1, magenta arrows); the green curve denotes the section, and the gray curve is the part being examined.
CONCLUSION
The high-resolution observational data from the Oleander Project are used to investigate the submesoscale dynamics in the area between New Jersey Shelf and Bermuda. Based on analyses of the vertical variation of Rossby number, kinetic energy in the submesoscale range, and kinetic energy spectra, the results suggest submesoscale motions are active within the mixed layer with seasonality being strong in winter and weak in summer. Besides, submesoscale motions beneath the surface mixed layer are found in summer, some even reaching 500 m depth, and they show no clear seasonality. The large-scale Gulf Stream and mesoscale eddies may be responsible for the following: the strong lateral shear, existing in the Gulf Stream and at the eddy periphery and occupying their entire influence depths, is capable of breaking the geostrophic balance and generating active submesoscale motions beneath the surface mixed layer.
Filaments at the mesoscale eddy periphery are a typical form of submesoscale motions in the sea surface and mixed layer (McWilliams, 2016; Yang et al., 2017). Our result suggests that the lateral shear–induced submesoscale motions in the Gulf Stream and at the eddy periphery can break through the limitations of the surface mixed layer and occur in the ocean interior in summer, in which the lateral shear results from drastically varying flows of the large-scale Gulf Stream and mesoscale eddies.
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The North Pacific subtropical gyre (NPSTG) redistributes heat and moisture between low and high latitudes and plays a key role in modulating the global climate change and ecosystem. Recent evidence suggests intensification and poleward shift of the subtropical gyres over the last decades due to global warming, but insufficient observations have hampered insight into the integrated effects of ocean-atmosphere interactions at longer timescales. Here we present the first high-resolution (∼12 years) grain-size record from Core CF1 in the Okinawa Trough, western subtropical North Pacific, to reconstruct the evolution of the western boundary Kuroshio Current (KC) of NPSTG during the Late Holocene. Our results indicate the KC slow-down during 4.6–2.0 ka, followed by quick enhancement after 2.0 ka, with centennial-scale variabilities (500–700 years) superimposed on the long-term trend. Over millennial timescales, gradually increased pole-to-equator thermal gradient, due to orbital forcing mechanisms, resulted in long-term enhanced KC, whereas solar activity triggered phase changes in the tropical Pacific mean state and controlled KC anomalies on centennial timescales. We suggest that both forcing mechanisms resulted in ocean-atmosphere feedback provoking concurrent changes in mid-latitude westerly and subtropical easterly winds over the North Pacific, alternating their dominance as source regions causing the dynamic changes of KC at different timescales. Our findings offer insight into the role of external forcing mechanisms in the NPSTG changes before the Anthropocene, which have profound implications for the deeper understanding of changes in ocean gyres under global warming scenarios.
Keywords: Kuroshio Current, Okinawa Trough, solar forcing, ocean-atmosphere coupling, Late Holocene, westerly
INTRODUCTION
As one of strong wind-driven western boundary currents (WBCs) of the North Pacific Subtropical Gyre (NPSTG), the Kuroshio Current (KC) originates from the northward branch of the North Equatorial Current (NEC), enters the Okinawa Trough off northeastern Taiwan, and then flows along the continental slope of East China Sea (ECS) before turning eastward through the Tokara Strait (Figure 1). The KC transports substantial amounts of heat and moisture poleward and thus plays an essential role in global climate change and heat balance (Hu et al., 2015). Despite recent progress in understanding the seasonal and interannual variabilities of the KC, which are generally related to El-Niño–Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and East Asian monsoon systems, there is ongoing debate concerning the KC dynamics over longer time scales (Nakamura, 2020). For ENSO, during La Niña events, the zonal sea surface temperature (SST) gradient across the equatorial Pacific Ocean enhances, strengthening the Walker Circulation with the easterly wind prevails, and the NEC bifurcation latitude (NBL) occurs at its southernmost position, the transported volumes of the KC increases; and the opposite occurs during El Niño events (Hu et al., 2015). Previous studies demonstrated that the variability of the KC along the margin of the East China Sea at interdecadal scales is more closely with PDO than with ENSO, and the KC generally decelerated during negative PDO with enhanced trade winds and weakened westerlies, and vice versa (Andres et al., 2009; Wu, 2013; Wu et al., 2019). Recently, the potential effects of global warming on the KC and other WBCs have raised significant concerns, suggesting that a stronger warming trend occurred over the KC during the past century, possibly associated with a synchronous poleward shift and/or intensification of WBCs (Wu et al., 2012; England et al., 2014; Hu et al., 2015; Yang et al., 2016; Yang et al., 2020). Reconstruction of the response of KC intensity to different forcing mechanisms at longer timescales will thus aid in better quantifying future changes in the WBCs.
[image: Figure 1]FIGURE 1 | Location of Core CF1 and referenced sites with surface oceanic circulation and climatic systems over Asia and the western Pacific. EAWM, East Asian Winter Monsoon; EASM, East Asian summer Monsoon; ISM, Indian summer Monsoon. NEC, North Equatorial Current; NECC, North Equatorial Counter Current, KC, Kuroshio Current; TWC, Tsushima Warm Current; YSWC, Yellow Sea Warm Current; KCE, Kuroshio Current Extension; KCI, Kuroshio Current Intrusion; OC, Oyashio Current.
Sedimentary records from the Okinawa Trough, under the influence of the KC, are ideally located to reveal the oceanic-atmospheric dynamic influences that originated in both the tropical and high latitudes of North Pacific (Jian et al., 2000; Zheng et al., 2014; Zheng et al., 2016; Lim et al., 2017; Jiang et al., 2019; Li et al., 2019; Li et al., 2020). Although many studies have illustrated changes in the KC intensity and its flow path since the last glacial maximum (LGM), the different forcing mechanisms driving these changes are still debated. Specifically, most available records are adequate for characterizing long-term trends of the KC, e.g., the Holocene, but do not capture the short-term climate oscillations, largely due to the scarcity of robust proxy and/or low resolution of climate archives (Yamazaki et al., 2016). Here, we present a well-dated and high-resolution grain-size record from the middle Okinawa Trough that documents the evolution of the KC intensity during the last 4.6 kyr. The aim of this study is to characterize the long-term trend and centennial periodicity of the KC during the Late Holocene and to discuss the forcing mechanisms that caused them.
MATERIALS AND METHODS
Sediment Core and Chronology
Gravity Core CF1 (water depth 1,180 m; 127.43°E, 28.42°N) (Figure 1), with a length of 351 cm, was retrieved from the western slope of the middle Okinawa Trough during a cruise in 2012. The core was sliced into 1-cm-thick subsamples after the cruise. The lithology of Core CF1 consists of homogeneous gray silty clay. No obvious depositional hiatus or turbidite layers were found within Core CF1. The planktonic foraminiferal species Neogloboquadrina dutertrei from the >150 μm size fraction of eight layers were picked up for accelerator mass spectrometry radiocarbon (AMS 14C) dating at Beta Analytic Inc.(Florida, United States) (Figure 2).
[image: Figure 2]FIGURE 2 | Age model of Core CF1 using the recently published age-depth modeling routine “Undatable” (Lougheed and Obrochta, 2019). Age error estimates of nonnormally 68 and 95% percentiles are also shown.
Considering the top segment of Core CF1 was damaged and lost during the sampling process, the age model of Core CF1 between 8 and 348 cm (Figure 2A) was constructed using the recently published age-depth modeling routine “Undatable” (Lougheed and Obrochta, 2019). The deterministic routines of Undatable, with a positive sedimentation rate prior and bootstrapping, result in median and mean age-depth models with age error estimates of non-normally 68% and 95% percentiles (Lougheed and Obrochta, 2019). Here, the AMS 14C ages were calibrated to a calendar age before 1950 CE (cal BP) using the Marine20 calibration curve (Heaton et al., 2020) and the ΔR value of 29 ± 18 a (Table 1). Default values for bootstrapping percentage and sedimentation rate uncertainty were set to 20% and 0.1 cm yr−1, respectively. The sedimentation rate of Core CF1 varied from 45 cm/kyr to 190 cm/kyr, with an average value of ∼90 cm/kyr.
TABLE 1 | Accelerator mass spectrometry (AMS) radiocarbon (14C) dates of Core CF1 samples.
[image: Table 1]2.2 Grain Size Analysis
Grain-size analysis was conducted using a Mastersizer-2000 laser particle-size analyzer at Qingdao Institute of Marine Geology, China Geological Survey, with a measurement range of 0.02–2,000 μm and a size resolution of 0.01ϕ. The measuring error was within 3%. Before the grain-size analyses, the samples were pretreated with 10% H2O2 and 0.5 mol/L HCl for 24 h to remove organic matter and biogenic carbonate, respectively. The high-resolution analysis provided a resolution of ∼12 years on average, with a lower resolution of ∼22 years for the interval between 2,400 and 3,460 years BP.
Varimax-Rotated Principal Component Analysis
Varimax-rotated Principal Component Analysis (V-PCA) is a statistical procedure that uses orthogonal transformation to convert a set of possibly correlated variables into a set of linearly uncorrelated variables called principal components. This method allowed us to separate out orthogonal modesand independent grain-size spectra from the grain size matrix that are related to potential input functions and sensitive to specific transport mechanisms (Darby et al., 2009; Hu et al., 2012; Yi et al., 2012; Zheng et al., 2014; Zheng et al., 2016). It has been used to successfully identify the transport mechanisms of the Yellow Sea (Hu et al., 2012) and the Okinawa Trough (Zheng et al., 2014; Zheng et al., 2016). In this study, V-PCA was applied to temporal variation of Core CF1 grain size spectrum with the input grain size matrix ranging from 0.41 to 707 μm. The mode of each extracted grain size component is defined as the grain size sets with largest factor loading, which is most representative for the grain size spectra (Figure 3).
[image: Figure 3]FIGURE 3 | (A) PC1, PC2 and PC3 represent the components of V-PCA procedures and their variances are displayed. (B) Temporal variation of PC1 loading which is interpreted as an indicator of the KC (See discussion in Chapter 3.1).
Ensemble Empirical Mode Decomposition
The ensemble empirical mode decomposition (EEMD) method is based on the noise-assisted data analysis, which takes the average value of multiple measurements and obtains the ensemble means of corresponding intrinsic model functions (IMFs) as the results (Wu and Huang, 2009). EEMD is implemented through a sifting process that uses only local extrema. A complete sifting process stops when the residue becomes a monotonic function from which no more IMFs can be extracted. The total number of IMFs of a data set is lose to log2N (N is the number of total data points). Detail process and explanation can be found in the MATLAB EEMD code program instructions (Wu and Huang, 2009). Before performing the EEMD, the PC1 loading of Core CF1 is linearly interpolated at a 10-years interval. Eight IMFs are generated from our data by the EEMD method and spectral analyses is applied to determine the periodicities and periodic stabilities using the PAST software (details can be found in https://palaeo-electronica.org) (Figure 4). We aim to quantify the relative contributions of both the long-term trend and centennial-scale oscillations. Considering the sample resolution used in this study, the IMF1 and IMF2 components with periodicity less than 100 years are thus considered as decadal-scale noise (Figure 5A). At the same time, the IMF3, IMF4, and IMF5 components exhibit centennial-scale cyclic oscillations with a total variance of 39% (Figure 5B), while the IMF6, IMF7, and IMF8 components are regarded as millennial variability or long-term trend, contributing altogether 29% to the total variance (Figure 5C).
[image: Figure 4]FIGURE 4 | Results of time-series analysis of the PC1 loading for Core CF1.
[image: Figure 5]FIGURE 5 | (A) Decadal-scale noise (IMF1 + 2), (B) Centennial-scale cyclic oscillations (IMF3 + 4 + 5), and (C) Millennial variability or long-term trend (IMF6 + 7 + 8) of KC intensity.
RESULTS AND DISCUSSION
Paleoenvironment Implications of End-Members
Previous studies suggested the Okinawa Trough has multiple potential terrigenous sediment sources, mainly including the large rivers in China (Yellow and Yangtze Rivers) and small mountain rivers in Taiwan and Kyushu Islands, all of which display large temporal-spatial variations influenced by sea-level fluctuations, oceanic circulations, and East Asian monsoons over the last glacial-interglacial cycles (Dou et al., 2010; Dou et al., 2012; Wang et al., 2015; Dou et al., 2016; Beny et al., 2018; Li et al., 2019; Xu et al., 2019; Hu et al., 2020). Based on the results of previous studies, the sediment source-to-sink process in the ECS-Okinawa Trough since the LGM can be broadly summarized as follows: During the glacial periods marked by the low sea level (e.g., about 135 m below the present sea level during the LGM), the paleo-channels of Yellow and Yangtze Rivers were located on the YS and ECS shelves and may have directly entered the northern and middle regions of the Okinawa Trough, respectively. In contrast, Taiwan-derived sediments are confined to the southern region of the Okinawa Trough due to the weak or even absent KC during the glacial periods. Subsequently, sea level gradually rose from -135 m to -40 m during the deglaciation period (22–10 ka), resulting in the YS and ECS shelves being flooded by seawater along with the paleo-mouths of Yellow and Yangtze River which retreated quickly towards the YS shelf. During the process of sea level rise, terrigenous sediment supply became trapped on the shelf, although more intense continental erosion occurred resulting from the strengthened East Asian Summer Monsoon (EASM). Meanwhile, deglaciation transgression caused some reworked materials to be released from the ECS shelf into the Okinawa Trough, forming a broad tidal sand ridge covering the ECS middle-outer shelf. Conversely, the mainstream of the KC gradually deflected to the west of the Ryukyu Islands due to the rapid sea-level rise and then delivered the Taiwan Rivers sediment northward during this period. Provenance proxies indicated a significant change from a dominance of the paleo-Yangtze or paleo-Yellow River to an increased influence from Taiwanese rivers after 9–10 ka or ∼7 ka, associated with the establishment of a “water barrier” of strong KC intensity and a modern circulation pattern since then. Combining the results of previous studies, it can be found that the sea level has stabilized or changed very little and the ocean circulation system of ECS has been formed since the Late Holocene. At that time, the sediment transport dynamics affecting the middle Okinawa Trough are mainly controlled by changes in the strength of the KC.
For Core CF1, results of the V-PCA analyses on the grain-size matrix are shown in Figure 2A. Three principal grain-size components (PC1: 69%, PC2: 16%, and PC3: 10%) were identified for Core CF1, which totally account for 95% of the variance. The first mode (PC1) has a broad negative peak at 4–16 μm and a positive peak at 32–148 μm (Figure 2A). The second mode (PC2) has a positive peak at 0.4–3.2 μm and a trough around 18–26 μm (Figure 2A). The third mode (PC3) has a strongly positive peak at 297–707 μm (Figure 2A). Two nearby cores A7 and OKI02 gave the same modes with a consistent grain size structure, and such consistency strongly indicates that there must be identifiable mechanisms to account for these specific modes (Zheng et al., 2014; Zheng et al., 2016). As suggested by Zheng et al. (2014, 2016), three PCs of the Okinawa Trough cores (A7 and OKI02) were interpreted as KC silt (PC1), bottom nepheloid clay (PC2), and turbidity sand (PC3), respectively. Sr-Nd isotopic compositions of 5–18 μm fractions from Core AF2/OF3 were further compared with the potential endmembers (the Yangtze River, Yellow River, and rivers of Taiwan Island) to assess the provenance, which clearly indicated that the 5–18 μm fractions originated from rivers of Taiwan Island and are transported by, and sensitive to, the strength of the KC (Zheng et al., 2016). Specially, sea level has stabilized or changed very little and the ocean circulation system of ECS has been formed since the Middle Holocene, and at that time, the sediment transport dynamics affecting the middle Okinawa Trough are mainly controlled by changes in the strength of the KC (Zheng et al., 2014; Zheng et al., 2016). These lines of evidence support the interpretation of PC1 loading of Core CF1 as a dynamic proxy for the KC intensity.
Long-Term Trend of Kuroshio Current During the Late Holocene and Potential Influences Mechanisms
To quantify the relative contributions of long-term trend and centennial-scale oscillations of the KC, we performed a noise-assisted data analysis EEMD on the PC1 loading of Core CF1 after linearly interpolated at a 10-years interval. Based on the results of the EEMD, we combined the IMF6, IMF7 and IMF8 components (IMF6+7 + 8) to reveal the millennial variability or long-term trend of KC intensity (Figure 6A). Our reconstruction of the KC intensity contradicts recent inferences based on low-resolution magnetic parameters and paired organic paleothermometers (Li et al., 2019; Li et al., 2020), but is consistent with several other lines of evidence. For example, abundance of P. obliquiloculatata (Jian et al., 2000; Lin et al., 2006; Xiang et al., 2007), sediment mercury (Hg) enrichment factor (Lim et al., 2017), and sediment provenance changes (Jiang et al., 2019; Xu et al., 2019), as well as SST variations in the South Yellow Sea (Wang et al., 2011; Jia et al., 2019) (Figure 6B). Within the age uncertainty estimates, our IMF6+7 + 8 record of Core CF1 is broadly consistent with the abovementioned proxy evidence and suggests a slow-down of the KC during the period of 4.6–2.0 ka, followed by quickly enhanced KC and attaining the highest level at approximately 0.5 ka (Figure 6A). Additionally, climate records from the Taiwan Island (Selvaraj et al., 2007; Wang et al., 2015; Ding et al., 2020), Cheju Island (Park et al., 2016; Park, 2017) and Northeastern Asia (Hong et al., 2005; Zhao et al., 2021) reflect gradual precession-driven cooling/drying since the Early-Middle Holocene with rapid climate amelioration since ∼2.0 ka. Their similarity to the KC intensity evolution suggests the KC transports huge amounts of latent heat and water vapor to the atmosphere along its path and plays an important role in modulating surrounding climate change.
[image: Figure 6]FIGURE 6 | Temporal variations of paleorecords. (A) The long-term trend of KC intensity (IMF6 + 7 + 8) (this study, gray line is the original data). (B) SST of Core ZY2 (Wang et al., 2011). (C) ESNO events per 100-years (Moy et al., 2002). (D) Sand (%) of El Junco Lake (Conroy et al., 2008). (E) PDO-like variability (Chen et al., 2021). (F,G) Stacked normalized magnetic susceptibility (MS) and mean grain size (MGS) for EASM and EAWM, respectively, (Kang et al., 2020). (H) Fine quartz flux deposited at Cheju Island (Lim and Matsumoto, 2006, 2008). (I) Standardized, average mid-latitude (30°N–50°N) net precipitation (Routson et al., 2019).
What, then, explains Late Holocene KC evolution? Firstly, although a few uncertainties remain with respect to the Holocene ENSO activities, most of the records support a strong relationship between ENSO variability and the Equatorial Pacific mean state and suggests more frequent El Niño events during the Late Holocene (Figures 6C,D) (Moy et al., 2002; Conroy et al., 2008; Koutavas and Joanides, 2012; Sadekov et al., 2013; Gill et al., 2016; Barr et al., 2019). Enhanced El Niño activities during the Late Holocene, characterized by weakened Walker circulation and northernmost position of NEC bifurcation latitude, is not conducive to KC reinforcement at that time.
Secondly, the variability of the KC along the ECS margin at interdecadal scales is more closely related to PDO than to ENSO, and KC generally decelerated during the negative PDO phase, and vice versa (Andres et al., 2009; Wu, 2013; Wu et al., 2019). Recent study shows that PDO-like pattern shifts from a positive to a negative phase at ∼2 ka based on ΔSSTE-W between Cores MD01-2,412 and ODP1019C (Figure 6E) (Chen et al., 2021). Similar results are also found in the PDO record from the Santa Barbara Basin over the last 2,700 years (Beaufort and Grelaud, 2017). Commonly, negative PDO phase since ∼2 ka, characterized by decreased negative wind stress curl (WSC), should decelerate the southward Sverdrup flow in the subtropical gyre and thus weaken return flow (i.e., KC), which conflicts with the KC records from the Okinawa Trough.
Finally, the East Asian monsoon systems, including the southeasterly EASM and the northwesterly East Asian Winter Monsoon (EAWM), are another important factor influencing the variation of KC intensity (Jian et al., 2000; Zheng et al., 2016). High-resolution reconstruction of EASM and EAWM from three loess sections in the Loess Plateau display continuously weakened EASM (Figure 6F) and persistently strengthened EAWM during the Late Holocene (Figure 6G) (Kang et al., 2020). These situations would trigger less negative or even positive WSC over the North Pacific subtropics, suppressing the KC intensity, which also contradicts the enhanced KC since ∼2.0 ka.
Overall, low-latitude processes (e.g., East Asian monsoons and/or changes in ENSO/PDO-like phases) should be a secondary factor or negligible for the long-term trend of the KC intensity on millennial timescale during the Late Holocene.
Westerly Driven North Pacific Subtropical Gyre Variations During the Late Holocene
As discussed earlier, forcings other than low-latitude processes are required to explain the long-term trend of the KC intensity during the Late Holocene. Indeed, the KC is driven by a basin-scale negative WSC over the North Pacific, depending on the combined effects of subtropical easterly and mid-latitude westerly winds (Seager and Simpson, 2016). Enhanced negative WSC over the North Pacific forces stronger southward Sverdrup flow in the inner ocean, which is compensated by strengthened northward flow of the KC at the western boundary (Seager and Simpson, 2016). Accordingly, we hypothesize that the mid-latitude Westerly Jet (WJ) and its associated WSC in the North Pacific play a dominant role in the long-term trend of KC intensity since the Late Holocene. Recent studies have highlighted teleconnections between North Pacific atmospheric and oceanic circulations over the glacial-interglacial cycles, with equatorward (poleward) and intensified (weaker) WJ during the glacial (interglacial) periods, coupling with the expansion and strengthening of circulation gyres during cold periods and vice versa (Gray et al., 2018; Gray et al., 2020; Abell et al., 2021).
Moreover, dust records from the Tarim Basin (Han et al., 2019), the Cheju Island (Lim and Matsumoto, 2006, 2008), and the Japan Sea (Nagashima et al., 2013) suggested strengthening and southward shift of WJ occurred during the Late Holocene (Figure 6H), which is further confirmed by Holocene spatiotemporal precipitation patterns (Figure 6I) and climate model simulations (Chen et al., 2019; Herzschuh et al., 2019; Routson et al., 2019; Zhou et al., 2020). The forcing mechanism may be that seasonal difference between the winter and summer insolation across the latitudes results in gradually increased pole-to-equator thermal gradient during the Late Holocene (Chen et al., 2019; Routson et al., 2019). Thus, we provide direct evidence for the predominance of accelerating and southward shift of mid-latitude WJ, rather than low-latitude processes, causing more negative WSC over the North Pacific and thus stronger KC since ∼2 ka.
Solar Forcing of Centennial-Scale Variability of Kuroshio Current
Superimposed on the long-term trend of the KC is significant centennial-scale variability, which displays a larger amplitude and a longer anomaly duration after ∼2.5 ka (Figure 5B). We found a periodicity of ∼1,800-years (at the 95% significance level), ∼700-years (at the 90% significance level) and ∼500-years (at the 95% significance level) of the original PC1 record from Core CF1 by the PAST software (Figure 7). However, it seems inappropriate to determine the 1,800-years cycle as one of the credible climate oscillations due to their insufficient temporal length of the original PC1 records. We therefore consider only the 500–700-year cycles because of underlying solar forcing. Moreover, we also performed wavelet power spectrum analyses on the IMF3+4 + 5 record and reflected statistically significant centennial periodicities on approximately 500-years and 700-years (>90% confidence level) (Figure 8). Similar periodicities are also found in the solar activity records and exhibit strong power after ∼2.5 ka (Wanner et al., 2008; Steinhilber et al., 2012). This further suggests a link between the KC variability and solar activity on a centennial-scale, with reduced solar activity corresponding with weak KC intensity (Figure 9). Not all KC weakening events covary with sunspot number (SN) on a centennial-scale for the Late Holocene, which may stem from age model uncertainties and sampling resolution.
[image: Figure 7]FIGURE 7 | Results of cyclicity analysis of the original PC1 record.
[image: Figure 8]FIGURE 8 | (A) The wavelet power spectra and (B) global wavelet spectrum for IMF3 + 4 + 5 record was obtained after interpolation to evenly spaced data (10a) The shape of the mother wavelet was set to Morlet. High (low) power is indicated by red (blue) color. The confidence level at 95% is depicted with black lines, and areas beyond the cone of influence are shaded.
[image: Figure 9]FIGURE 9 | Comparison of the KC intensity with sunspot number. (A) The IMF3 + 4 + 5 record of Core CF1 representing the centennial-scale variations of KC. (B) Sunspot number as a solar activity proxy (200–1,000a Band-pass filter) (Wu et al., 2018).
Previous studies highlight that solar variability (500–700-year cycles), amplified by low-latitude oceanic-atmospheric interactions (e.g., ENSO), could have played an important role in regulating centennial-scales climate variations (Liu et al., 2014; Zhu et al., 2017; Xu et al., 2019; Xu et al., 2020). Model simulations suggest that the ENSO system acts as a mediator of solar activities on the climate system’s low-latitude heat engine (Emile-Geay et al., 2007). This has been further confirmed by paleoclimate reconstructions, which show that the tropical Pacific mean states shift in response to the solar activities of the last 1,500 years (Mann et al., 2009), for the early-middle Holocene (Marchitto et al., 2010), as well as the entire Holocene (Ersek et al., 2012). In addition, solar irradiance variations can also trigger changes in the strength and direction of WJ across the North Atlantic via a “top-down” mechanism (Ineson et al., 2011), with the southward migration and enhanced intensity of WJ responding to lower solar irradiance (Olsen et al., 2012; Wirth et al., 2013; Lan et al., 2020). Nonetheless, if some direct (though amplified) solar forcing of the WJ was the dominant control on the KC intensity, we would expect enhancement of KC intensity correlated with reduced solar activity, conflicting with the fact observed (Figure 3). Taken together, we can conclude that, since the Late Holocene, weak solar irradiation makes the tropical Pacific to be an El Niño-like state, associated with weakened easterly trade winds and attenuated EASM, which overwhelms the enhanced intensity of mid-latitude WJ and contributes to the decreased KC intensity on centennial-scale.
SUMMARY
New 1-cm contiguous grain size data from Core CF1 provide new insights into Late Holocene millennial-to centennial-scale KC variability. We interpret the long-term trend of the KC as a response to the strengthening and southward shift of WJ during the Late Holocene, resulting from gradual enhanced pole-to-equator thermal gradient forced by orbital forcing mechanisms. However, the waxing and waning of solar activities, via changes in Walker circulation and ENSO of the tropical Pacific, have an overwhelming influence on the centennial-scale changes of the KC intensity. Our findings thus, highlight those two regions, the high-mid latitude and tropical Pacific, alternate their dominance as source regions causing the dynamic changes of the KC at different timescales.
Recent evidence suggests that the WBCs have strengthened and shifted toward the poles due to global warming during the past few decades, which is consistent with the centennial-scale changes of KC intensity forced by solar activity. However, if global warming continues, especially with the Arctic amplification, we hypothesize that the WBCs may be in turn decrease once the threshold is breached, as shown by the long-term trend of KC during the Late Holocene. Further comprehensive climate model research is necessary to understand how the KC responds to different forcing mechanisms under a continuous global warming scenario, which is crucial to the reliable prediction of the future climate changes in East Asia.
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Hydrate-bearing sediments provide excellent materials for studying the primary sources and diagenetic alterations of organic matter. In this study, the elemental and isotopic signatures of total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN), and total sulfur (TS) are systematically investigated in three hydrate-bearing sediment cores (∼240 m) retrieved from the Shenhu area, South China Sea. All sediment layers from three sites are with low TOC content (average 0.35%) with marine and terrestrial mixed sources (-23.6‰ < δ13Corg < -21.4‰). However, the generally low δ15N (2.49–5.31‰) and C/N ratios (4.35–8.2) and their variation with depth cannot be explained by the terrestrial sources (Pearl River) and marine sources, binary end-member mixing processes. Contribution from lateral allochthonous organic matter from the mountainous river is considered after excluding other possible factors and ingeniously elucidating the organic matter origins. Furthermore, specific layers in W01B and W02B exhibit elevated S/C ratios (up to 2.39), positive bias of δ34S-TS (up to +29.7‰), and negative excursion of δ13C-TIC (up to -8.29‰), which are the characteristics of sustained occurrence of sulfate-driven anaerobic oxidation of methane. The occurrence of coupled carbon–sulfur anomaly may be accompanied by deep hydrocarbon leakage and the formation of hydrate with high saturation.
Keywords: methane seepage, organic matter, gas hydrate, Shenhu area, biogeochemistry, C-N-S
1 INTRODUCTION
Natural gas hydrates have been a frontier issue in both industrial and academic research (Kvenvolden, 1995; Collett et al., 2009). Marine geological surveys and drilling expeditions have verified that the Shenhu area, South China Sea (SCS) (Figures 1A,B) (Liu et al., 2011a; Trung, 2012; Jiang et al., 2015; He et al., 2016), is one of the most promising exploration targets for gas hydrates and has carried out two test mining in this area in the past 5 years (Wu et al., 2011; Zhang et al., 2014a; Wang et al., 2014; Zhang et al., 2017a; Zhang et al., 2017b; Su et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the South China Sea (SCS, from Google Earth). (B) Location and regional oceanic circulation model of the Shenhu area, SCS, modified from Wang et al. (2020b). White arrows: intermediate water current; colored arrows: deep-water current; white dashed lines: internal waves (Hsü et al., 2000; Wang et al., 2012; Alford et al., 2015); yellow–red dashed arrow: slope current (Wang et al., 2010). (C) Locations of coring sites of GMGS4 (Yang et al., 2017b; Zhang et al., 2019).
Gases bounded in hydrate can be divided into microbial gases and thermogenic gases, which are different products during the burial and evolution of sedimentary organic matter (Schoell, 1983). For whatever origin, the provenances and quality (lability) of organic matter in sediments may be the key factors controlling the accumulation of gas hydrate since it is the source of carbon for a huge number of hydrocarbons bounded in gas hydrate (Kvenvolden, 1995). Terrestrial vascular plants and marine algae have been considered to be optimum precursors for methanogenesis used by microbes in marine settings (Kaneko et al., 2010). A study of organic matter in the hydrate-bearing sediment of Okinawa trough proposed that terrestrial organic matter is more conducive to the formation of microbial gases (Saito and Suzuki, 2007), verifying that the source and activity of sedimentary organic matter are important factors controlling the formation of hydrate, but the specific mechanism requires further study. Compositional ratios (C/N ratios) and isotopic composition (δ13Corg and δ15N) of organic matter are proxies used to deduce its original properties and transformation processes after deposition, and may provide insights into the gas generation.
The content (TS) and isotopic composition (δ34S) of sulfur can reflect the utilization of different organic precursors and different mineralization pathways by sulfate-reducing bacteria (SRB). In normal methane-free marine sediment where organiclastic sulfate reduction (OSR) is dominated, the generally low availability and high recalcitrance of metabolizable substrates in marine sediments result in low cell-specific sulfate reduction rate, fostering the expression of equilibrium fractionation, leading to large and generally constant sulfur isotope fractionation up to ca. 70‰ (e.g., Sim et al., 2011; Wing and Halevy, 2014; Jørgensen et al., 2019). The amount of formed pyrite is usually limited and eventually depends on the labile organic matter content. However, in certain environments (e.g., methane seeps and probably the sulfate methane transition zone (SMTZ) resides in deeper sediments), the sulfur isotope fractionation can be smaller due to a higher substrate concentration and thus a greater expression of kinetic fractionation. This sulfate-driven anaerobic oxidation of methane (SD-AOM) supplies a large amount of extra HS − for the formation of pyrite and facilitates the augmentation of authigenic pyrite in the SMTZ (Boetius et al., 2000; Peckmann et al., 2001; Jørgensen et al., 2004; Peketi et al., 2012; Peketi et al., 2015). Therefore, the content and isotopic composition of TS may provide key clues for the SRB-mediated carbon–sulfur biogeochemical cycle (Jørgensen, 2021). Furthermore, fluctuations in sedimentation rates, disproportionation of intermediate sulfur, and other factors may also result in additional isotope fractionation of the TS (Jørgensen et al., 2004; Brunner and Bernasconi, 2005; Peketi et al., 2015; Liu et al., 2019; Liu et al., 2021). In turn, the isotopic composition of TS can provide valuable clues for the complex sulfur cycle.
The content and isotopic signatures of bulk total organic carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN), and total sulfur (TS) were employed in this study to constrain the primary properties of sedimentary organic matter in Shenhu hydrate-bearing sites of the northern South China Sea (NSCS), as well as the response of the sedimentary organic matter under the background of the presence of methane hydrate or potential methane leakage. Our multi-element and multi-isotope studies will deepen our current recognition of the characteristics of organic matter in the hydrate deposit area, as well as the biogeochemical cycle in hydrate systems where methanogenesis and methane oxidation are both ubiquitous.
2 GEOLOGICAL SETTING
Located at the intersection of three tectonic plates, the SCS is the largest passive marginal sea in Western Pacific (Figure 1A) (Sun et al., 2006; Xu et al., 2014a). The complex tectonic evolution history and promising resource prospects have made SCS a natural laboratory for marine geology research (Lu et al., 2011; Wang et al., 2020a). The Shenhu drilling area is located in Baiyun Sag, a deep-water depression in the Pearl River Mouth Basin (PRMB) of SCS (Yu, 1990; Pang et al., 2007) (Figure 1B). The modern oceanographic background of the SCS was established at 3 Ma, and the flow patterns have been basically unchanged since the Quaternary (Li et al., 2007). The baroclinic gradient below 1500 m in the Luzon Strait leads to the inflow of cold and dense North Pacific Deep Water (NPDW) into the SCS (Qu et al., 2006), bringing the SCS a “sandwich” layered structure characterized by three contour current at different depths: the surface water current (SWC, <350 m), intermediate water current (IWC, 350–1,500 m), and deep-water current (DWC, >1,500 m) (Chen and Wang, 1998; Tian et al., 2006; Zhu et al., 2010; Chen et al., 2014). A continuous westward along-slope current within the depth of SWC is generated subject to the East Asian monsoon and Kuroshio intrusion (Nan et al., 2015). It is noteworthy that the boundaries between these currents are changing spatiotemporally, which can alter the distribution of sediments in the NSCS. In addition, internal waves are often recorded in the mooring systems and remote sensing images in the NSCS (Hsü et al., 2000; Zhao and Alford, 2006; Wang et al., 2012), most of which propagate westward from Luzon (Alford et al., 2015; Ma et al., 2016; Tang et al., 2018). The mooring system shows that, in the eastern part of Baiyun Sag, the internal solitary waves indirectly impact the north slope and consequently generate strong bottom current along the slope, with a maximum velocity more than 40 cm/s (Lin et al., 2014). Besides the internal waves, internal tides have also been recorded in the mooring system, which contributes to the re-suspension and transport of the sediment on the shelf and slope of the NSCS (Reeder et al., 2011; Ma et al., 2016; Geng et al., 2017).
3 MATERIALS AND METHODS
The samples are retrieved from expedition GMGS4 which was carried out on the geotechnical drilling vessel Fugro Voyager in 2016 (Yang et al., 2017b). The water depth of the three sites is ∼1,285 m, 1,274 m, and 1,310 m, respectively (Figure 1C).
The content of TOC along with TS was determined by Leco CS744 Carbon/Sulfur Determinator after removing the carbonate with 2 mol/L HCl. The measurement precision is 0.5% RSD for carbon and 1.5% RSD for sulfur. The isotope of organic carbon (δ13Corg) and bulk nitrogen (δ15N) was determined by Elementar Isoprime 100 with analytical reproducibility better than 0.1‰ for δ13Corg and 0.15% for δ15N. The nitrogen content (TN) was analyzed by a vario PYRO cube analyzer with external precision better than 0.1%. The above element and isotope analyses were conducted at the National Research Center for Geoanalysis, China Geological Survey (CGS).
The δ13C detection of the TIC (δ13C-TIC) phase was performed on an isotope ratio mass spectrometer (IRMS, Thermo Fisher Delta V Advantage) coupled with an automated carbonate preparation device (Gas Bench II) at Peking University. The analytical precision of δ13C is smaller than 0.2‰.
The sulfur isotope of TS (34S-TS) was analyzed at the Oxy-Anion Stable Isotope Consortium (OASIC) at Louisiana State University. Bulk-powdered samples of 10–15 mg were weighted, and 2 mg V2O5 was added to a tin cup for analyses on a gas-source isotope ratio mass spectrometer (GS-IRMS, Isoprime 100) coupled with an elemental analyzer (EA). The standard deviation associated with δ34S analysis is less than 0.3‰. The δ15N, δ13C, and 34S values are expressed as the delta (δ) notation relative to the atmospheric N2, Vienna Pee Dee Belemnite (VPDB), and Vienna Canyon Diablo Troilite (VCDT), respectively.
4 RESULTS
TOC contents of sediments from sites W01B and W02B decrease exponentially with depth from 1.17 to 0.18%, while that of W03B slightly increases with depth from 0.04 to 0.26% (Supplementary Table S1) (Figure 2). The TN contents of sediments from the three sites have similar trends to the TOC contents which vary from 0.03 to 0.16% (Supplementary Table S1) (Figure 2). The depth variation of δ15N of bulk sediments from three sites is basically similar to that of the TOC and TN, ranging from 2.48 to 5.06‰ (Supplementary Table S1) (Figure 2). The δ13Corg of sediments from three sites confines to -23.1–21.4‰, -23.4–21.9‰, and -23.6–22.9‰, respectively, among which W01B and W02B sites have higher isotope composition than W03B (Supplementary Table S1) (Figure 2). C/N ratios for sediments from W01B and W02B have high values at specific layers (170 mbsf for W01B and 130 mbsf for W02B), which are in the range of 4.23–14.81 and 3.89–10.65, respectively (Supplementary Table S1) (Figure 2), whereas that of W03B shows steadiness with a depth around an average value of 1.9%. The δ13C-TIC values of the sediment are mostly around 0‰, with obvious negative bias in certain intervals (120 mbsf and 170 mbsf for W01B; around 116–137mbsf for W02B) (Supplementary Table S1) (Figure 2).
[image: Figure 2]FIGURE 2 | Depth profiles of TOC, TN, δ15N, δ13Corg, and C/N ratio for W01B, W02B, and W03B from the Shenhu area, SCS. The blue shaded areas indicate the hydrate-bearing layer, and the pink shaded areas imply the possible paleo-sulfate methane transition zone (SMTZ).
The TS content of sediments from W01B tends to decrease with depth, with relatively slight increases at 120mbsf (0.51%) and 167mbsf (0.52%) (Supplementary Table S1) (Figure 3). The TS content of sediments from W02B has low values (0.15–0.39%) at the top and bottom layers but increases in the middle interval (0.44–0.82%), especially at 106.86mbsf (0.81%) (Supplementary Table S1) (Figure 3). However, the TS content of sediments from W03B is lower overall (with an average value of 0.08%) and varies little with depth, except for a slightly high value of 0.21% at the deepest layer (Supplementary Table S1) (Figure 3). The S/C ratios of sediments from W01B and W02B are basically greater than 0.36, with lower values in the shallower and deeper layers (Supplementary Table S1) (Figure 3). There are different increases in the intermediate layer, and the highest value can reach 2.39%. Like the depth variation of TS, the S/C ratios of sediments from W03B also have minor variation through the depth record, with an average value of 0.26% (Supplementary Table S1) (Figure 3). The δ34S-TS of sediments from W01B and W02B tends to increase with depth, except for the unique low value in the deepest layer of W01B, while δ34S-TS of sediments from W03B remains relatively stable with depth, with an average value of -21.48‰ (Supplementary Table S1) (Figure 3).
[image: Figure 3]FIGURE 3 | Depth profiles of δ13C-TIC, TS, S/C ratio, and δ34S-TS for W01B, W02B, and W03B from the Shenhu area, SCS. The pink shaded areas imply the possible P-SMTZ.
5 DISCUSSIONS
5.1 Provenances of the Organic Matter
The C/N ratios and δ13Corg of deposited organic matter are generally adopted to recognize its provenances since marine and terrestrial organic matter is with distinct C/N ratios and δ13Corg values (Sackett and Thompson, 1963; Hedges and Mann, 1979; Calvert and Fontugne, 1987; Jasper and Gagosian, 1989). Typical marine organic matter is with C/N ratios in the range of 4–10 and δ13Corg values between -19 and -22‰ (Premuzic et al., 1982; Fontugne and Jouanneau, 1987; Emerson and Hedges, 1988; O'Leary, 1988; Jasper and Gagosian, 1989; Goni and Hedges, 1995; Aksu et al., 1999). In contrast, typical terrestrial organic matter is usually with C/N ratios greater than 20 and δ13Corg values between -26 and -28‰ (Emerson and Hedges, 1988; Meyers, 1994; Prahl et al., 1994). The Shenhu area is located in the PRMB in the NSCS, which is generally considered to mainly receive mixing organic matter from marine autochthonous and terrestrial allochthonous sources of the Pearl River estuary (PRE). It has been reported that δ13Corg values of terrestrial organic material deposited in the PRE and marine organic matter are -25.5‰ and -22.1‰, respectively, and C/N ratio values are 14–20 and 6.6, respectively (Hu et al., 2006; Liu et al., 2007a; Gaye et al., 2009; Kao et al., 2012; Zhang et al., 2014b).
In general, the increase of C/N ratios and the negative bias of δ13Corg indicate the increased contribution of terrestrial organic matter. However, in this study, C/N ratios and δ13Corg do not show uniform changes, that is, δ13Corg does not show negative excursion in the C/N ratio increased horizon (Figure 2). Specifically, for example, the δ13Corg of sediment from station W03B is the lowest (i.e., most terrestrial contribution) among the three sites, but its C/N ratios are almost the smallest among the three sites (Figure 2), which means when the δ13Corg record points to an increase of terrestrial inputs, the C/N ratio tendency does not support it. Indications from different organic geochemical indexes of the bulk sediment are contradictory.
Furthermore, it has been reported that the δ15N of the terrestrial surface sediments in the PRE ranges from 6.2 to 7.1‰, which is 1–2‰ higher than that of the modern nitracline (Wong et al., 2002; Gaye et al., 2009). Besides, except for δ15N recorded at ODP 1144 in the NSCS which has been suggested to be related to the sediment drifts and allochthonous sources of nitrogen (Higginson et al., 2003; Kienast et al., 2005), most of the published δ15N values in the SCS do not show the significant glacial–interglacial difference (Kienast, 2000), especially compared to the δ15N of foraminifera-bound nitrogen (Wang et al., 2018), indicating that the δ15N of marine nitrate was relatively constant (Kienast, 2000). The δ15N of the marine source organic matter of SCS has been recorded to be around 6.2‰ (Liu et al., 2007a; Kao et al., 2012). However, the δ15N of sedimentary organic matter from this study ranged from 2.48 to 5.31‰, with an average value of 3.74‰ (Supplementary Table S1) (Figure 2). The lower δ15N values indicate that the provenance of the organic matter cannot only be from the PRE and the marine autochthonous productivity, there must also be a lower δ15N end-member contributing to the bulk organic matter, or some post-deposition processes have altered the original isotope signature of organic matter.
In addition, the differences in the isotopic composition and content of the bulk organic matter between the three sites have also remained unclear, which means further insights need to be explored into the interpretation of the provenance and distribution of the bulk organic matter of the three sites (Figure 2). Given the very close proximity (on either side of the ridge of a deep-water canyon, horizontal distance less than 10 km, water depth difference less than 30 m) of the three core sites, any sedimentary factors conceived to interpret the prominent differences among these three sites would have to be able to accommodate such large differences on such small spatial patterns. Because the three sites are located under the identical nutrient regime and biogeographic zone, the discrepancies between them are implausible to reflect the true gradient of the marine surface biochemistry or the original δ15N signal. Here, we take inorganic nitrogen, diagenetic alteration, methane-associated activities, and lateral allochthonous sediments into consideration.
5.1.1 Inorganic Nitrogen
The inorganic nitrogen comes directly from terrestrial input or ammonia derived from the degradation of organic matter during diagenesis (Meyers, 1997; Hu et al., 2006). In the former case, terrestrial inorganic nitrogen is usually more depleted in 15N compared to marine organic nitrogen (e.g., Schubert and Calvert (2001); Kienast et al. (2005)), so the mixing of the inorganic nitrogen can decrease the δ15N signal. In contrast, for the latter case, the adsorption of ammonium nitrogen on clay minerals can reduce the C/N ratios inherited from the primary source characteristics (Müller, 1977; Arnaboldi and Meyers, 2006).
The proportion of inorganic nitrogen to bulk sediments can be calculated by the value at the y-intercept of the TN versus TOC cross-plots (Nijenhuis and De Lange, 2000; Calvert, 2004; Arnaboldi and Meyers, 2006). The TOC versus TN of the three sites exhibits good linearity indicating that the bulk organic matter phase in the sediment is relatively uniform. There is no/minor intercept on the TN axis (Figure 4A), which suggests that the content of clay-bound nitrogen in these three sites is negligible. Moreover, Kienast et al. (2005) analyzed the isotope composition of inorganic nitrogen from the SCS and reported that inorganic nitrogen in the SCS has δ15N values within the scope of 3.1–4.8‰. However, the lightest nitrogen isotope in this study is 2.46‰, which means that the inorganic nitrogen should not be the dominant 15N-depleted end-member for the mixing model.
[image: Figure 4]FIGURE 4 | Scatterplots of (A) TN versus TOC, (B) C/N ratio versus TOC, (C) δ13Corg versus TOC, (D) C/N ratio versus δ13Corg, (E) δ15N versus TN, and (F) TS versus TOC of the sediment of W01B, W02B, and W03B from the Shenhu area, SCS.
5.1.2 Diagenetic Alteration
As for the C/N ratio, there is no correlation between the C/N ratio and TOC (Figure 4B), and the C/N ratio has no systematic variation with depth (Figure 2), suggesting the diagenetic alteration is an insignificant or not dominated factor for the C/N ratio discrepancies of the organic matter. It has been reported that the 13C-enriched organic proteins and carbohydrates will be preferentially decomposed during diagenesis, thus changing the primary δ13C composition of the organic matter, but the fractionation is relatively insignificant (<-2‰ (McArthur et al., 1992)). In this study, the overall δ13Corg appears to be independent of TOC content and C/N ratio (Figures 4C,D), indicating diagenesis has not appreciably affected δ13Corg values (Fontugne and Duplessy, 1986; Calvert and Fontugne, 1987; Calvert et al., 1992). The ammonium nitrogen released during diagenesis is 15N-depleted, and the δ15N of residual sedimentary nitrogen will be increased by ∼2.5‰, associated with the type and intensity of microbial activity (Freudenthal et al., 2001; Lehmann et al., 2002), which simultaneously dampen the C/N ratio. In respect of δ15N, among the three sites, only the δ15N of W03B increases with depth, but contrary to the decrease of nitrogen content that diagenesis should have caused, the TN of W03B increased with depth (Figure 4E), which argues against the law of diagenetic modification.
5.1.3 Impact From Hydrate Dissociation or Methane Seepage
Only a few studies have described the organic geochemical characteristics of hydrate-bearing sediments. Yu et al. (2006) found that the presence of natural gas hydrate changed the diagenetic evolution trajectory of organic carbon and nitrogen elements in hydrate-bearing sediments of Hydrate Ridge and found that the δ15N value (∼2%) and C/N ratio of sediments at the hydrate-bearing layer declined simultaneously, but the δ13C value was relatively high. In that case, the increase of nitrogen content and the loss of 15N in the hydrate stability zone were interpreted to be related to the nitrogen fixation of bacteria and archaea in the sediments where gas hydrate is developed (Yu et al., 2006). Recent studies have found negative excursions of δ15N in the SMTZ of the sediment from Haima seeps of the SCS, and it is pointed out that the anaerobic methanotrophic (ANME) archaea can intermediate nitrogen fixation and ammonium assimilation (Hu et al., 2020). 14N is considered to be preferentially utilized during these processes and thereby cause the negative excursion of δ15N (Hu et al., 2020).
In this study, the δ15N depth records of W01B and W02B seem to be relatively lower in the deeper part which bears gas hydrate and conforms to the inference of Yu et al. (2006) (Figure 2), while concerning W03B, it presents an opposite trend and has a higher δ15N in the hydrate-bearing zone. Therefore, the existence of hydrate does not seem to be the main cause of the nitrogen isotope variation. We also identified several SMTZs in W01B and W02B by the elevated S/C ratio and excursion of δ13C-TIC and δ34S-TS (see details in the 5.3 chapter), which assist us to find the potential effect of ANME archaea or AOM consortia. But it seems that there is no negative δ15N excursion in the identified SMTZ. Moreover, the SMTZ has not been recognized at W03B, but it has the most negative δ15N among the three sites, so the effect of AOM seems limited to cause the variation of δ15N depth record.
Apart from nitrogen fixation and ammonium assimilation, denitrification (especially coupled with AOM) and anaerobic ammonium oxidation are widespread in the shallow subsurface of the continental margin. However, their impact on nitrogen stable isotope compositions of bulk sediments is negligible (Lehmann et al., 2007). Furthermore, amorphous carbon has been identified and isolated from ANME archaea and select methanogens in the previous study, which was characterized by strong 13C depletion (δ13C–60‰) and high C/N ratios (17.5–58.4) (Allen et al., 2021). Therefore, the formation of amorphous carbon in natural sediments will significantly lower its δ13Corg value and elevate its C/N ratios. The proxies of sediments from the identified SMTZ do not exhibit such synchronous variation trends, indicating that the role of amorphous carbon is negligible in this study.
5.1.4 Lateral Allochthonous Input
According to the data of the sediment trap, the collected particle N flux below 2000 m in the SCS is higher than that in the upper euphotic zone; these additional particulate N fluxes are thought to be due to lateral transport, which carried 15N-depleted particles that originated from the Kaoping Canyon (Yang et al., 2017a). The Kaoping River in the southwest of Taiwan island was reported to import 36–40 Mt/yr particulate matter into the SCS, of which around 85% was transported to the deep-sea basin of the SCS through the Kaoping Canyon (Huh et al., 2009). The lateral particulate organic matter (POM) inputs to the basin tend to have a lighter nitrogen isotopic signature (Kao et al., 2006; Gaye et al., 2009; Yang et al., 2017a).
After eliminating the possible interference from the above factors, we consider this lateral allochthonous input and comprehensively adopt the δ15N, δ13Corg, and C/N (or N/C) ratio proxies to constrain the potential sources of the organic matter (Figure 5). Potential source end-members of organic matter in the NSCS include the marine autochthonous source, the PRE, and mountainous rivers from Taiwan and Luzon. The published values of the above end-members are compiled in Figure 5 (Hu et al., 2006; Kao et al., 2006; Liu et al., 2007a; Gaye et al., 2009; Kao et al., 2012; Zhang et al., 2014b; Yang et al., 2017a). Overall, according to the relationship between δ13C values, N/C ratios, and δ15N values, the organic matter of sediments from this study basically falls into the mixing zone of mountainous river sources and marine sources (Figure 5), indicating the mixed characteristic of these end-members, which is consistent with the conclusion of the sources of detrital clastic components of the studied samples (unpublished data). In brief, from content ratios and isotope composition cross-plots, we hypothesize that the mountainous rivers are a potential source of organic matter transported laterally to the study area by possible contour current, which will be discussed in detail in the next chapter (Liu et al., 2010b; Schroeder et al., 2015; Liu et al., 2016).
[image: Figure 5]FIGURE 5 | Cross-plots of (A) N/C ratio versus δ13C, (B) δ15N versus C/N ratio, and (C) δ15N versus δ13C, modified from Yang J.-Y. T. et al. (2017). The gray shaded areas indicate marine source (Mar. source) organic matter (Liu K.-K. et al., 2007; Kao et al., 2012). The blue shaded areas represent the organic matter from the Pearl River estuary (PRE) (Hu et al., 2006; Liu K.-K. et al., 2007; Gaye et al., 2009; Zhang et al., 2014b). The pink shaded areas symbolize organic matter from the Taiwan mountainous river (TW Moun. river) (Kao et al., 2006; Gaye et al., 2009; Yang J.-Y. T. et al., 2017).
The introduction of the Taiwan mountainous river provenance end-member provides clues for the unresolved question we raised earlier. First, the variations of C/N ratios and δ13Corg of sediment is asynchronously in the depth profile, may ascribe to the lower C/N ratios of Taiwan mountainous riverine organic matter which different from the conventional terrestrial organic matter (high C/N ratios). In this case, the addition of terrestrial organic matter could not significantly elevate the C/N ratio and solely lower the δ13Corg of sediment. Second, the Taiwan mountainous river end-member provides a 15N depleted end-member, which can help to explain that the δ15N of our samples can be as low as 2.46‰ under the circumstance that the PRE and marine organic matter both have a high δ15N signature (4.2–6.6‰ and 6.2 ± 1‰, respectively). Third, the provenance of Taiwan indicates the complex hydrodynamic flow field in the Shenhu area, especially the influence of contour current. Combined with the existing geophysical studies, we believe that the samples in this study are products of complex redeposition, and the distribution of geochemical characteristics of sediments is closely related to hydrodynamic conditions (Su et al., 2019; Su et al., 2020; Su et al., 2021).
5.2 Implication From the Provenance
Given the proximity of the Pearl River and the NSCS, especially during the period of low sea level, it has been generally accepted that the Pearl River has supplied a large amount of terrigenous detritus to the NSCS, while studies in recent years suggest that the detrital materials derived from the Pearl River are mostly transported by coastal currents to the southwest, and most of them are deposited in the inner and/or middle shelf (e.g., Liu J. et al. (2011); Ge et al. (2014)). Erosional weathered sediments from Taiwan may be the main source of detrital materials in the slope of NSCS (Wan et al., 2010; Liu et al., 2013; Liu et al., 2014; Huang et al., 2016). The Pearl River is the third largest river in China, which transports about 80 × 106 ton/yr of sediments into the western part of the SCS (Milliman and Farnsworth, 2011). Although the rivers originated from southwestern Taiwan have relatively small drainage areas compared to the Pearl River, their annual sediment load can reach 70 × 106 ton/yr, which falls within a considerable range with the Pearl River (Milliman and Meade, 1983; Wang, 2003). Thus, terrestrial sediments derived from Taiwan play an important role in the deposition of the NSCS. A recent study about sediment traps suggests that sediments of Taiwan origin can be transported to the Xisha Trough over 1,000 km (Liu et al., 2014).
The modern current circulation system of the SCS provides favorable transportation conditions for the import of sediments from Taiwan in the study area. The westward Guangdong coastal current and coastal current can bring a large amount of Taiwan-sourced sediments into the study area during the period of prevailing northeast monsoon caused by the high atmospheric pressure over Central Asia (Fang et al., 2012). Moreover, driven by the perennial SCS branch of the Kuroshio (SCSBK) and SCS warm current, Taiwan-derived sediments are transported southwest to the Dongsha Islands and Shenhu area (Liu et al., 2010a; Liu et al., 2010b). Previous studies have also proposed that sediments from Taiwan were delivered to the slopes of the Dongsha Islands through the Luzon Strait by deep-water bottom currents (Shao et al., 2001; Lüdmann, 2005; Liu et al., 2010b; Wan et al., 2010). A recent study emphasized the importance of surface-generated mesoscale eddies for the transport of island-derived sediments from Taiwan to the NSCS (Zhang et al., 2014c).
To further confirm our conclusions, studies concerning the sources of detrital materials around the Shenhu area were summarized, which mainly used clay minerals and major and trace element composition. Different tectonic settings, source rock types, and climate conditions can conjunctively generate distinctive weathering intensities and therefore diverse weathering products. Ascribed to the stable craton along with warm and humid climate conditions, the widely exposed granites in South China undergo strong chemical weathering (high chemical index of alteration (CIA), Figure 6A) and produce clay end-members dominated by kaolinite (Figure 6B) (Liu et al., 2007b). Under the background of rapid uplift since the Pliocene, the exposed tertiary rocks in Taiwan experienced intense and rapid physical weathering (low CIA, Figure 6A), resulting in the clay end-member dominated by illite and chlorite (Figure 6B) (Liu et al., 2008; Liu et al., 2010b). Moreover, the Cenozoic eruptive basaltic andesites in the Luzon Arc formed a large amount of smectite through chemical weathering (Figure 6B) (Liu et al., 2009). The distinct weathering intensity and clay mineral composition assist us to identify the sources of sediments in the SCS. For the Shenhu area, published clay mineral composition of the upper slope (DLW3101), middle slope (surface sediment), and lower slope (SH7B, SH2B) all indicates a comparable contribution from Taiwan and the Luzon Island which have a comparable content of smectite and illite + chlorite (Figure 6B). Nevertheless, the ZHS 176 site (eastern part of Shenhu) and KNG5 (western part of Shenhu) are also from around the Shenhu area but show a temporal change, with contribution from Taiwan–Luzon being relatively higher during the Holocene high sea-level period, while the contribution from South China (Pearl River) increases during the low sea-level period, especially in the Last Glacial Maximum (Figure 6B). Moreover, the latest data on rare earth elements (REEs) also show that the provenance of Shenhu area has been contributed by the Taiwan end-member (Xiao et al., 2021).
[image: Figure 6]FIGURE 6 | Compilation of major element composition (A) and clay mineral proportion (B) of sediments from the Shenhu area, SCS. Data of the Shenhu surface sediment from Xu W. et al. (2014); SH2B and SH7B from Lu et al. (2009); DLW3101 from Hu et al. (2021); ZHS 176 from Ge et al. (2010) and Hu et al. (2021); KNG5 from Huang et al. (2011), Huang et al. (2016), and Liu et al. (2017); and MD12-3429 from Hu et al. (2021).
All the above data indicate that the sedimentary pattern of Shenhu area is quite complex, but one thing we can be sure of is that the contribution from the Taiwan-Luzon end-member cannot be ignored in the deposition of Shenhu area. The clay mineral and REE composition of the upper canyon (DLW3101) or inter-canyon (SH2B, SH7B, and surface sediment) all declare that it is entirely possible that the sediments of Shenhu area partially originated from the Taiwan Island.
5.3 Indications of Methane Seepage
Pyrite in sediments is generally formed by SRB via OSR in normal marine sedimentary environments (Eq. 1, (Jørgensen (1982)). Reactive iron, labile organic matter, and dissolved sulfate are the main factors controlling the content of authigenic pyrite during this process (Berner, 1982; Jørgensen, 1982; Berner, 1984):
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Under these conditions, there will be a prominent positive correlation between TS and TOC in the sediments, and the S/C ratios are relatively constant around 0.1–0.5, with an average of 0.36 (Berner, 1982; Berner, 1984). The amount of formed pyrite is usually limited in this case because the formation rate is relatively low and the amount eventually formed usually depends on the labile organic matter content. During the OSR, 32S is preferentially utilized than 34S, resulting in 34S-depleted sulfides and 34S-enriched residual sulfates. As mentioned before, the δ34S value of sulfide can be 66‰ lower than that of seawater sulfate (+20.3‰) at the initial stages of OSR, which is calculated to be around -45‰ (Sim et al., 2011; Borowski et al., 2013; Wing and Halevy, 2014).
In contrast, in hydrate-bearing sediments, the dissociation of gas hydrate will release large quantities of methane and enhance the SD-AOM (Eqs 2, 3), which generates additional HS− for the formation of pyrite and results in the enrichment of the pyrite in the SMTZ (Boetius et al., 2000; Peckmann et al., 2001; Jørgensen et al., 2004; Peketi et al., 2012; 2015). Simultaneously, this process will increase the TS content and the S/C ratio of the sediment and make TS and TOC lose their linear relationship in OSR (Boetius et al., 2000; Hill et al., 2004; Hill et al., 2011; Joseph et al., 2013):
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The SD-AOM occurring within the SMTZ consumes down-diffused sulfate, which preferentially metabolizes 32S, thereby enriching 34S in the residual sulfate (Jørgensen et al., 2004; Deusner et al., 2014; Antler et al., 2015). In general, the 34S-enriched sulfide presented in the later SD-AOM dominated stage after 34S-depleted pyrite derived from OSR has formed (Lin et al., 2016; Shawar et al., 2018; Liu et al., 2020). In hydrate-bearing environments, the occurrence of 34S-enriched pyrite in the formation usually can be used as an indicator of significant SD-AOM fueled by continuous methane release to the SMTZ and to discern the paleo-SMTZ (e.g., Peketi et al. (2012); Borowski et al. (2013); Peketi et al. (2015)).
Besides, HCO3− produced from AOM subsequently reacted with surrounding Ca2+ and Mg2+, forming authigenic carbonate minerals such as aragonite and high-Mg calcite and dolomite (Eq. 2) (Greinert et al., 2001; Feng et al., 2018). As a geological archive of cold seepage events, seepage authigenic carbonate minerals are generally characterized by extremely depleted 13C composition inherited from methane (e.g., Rodriguez et al. (2000); Peckmann and Thiel (2004); Ussler and Paull (2008); Lu et al. (2018)):
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Therefore, the abnormally high pyrite content, elevated S/C ratios, 34S-enriched pyrite, and 13C-depleted TIC can be adopted as proxies for discerning the position of current and paleo-SMTZ in the sediment.
From the cross-plot of TS and TOC, we can see that the TS of W03B has a good correlation with the TOC (R2 = 0.466) and the slope of the fitting line (S = 0.248) approximates the typical OSR value (Figure 4F). Besides, the S/C ratio (ca. 0.26), δ34S-TS (ca. -21.48‰), and near-zero of δ13C-TIC (Figure 3) without significant variation jointly imply that W03B has no signal of methane seepage or the seepage is too weak to leave geochemical indicators, and the sulfate reduction at W03B may be mainly dominated by OSR. However, the δ34S-TS (ca. -21.48‰) of this OSR-dominated site exhibits a higher value than the lower range of pyrite due to OSR (-45‰, assuming isotope fractionation up to 66‰), which may be ascribed to the mixing of 34S-depleted pyrite and 34S-enriched organic-bound sulfur. The organic sulfur in marine sediments is enriched for 34S more than pyrite, and its δ34S value is 5–15‰ higher than that of pyrite, with an average value of 10‰ (Anderson and Pratt, 1995).
However, the TOC and TS of W01B and W02B have no good correlation (Figure 4F) (R2 = 0.014; R2 = 0.059), indicating that, for W01B and W02B, methane may have been involved in the sulfate reduction. In addition, there are negative excursions of δ13C-TIC near 120 mbsf and 167 mbsf for W01B and 120 mbsf for W02B (Figure 3), suggesting the presence of authigenic methane-origin carbonate in these layers. Besides, the elevated S/C ratio and δ34S-TS (Figure 3) are also consistent with this inference, indicating the additional 34S-enriched pyrite generated by the SD-AOM, further specifying the presence of paleo-SMTZ. These phenomena associated with methane seepage or hydrocarbon leakage are consistent with the discrepancies of gas origin and hydrate saturation among the three sites. It has been reported that the gas hydrate from W03B is dominated by microbial gas (δ13C-CH4 ∼ -65‰) with relatively low hydrate saturation (<40%), while gases from W01B and W02B are with considerable contribution from deep thermogenic hydrocarbons (δ13C-CH4 ∼ -47‰) with high saturation (up to 60%) (Yang et al., 2017b; Zhang et al., 2019). The coupled carbon–sulfur anomalies may be ascribed to the deep hydrocarbon leakage, which provides sufficient gases for hydrate formation and leaves geochemical indicators in the surrounding sediments. More hydrate-bearing sediments with different gas origins are required for further investigation.
6 CONCLUSION
Multi-element and multi-isotope approaches are adopted to study the sources of organic matter and biogeochemical cycle in hydrate-bearing sediments from three long sedimentary sites in the Shenhu area. The vertical variation and lateral distribution of organic matter in sediments with generally low δ15N and C/N ratios cannot be explained by the two end-member (terrestrial input from the Pearl River and marine input) mixing processes. Contribution from lateral allochthonous organic matter from the mountainous river is considered after excluding the possible effect of inorganic nitrogen, diagenetic alteration, and methane metabolic activities. The introduction of this end-member ingeniously explains the results of this study and is supported by the previous provenance analyses of detrital clastic fraction in the Shenhu area. Moreover, the coupled carbon–sulfur data (elevated S/C ratio, enriched 34S of TS, and negative excursion of δ13C-TIC) reveal sustained occurrence of SD-AOM at sites W01B and W02B but not at W03B. The discrepancies of C–S responses might be related to the different origins of hydrate-bounded gas and the distribution of hydrate concentration among the three sites.
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Based on the CTD profiles and mooring measurements of the Line W program in the North Atlantic about 35°N/70°W, we investigated the spatial variability of internal wave-induced strain variance along the Line W section and the associated reasons. The results showed that the internal wave strain variance over the slope could be up to five times larger than that in the interior. We have validated that internal tides and near-inertial waves were not the crucial processes for causing this variability. Meanwhile, we found that the high-frequency internal waves generated by the interaction of anticyclonic eddy and low-frequency internal waves may be a potential cause of strain enhancement. This study implies a potential route of mesoscale eddies to enhance the strain variance induced by internal waves.
Keywords: strain variance, internal waves, mesoscale eddies, wave-wave interactions, North Atlantic
INTRODUCTION
Strain is defined as the vertical derivative of isopycnal displacement, which is an important feature of the ocean flow field. Meanwhile, the oceanic strain is thought to be a key link in the process of energy dissipation in the internal wave field, and a contributor to microscale mixing in the sea. Most oceanic strain phenomena occur because of the existence of an internal wave field, so the space variability of the strain field is closely related to the internal waves. There are many processes which can result in internal wave strain, such as near-inertial internal waves (NIWs) generated by sea surface wind (Alford and Gregg, 2001) or geostrophic flow adjustment (Xu et al., 2013), lee waves generated by tidal currents and eddies over the topography of the seafloor, and internal tides (ITs) generated by barotropic tide over topography (Waterhouse et al., 2017).
Recently, it was reported that mesoscale eddies can lead to the generation of internal waves by interacting with other processes and enhance the internal waves by trapping them. Clément et al. (2016) implicated that the local internal wave field was modulated by mesoscale eddies impinging on the boundary, and anticyclonic eddy with a substantial near-bottom flow was associated with an elevated internal wave shear variance and turbulent dissipation, relative to cyclonic eddy. Joyce et al. (2013) observed the clockwise downward-propagating NIWs within a Gulf Stream warm-core ring, which showed enhanced NIW energy within the sloping pycnocline at depths of 300–700 m, and then they used a numerical model to simulate wind-forced NIWs within anticyclonic eddies, the results showed similar features to the observations. In the Drake Passage, St. Laurent et al. (2012) found a dominance of upward propagating energy, consistent with lee waves being generated by the mesoscale eddies impinging on rough topography. In the Southern Ocean, similar findings could be reached from some field observations (Brearley et al., 2013; Sheen et al., 2015). By field observation, in the Lofoten Basin, Fer et al. (2018) demonstrated that the sources of energy for the observed turbulence were the background shear and the sub-inertial energy trapped by the negative vorticity of the Lofoten Basin eddy, the spectral analysis showed an increased high-wavenumber clockwise-polarized shear variance in the core and rim regions, consistent with downward-propagating NIWs.
However, the resultant behavior of the interaction between mesoscale eddies and internal waves has been observed rarely. In this study, we investigate the spatial variability of strain along the Line W section in the North Atlantic and look for what causes the variation in strain. The data and methods are presented in Materials and Methods. Results section shows the spatial variability of the internal wave strain along the Line W section. Then we examine the contributions from different kinds of internal waves and propose a possible explanation in Discussion. The final Conclusion section is a brief summary.
MATERIALS AND METHODS
The data used in this study were obtained from the Line W program (https://scienceweb.whoi.edu/linew/index.php), which was initiated since 1994 and designed to measure the Gulf Stream and deep western boundary current in the Atlantic. Cruises were run twice a year along a fixed section, which was roughly orthogonal to the isobaths of the continental slope (Figure 1). Here, we used the current measurements at mooring W4 and W5, with a temporal interval of 30 min from 30 April 2004 to 16 May 2008. At W4, the measurements were conducted at 1,052, 1,652, 2,252, 2,702, 3,252, and 3,600 m, respectively; at W5, the measurements were conducted at 999 and 4,084 m.
[image: Figure 1]FIGURE 1 | Map of the Line W region. Moorings and shipboard stations are indicated by magenta stars and black dots, respectively. The gray arrows from Hycom climatological data (50 m) are used to mark the Gulf Stream pathway.
The CTD measurements along the section were used. There are totally 26 CTD stations (from 9,001 to 9,026) along the section. The CTD samplings were throughout the whole water column, and the measurements were binned into 2 dbar in vertical. The CTD section was conducted separately in spring and autumn of each year; however, sometimes the section was only half occupied. In this study, we used four wholly occupied sections conducted in November 2003, September 2004, October 2007, and October 2010. In order to determine whether the mesoscale eddies pass through the section, lowered ADCP measurements were used.
In addition to these field measurements, a sea-level anomaly (SLA) from AVISO+ (https://www.aviso.altimetry.fr/en/home.html) was used to identify mesoscale eddies. Climatological current data from Hycom (https://www.hycom.org/) were used to mark the pathway of the Gulf Stream. The daily wind speed at 10 m height from ERA-Interim reanalysis data of ECMWF product (https://www.ecmwf.int/), high-resolution bathymetry data (https://topex.ucsd.edu/WWW_html/srtm15_plus.html), and the velocity amplitude of the barotropic tide from TPXO 9.0 (https://www.tpxo.net/home/) were also used to conduct the associated analysis.
Note that strain is defined as the vertical derivative of isopycnal displacement and need departures from a time–mean density profile. However, estimates of the time mean are not available. Instead, we assume that large vertical length scales in the density profiles represent the time mean, and that small vertical length scales represent the internal wave field. During calculation, we interpolated original CTD profiles into a 10-m-depth grid and, each profile was broken into a half-overlapping 320-m-long segment, starting from the bottom. The strain variance [image: image] is directly calculated from the temperature and salinity measurements:
[image: image]
where [image: image] is the Fourier transform of the strain [image: image], which can be calculated from the potential temperature gradient [image: image] as [image: image], where [image: image] is the mean value of the quadratic fit to the [image: image] for each segment. Correction term [image: image], where [image: image] is the wavenumber in vertical and Δh is the vertical bin size for each profile. The minimum integral wavenumber k1 is the reciprocal of each segment length, and the maximum value k2 is the reciprocal of wave length 46 m to avoid the biases caused by noise (Mauritzen et al., 2002).
RESULTS
Stratification
The stratification [image: image] variation along the Line W section in September 2004 is shown in Figure 2. The strong stratification with values larger than 10−4 s−2 occurs in the upper layer (shallower than 200 m) over the slope and interior. The stratification decreases monotonically over the slope; however, it shows a minimum region between 200 and 600 m in the interior, with a mean value of 10−5 s−2, and this may be caused by water mass with homogeneous temperature–salt properties carried by the Gulf Stream. The depth–mean stratification is 6.3 × 10−6 s−2 over the slope, and 3.6 × 10−6 s−2 in the interior.
[image: Figure 2]FIGURE 2 | Stratification variation along the Line W section in September 2004. The horizontal label is the distance from the first station 9,001. The green triangles indicate the location of shipboard stations, black lines represent the moorings, dots indicate the location of current meters, and magenta dots represent incomplete records for entire four years.
Spectra
The frequency spectra of the horizontal velocity (u, v) at W5 are shown in Figure 3. The spectra are dominated by peaks at a semidiurnal frequency (M2) and local inertial frequency (f). At frequency f, the energy level at 999 m is 1.9 × 102 m2/s2, about three times larger than that at 4,084 m (0.6 × 102 m2/s2). On the contrary, at the frequency of M2, the spectral level at 999 m is 0.7 × 102 m2/s2, approximately half of that at 4,084 m (1.5 × 102 m2/s2). Moreover, the slope of the spectra changes with the water depth, being 2.2 at 999 m and 2.5 at 4,084 m, suggesting that the deeper the depth, the weaker the higher frequency internal waves.
[image: Figure 3]FIGURE 3 | Frequency spectra of horizontal velocity at 999 m (A) and 4,084 m (B) at W5 during the period from 1 September 2004 to 1 October 2004. The black line is the line E0Nω-p, with observed N = 1.3 × 10−3 s−1 at 999 m and 3.4 × 10−4 s−1 at 4,084 m. The values of E0 and p are shown in each panel, and the unit of E0 is m2 (spectra for other periods are similar and not shown).
Spatial Variability of Internal Wave Strain Variance
The internal wave strain variance is shown in Figure 4. Here, we provide the result along four sections which were sampled more extensively. There exists a high strain variance region over the slope, which is approximately above 3,000 m vertically, and far to 400 km horizontally. This is much more pronounced in September 2004 and October 2007.
[image: Figure 4]FIGURE 4 | Spatial distributions of internal wave strain variance [image: image] along the Line W section in (A) November 2003, (B) September 2004, (C) October 2007, and (D) October 2010.
The mean values of the internal wave strain variance over the slope and interior are shown in Table 1. In November 2003, the smallest mean value (0.06) is in the interior. The situation in October 2010 is similar to that in November 2003. In September 2004, the strain variance over the slope (0.48) is significantly different from that in November 2003 and October 2010 (0.15 and 0.12 over the slope, respectively). In October 2007, there is a synchronous enhancement of strain variance over the slope and in the interior. Compared to November 2003, the strain variance has a simultaneous enhancement in October 2007 (0.24 over the slope and 0.20 in the interior).
TABLE 1 | Values of internal wave strain variance along the Line W section during different periods, and the ratio of slope to interior. (The values were inferred by averaging the strain variance over the whole water column in the slope and interior, respectively. The separation between the slope and interior is at station 9,018.)
[image: Table 1]Through the spatial distribution of SLA (Figure 5), it is suggested that September 2004 is one of the most likely periods for the interaction between mesoscale eddies and internal waves.
[image: Figure 5]FIGURE 5 | The spatial distribution of SLA on 8 September 2004, corresponding to the September 2004 cruise.
DISCUSSION
To explore the reasons responsible for this spatial variability in September 2004, we examine the contributions from ITs, NIWs, and high-frequency internal waves (HFIWs) which are closely related to the internal wave strain variance.
Internal Tides
The barotropic tide is an important source to generate IT and internal wave strain variance (Waterhouse et al., 2017). IT is produced in stratified regions where barotropic tidal currents flow over topography, and the frequencies are equal to those of the barotropic tides (St. Laurent and Garrett, 2002). To understand the field of the semidiurnal barotropic tide in the observed area, tidal ellipses are shown in Figure 6A. In terms of tidal velocity magnitude, the semimajor axis is 0.82 m/s over the slope and 0.81 m/s in the interior and the semiminor axis is 0.36 m/s over the slope and 0.29 m/s in the interior. This comparison shows that the intensity of the semidiurnal barotropic tide is basically the same between the slope and interior.
[image: Figure 6]FIGURE 6 | (A) Tidal current ellipses of M2 along the Line W section. (B) Vertical energy flux of M2 IT in the study region (the red dot represents the separation between the slope and interior, at station 9,018).
Based on the barotropic tide and bathymetry data, we further examine the vertical energy flux of the IT which is a quantity of primary interest for mixing. In the study area, the slope of the tidal beam α = [(ω2-f2)/(N2-ω2)]1/2 is 0.07 and the steepest topography slope s = 0.05, indicating that the topography is subcritical for the semidiurnal IT. The vertical energy flux of the IT Ef over the subcritical region can be derived as follows:
[image: image]
where [image: image] is the reference density, Nb is the bottom value of the buoyancy frequency, (ue, ve) is the semimajor and semiminor axes of the semidiurnal barotropic tide, k, l is the horizontal wavenumbers of topography, K = (k2+l2)1/2, and θ = arctan(l/k). Φ(K, θ) is two-dimensional bathymetric spectra (St. Laurent and Garrett, 2002).
The map of the derived vertical energy flux is shown in Figure 6B. Along the whole section, the energy flux is mainly in the order of 10−3 mW/m2, with little higher values of 10−2 mW/m2 over the shallow water. The mean values of the vertical energy flux are 2.4 × 10−3 mW/m2 and 1.3 × 10−3 mW/m2 over the slope and in the interior, respectively, and the ratio of the slope to interior is 1.85.
This result implies that the semidiurnal IT is not the key reason for the significant increase in the strain over the slope in September 2004 but may be an important factor affecting the spatial variability of strain variance in November 2003 and October 2010. Because the mean value of the ratio about the slope to interior (2.50 and 1.00, respectively) is 1.75, which is very close to the ratio (1.85) due to the semidiurnal IT. Kelly et al. (2016) found that as ITs refract and/or reflect at the Gulf Stream, wave–flow interaction can cause the reappearance of ITs at shelf break; thus, their onshore energy fluxes are intermittent.
Near-Inertial Internal Waves
The record from current meter at W5 is taken as an example. According to the result of frequency spectra, it indicates that NIWs are possible throughout the whole water depth. The near-inertial horizontal velocity (ui, vi) can be estimated from the time series of velocity by band-pass filtering with a fourth-order Butterworth filter and a cutoff frequency band from 0.8f to 1.2f. The near-inertial horizontal kinetic energy (HKE) is calculated as follows:
[image: image]
Here we take ρ0 as 1,032 kg/m3 at 999 m.
Figure 7 shows the temporal variation of the near-inertial HKE and corresponding sea surface wind speed during the first measurement period from 1 May 2004 to 2 April 2005. It is apparent that the near-inertial HKE is elevated, with a mean value of 0.47 J/m3 during the period in which wind speed is roughly larger than 8.2 m/s (from November 2004 to April 2005). In contrast, from May 2004 to October 2004, the mean value of the near-inertial HKE is as low as 0.26 J/m3, accompanied by the weak wind speed of 6.3 m/s. This implies that the near-inertial motions at 999 m are closely linked to the sea surface wind field.
[image: Figure 7]FIGURE 7 | (A) 10 m wind speed above sea surface (the gray line is raw data; the thick black line is 3-day smoothing data, and the dashed line is the mean value). (B) Near-inertial HKE at 999 m. The period is from 1May 2004 to 2 April 2005, and the results from other periods are similar and not shown.
Because there are no velocity measurements in the interior, we cannot compare the near-inertial HKE between the slope and interior directly. Alternatively, we investigated the variation of the sea surface wind field along the whole section, which is the main factor modulating the near-inertial motion in the upper ocean (Alford et al., 2012).
Wind-induced near-inertial energy has been believed to be an important source for generating the ocean mixing required to maintain the global meridional overturning circulation. Zhai et al. (2009) found that nearly 70% of the wind-induced near-inertial energy at the sea surface is lost to turbulent mixing within the top 200 m by analyzing model data. Zhai et al. (2005) implicated that the interaction between inertial oscillations generated by a storm and a mesoscale eddy field is an important way for the near-inertial energy entering the ocean and is ultimately available for mixing. Lelong et al. (2020) and Zhai et al. (2005) came to the same conclusion that near-inertial energy could propagate to the deeper layer of the ocean with the help of the anticyclonic eddy. As shown in Figure 8, in September 2004, the variability of wind along the whole section is weak, both for magnitude and direction, and there were no hurricanes during the observation period. The NIWs induced by sea surface wind and used to furnish diapycnal mixing would not have a significant difference between the slope and interior because the majority of the near-inertial energy was lost to turbulent mixing within the top 200 m and hence could not cause the spatial variability of internal wave strain variance as mentioned previously.
[image: Figure 8]FIGURE 8 | 10 mwind speed above sea surface in the study region, blue contour is wind speed; the data are averaged in September 2004.
High-Frequency Internal Waves
In addition to the low-frequency motions mentioned previously, we examined the HFIWs and their relation to the sub-inertial flow and the total internal waves. Here, the HFIW motion is derived from 3–10 cycles per day (cpd) band-pass filter, and the sub-inertial component is estimated by using a fourth-order Butterworth low-pass filter, with a cutoff frequency of 0.2 cpd. The total internal wave velocity, by subtracting the sub-inertial flow from the original velocity and then subtracting its depth average, contains only the baroclinic velocity.
During the observation period in September 2004, a mesoscale eddy passing through the section can be observed using lowered ADCP data. From the velocity contours of Figure 9A, the horizontal scale of the eddy is about 250 km, and the cross-sectional current velocity is positive in the left half and negative in the right half, indicating that the eddy is a clockwise-rotating anticyclonic eddy, and the eddy is dominated by the barotropic mode due to the consistent flow direction from the surface to the bottom. In the region above 1,000 m in vertical and 200–450 km in horizontal direction, the maximum value of the current velocity is 1.80 m/s and the minimum value is −0.58 m/s. Note that the observed current velocity contains the eddy part and the Gulf Stream part. The magnitude of the current velocity exceeds 0.1 m/s in the region from 1,000 m to the seafloor, indicating that the vertical influence depth of anticyclonic eddy can reach the seafloor. From the satellite altimeter data, a anticyclonic eddy passing through the Line W section can also be observed, which indicates that it is feasible to use lowered ADCP data to determine the general location of the eddy.
[image: Figure 9]FIGURE 9 | (A) Cross-sectional velocity distribution in September 2004; the thick black line represents velocity is 0 and contour interval is 0.1 m/s. (B–E) Sub-inertial flow (red), total internal wave (black), and HFIW (green) HKE at mooring W4 at the depth of 1,052, 1,652, 2,252, and 2,702 m. The period is from 27 August 2004 to 19 September 2004. The dashed lines indicate the shipboard observation period in September 2004.
Mooring W4 is under the influence of the anticyclonic eddy and has more current meters, so we calculate and analyze the HKE of the sub-inertial flow, total internal wave, and HFIW at W4. The results show that (Figures 9B–E) before the appearance of the anticyclonic eddy, when the HKE of the sub-inertial flow is small, the HKE of the total internal wave is relatively weak, while the anticyclonic eddy appears, the HKE of the total internal wave shows a significant trend of enhancement. At the depths of 1,052 m, 1,652 m, 2,252 m, and 2,702 m, the mean HKE of the total internal wave increases from 0.15 J/m3 to 0.28 J/m3, from 0.18 J/m3 to 0.33 J/m3, from 0.14 J/m3 to 0.47 J/m3, and from 0.40 J/m3 to 0.80 J/m3, respectively. There is a positive correlation between the HKE of the internal wave and the HKE of the anticyclonic eddy. When the HKE of the total internal wave increases dramatically, the HKE of the HFIW also appears to be elevated, for example, at the depths of 2,252 m and 2,752 m, the mean HKE of the HFIW increases from 0.03 J/m3 to 0.04 J/m3 and from 0.03 J/m3 to 0.08 J/m3, respectively. This suggests that anticyclonic eddy contributes to HFIWs in this region, which is reported by Liang and Thurnherr (2011; 2012), who found that sub-inertial velocity pulses were directly related to mesoscale eddies spanning the entire water column and suggested that NIWs were likely to be excited by mesoscale eddies.
To better understand the effect of anticyclonic eddy on internal waves, a spectrum analysis is performed by comparing the kinetic energy spectrum of internal waves before (from 27 August 2004 to 3 September 2004) and during (from 4 September 2004 to 12 September 2004) the emergence of the anticyclonic eddy, and the result is shown in Figure 10. The energy of the internal waves is more easily transferred toward higher-frequency internal waves during the period of eddy appearance, and this phenomenon is distinct at 2,702 m, and kinetic energy integration within the HFIW band (3–10 cpd) increases from 24.89 cm2/s2 to 60.06 cm2/s2. During the observation period, the IT and NIW kinetic energies are stronger at 2,702 m, and wave–wave interactions occur with the catalytic effect of the anticyclonic eddy, and HFIWs (-f2S2, -f3M2, 2f2M2, etc.) are developed and enhanced.
[image: Figure 10]FIGURE 10 | (A–C) Kinetic energy spectrum of internal waves from 4 September 2004 to 12 September 2004 (red) and from 27 August 2004 to 3 September 2004 (blue) at 1,652 m, 2,252 m, and 2,702 m. The black dash lines indicate the GM76 spectrum, and magenta lines represent different frequencies of internal waves.
Based on the deep-ocean mooring measurements in the South China Sea, Hu et al. (2020) found that interactions between eddies and rough topography generated deep-ocean NIW pulses that constituted as a local sink for the eddy energy. Then NIWs further catalyzed non-linear interactions among internal waves, which manifested as significant enhancements of higher frequency internal wave energy. The results we obtained were in general agreement with the second part of the study of Hu et al. (2020), indicating that our results are reliable.
These results indicate that the appearance of the anticyclonic eddy effectively promotes the increase in the kinetic energy of the internal wave field and transfers the energy from the low-frequency internal waves to the higher frequency internal waves, resulting in a positive energy cascade transfer. This explains the significant enhancement of the strain variance occurring over the slope in September 2004.
CONCLUSION
Based on the field measurement from the Line W section, the spatial variability of internal wave strain variance and its possible reasons were examined and explored. The results suggest that the internal wave strain variance over the slope can be up to five times larger than that in the interior. Although ITs and wind-induced NIWs can result in internal wave strain variance, they are not the crucial reason responsible for the spatial variability of the strain in September 2004. The mooring observation suggests that the HFIW is the potential reason for high-level values over the slope. This study indicates that HFIWs generated by the wave–wave interactions, caused by the interaction between the anticyclonic eddy and low-frequency internal waves, may be an important route to furnish internal wave strain variance.
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The migration and enrichment of redox-sensitive trace elements (RSEs) from seawater to sediments are controlled not only by their geochemical properties but also by marine redox conditions. Therefore, RSEs, such as Mo, U, and V, are extensively used to indicate redox states in marine environments. To retrieve the historical redox state in the hypoxic zone near the Changjiang River Estuary and its adjacent waters, the distribution and enrichment degree of Mo, U, and V in a sediment core collected from the recurrently hypoxic region were investigated. The correlation analysis shows that the authigenic enrichment of Mo and U in sediment core 3,050–2 is primarily controlled by redox conditions, rather than sediment grain size, adsorption on organic matters, Fe–Mn (hydr)oxides, and terrigenous detritus input. Mo-U covariation is selected to analyze the evolution of redox conditions in the seasonally hypoxic zone. The MoEF/UEF values in this sediment core are almost between 0.1 and 0.3×Mo/Umodern seawater value and show a general decreasing trend with depth, indicating an overall progressive transition from oxic to suboxic conditions in this area since 2005. The close MoEF/UEF values and similar chronological Mo-U variations by comparing our results with previous studies in adjacent areas offer common evidence for the gradually intensified bottom water–oxygen stress, suggesting the possible application of MoEF/UEF in retrieving redox development in this coastal hypoxic zone.
Keywords: Mo-U covariation system, redox-sensitive trace elements, marine hypoxia, environment indication, Changjiang Estuary
INTRODUCTION
Dissolved oxygen (DO), a vital factor for the growth and survival of organisms living on oxygen in the ocean, is closely related to the stable maintenance of marine ecosystems, and its concentration is generally used to indicate marine ecological environment conditions (Breitburg et al., 2018). With the impact of global change and human activities, the DO level has been decreasing in the open ocean and coastal waters since at least the middle of the 20th century (Schmidtko et al., 2017; Oschiles et al., 2018). As one of the most important changes in modern marine ecosystems, ocean deoxygenation further aggravates low DO content in the ocean (Keeling et al., 2010). During the last several decades, the occurrence of hypoxia (defined as oxygen concentration ≤2 mg/L) has been widely observed in many estuarine and coastal regions and is most likely accelerated by human activities (Watson, 2016). Exploring the historical hypoxic intensity and extensity in estuaries can, thus, help us gain a deep understanding of the changing marine environment.
The typical coastal hypoxic zone near the Changjiang River Estuary and its adjacent waters in the East China Sea has been recorded since the late 1950s (Wang, 2009). Based on the seasonal investigation data, the hypoxic zone generally develops at a water depth between 30 and 50 m, and the bottom water DO concentration (BWO) here shows a typical seasonal pattern (Wang et al., 2012): BWO begins to decline in late spring or early summer, reaches the lowest concentration in August, and rises again in autumn. Hypoxic evolution can be traced back to at least 2,600 years from benthic foraminifera and RSE geochemical evidence (Ren et al., 2019). In addition, evidence showed that the hypoxic extensity and intensity were highly variable in recent years (Zhang et al., 2019; Wu et al., 2020; Liu et al., 2021). Reconstruction of redox history can help us better evaluate mechanisms responsible for the variations of seasonal hypoxia and predict future patterns of hypoxia development, including its duration and magnitude.
Due to the lack of systematically and continuously direct DO observations over the past decades in the Changjiang River Estuary and its adjacent waters, it is difficult to directly evaluate the severity and historical variation of coastal hypoxia in this area. Redox-sensitive trace elements (RSEs), such as molybdenum (Mo), uranium (U), and vanadium (V), have been extensively applied as paleoredox proxies to reconstruct redox history due to their differential solubility and authigenic enrichment in various redox conditions (Russell and Morford, 2001; Algeo and Maynard, 2004; Algeo and Tribovillard, 2009; Chang et al., 2009; Morford et al., 2009). These paleoredox proxies are not only used to reconstruct past conditions but also modern systems (Algeo et al., 2012; Algeo and Li, 2020). Mo, U, and V exist in the form of dissolved high valence states and generally behave conservatively in oxic seawater, while they eventually diffuse into sediments through the sediment–water interface under reducing conditions. Due to different redox potentials and authigenic enrichment mechanisms, RSE authigenic enrichment degrees in sediments match well with different marine redox environments (Crusius and Thomson, 2003). Among them, enrichment of Mo primarily occurs in a euxinic environment, while U and V are generally enriched in a suboxic–anoxic environment (Morford and Emerson, 1999; Morford et al., 2009; Smrzka et al., 2019).
Unique geochemical behaviors of RSEs make them possible to be applied in the coastal hypoxic zone. Wu et al. (2020) suggested that Mo, U, and V were moderately enriched, while Mo and V were more sensitive to seasonal variation of nearshore hypoxia than U in the Changjiang Estuary. However, Xie et al. (2020) found that the redox state recorded by RSEs was inconsistent with the redox environment located in the inner continental shelf of the East China Sea. A similar result was also obtained in the oxygen minimum zone (OMZ) of the East Arabian Sea, in which the authors speculated that high deposition flux in continental shelf environment and DO seasonal volatility in coastal hypoxic zones might lead to the loss of signals recorded by RSEs in sediments (Acharya et al., 2015). Based on the previous limited research studies, RSE enrichment degree and response to seasonal hypoxia are still controversial in estuarine and coastal regions. It is necessary to further study enrichment mechanism and potential indication of RSEs in such area.
In this study, one sediment core was collected in the recurrently hypoxic region near the Changjiang River Estuary and its adjacent waters. The elemental geochemistry of RSEs and major elements (Al, Fe, and Mn) and the grain size and total organic carbon (TOC) were analyzed in the sediment core. We aim to examine the controlling factors on enrichment of RSEs and their potential indication for hypoxia history in the Changjiang River Estuary.
MATERIALS AND METHODS
Core Sampling
In August 2020, the sediment sample was collected with a Soutar-type box corer aboard R/V Kexue 3 in site 3,050-2 (30.49°N, 123.02°E) in the hypoxic zone near the Changjiang River Estuary and its adjacent waters (Figure 1). The overlying water was removed by slow side drainage with a suction hose. Acid-washed PVC tubes (with 10 cm diameter and 30 cm length) were inserted slowly and vertically inside the box corer to obtain undisturbed sediment cores. The water depth at the sampling location is 61 m. The DO concentration of bottom water was 1.76 mg/L determined by electrochemical probes and also calibrated by traditional Winkler titration on board (Guo et al., 2021). After collection, this short core was immediately transferred to a glove bag filled with N2 and was sectioned at a 1-cm interval at upper 10 and 2-cm interval at lower 20 cm. These sliced sediment samples were centrifuged at 4°C to separate pore water and then were immediately stored in a frozen (−20°С) chamber. After transport to the laboratory, the sediment samples were freeze-dried under vacuum and then were ground to less than 200 mesh (74 μm for mesh size) for further analysis.
[image: Figure 1]FIGURE 1 | Changes of hypoxic zones near the Changjiang River Estuary and its adjacent waters with locations of core 3,050-2, E3, and E4 (Wu et al., 2020; Yin et al., 2020). Areas marked by solid and dotted lines in different colors were hypoxic zones (DO ≤ 2.0 mg/L) recorded in recent years. The details of these stations are given in Supplementary Table S1.
Laboratory Analysis
The grain size analysis was carried out using a laser particle size analyzer (1190L, Cilas, France). According to accumulative percentages of different grain sizes, the contents of clay (<4 μm), silt (4–63 μm), and sand (>63 μm) and their median size (D50 value) were calculated by previous procedures (Huang, 1999). Total organic carbon (TOC), total nitrogen (TN), and their stable carbon (δ13C) and nitrogen (δ15N) isotopes of sediment samples were measured by using an elemental analyzer (Flash EA IsoLink CN, Thermo Fisher Scientific, Germany) interfaced with an isotope ratio mass spectrometer (MAT 253 plus, Thermo Fisher Scientific, Germany) (Guo et al., 2021). International reference materials (EMA-B2151 and EMA-B2153) were used to check the operating status of the instrument. The analytical precision among six runs of a given sample was typically ±0.02%, ±0.003%, and ±0.15‰ for the carbon content, nitrogen content, and δ13C value, respectively.
The contents of Al, Fe, and Mn in sediments were measured by using a wavelength-dispersive X-ray fluorescence spectrometer (S8 Tiger, Bruker AXS, Germany). The sample preparation was strictly followed according to the work by Sun et al. (2020). The 0.6000 g pre-dried sample was mixed with the flux (lithium tetraborate: lithium metaborate = 67:33) weighing 6.0000 g in a platinum crucible. Then, 1 ml LiNO3 (22%) was taken as the oxidant and 0.6 ml LiBr (12%) as the mold, which were added and mixed uniformly. The crucible was loaded in a fusion bead machine, pre-oxidized at 700°C for 200 s, and then melted at 1,050°C for 10 min, with a uniform speed rotation for homogeneity. The fused mixture was slow-cooled in the crucible and formed into a smooth crack fused bead. The analytical accuracy was performed in the same procedure using national reference materials (GBW07336, GBW07122, GBW07448, and GBW07308), and the recoveries for Al, Fe, and Mn were 100.0 ± 0.6%, 100.4 ± 0.9%, and 98.9 ± 4.3%, respectively. The analytical precisions (defined as the relative standard deviation, RSD) were estimated by analyzing 12 replicate reference material samples (GBW07314) to be 0.81, 0.73, and 1.98% for Al, Fe, and Mn, respectively.
Trace element analyses including Mo, U, and V were carried out using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7,900, Japan). We strictly followed the chemical pretreatment and analytical method established by Chen et al. (2017). Approximately, 0.05 g dried sediment powder was digested in a pre-cleaned Teflon container with a mixture of 1 ml HNO3 and 1 ml HF at around 190°C for 24 h. After cooling, the mixture was evaporated at 120°C to nearly dry state. A measure of 1 ml HNO3 was added to the residual and was evaporated to nearly dry state again. Then, 1 ml HNO3 and 4 ml ultrapure water were added and further digested at 190°C for 2 h. Finally, the digestion solution was accurately diluted to ∼ 100 g with 2% v/v HNO3. The analytical accuracy was performed in the same procedure using national reference materials (GBW07309, GBW07315, and PACS-3), and the recoveries for Mo, U, and V were 95.8 ± 3.8%, 102.7 ± 6.0%, and 101.0 ± 2.7%, respectively.
Data Processes
The RSE contents are generally normalized by Al (RSE/Al) to eliminate the interference of terrigenous detritus inputs (Zhang et al., 2017). In addition, the enrichment factor (RSEEF = (RSE/Al)sample/(RSE/Al)background) is defined to reflect RSE enrichment degree relative to the background values in sediments (Xie et al., 2019). The bottom RSE/Al values in core E4 (Figure 1, Wu et al., 2020) adjacent to core 3,050-2 were used as local background values in our research as they are less affected by environmental pollution and human activities. Based on different authigenic enrichment degrees of Mo and U in different redox conditions, Algeo and Tribovillard (2009) further proposed the MoEF/UEF value shown in Table 1, and the Mo-U covariation system could also be used to indicate the redox state of the bottom water environment (Morford and Emerson, 1999; Tang et al., 2015). Herein, we choose the authigenic Mo/U value in the modern Pacific Ocean (7.5, Tang et al., 2015) as the “Mo/Umodern seawater value”.
TABLE 1 | MoEF/UEF value and associated redox environment.
[image: Table 1]RESULTS
Sedimentary Chronology
Considering that the location of 3,050–2 was close to the adjacent sampling station of core E4 in the published study (Wu et al., 2020), the sedimentary details of E4 were applied in this study to estimate the depositional age of core 3,050–2. The mass accumulation rate (MAR) of E4 is relatively stable, with an average of ∼ 3.11 g/cm2/y, and the chronology of E4 could be dated back to the late 1980s. According to a series of fitting calculations (Supplementary Table S2), core 3,050-2 could be dated back to ∼ 2005, and the average deposition rate is ∼ 1.96 cm/y.
Grain Size Composition
The median diameter (Supplementary Table S3) in core 3,050-2 is variable with depth, ranging from 9.42 to 77.88 μm, with an average of 21.82 μm. Grain size analysis shows that the predominant component is silt (4 ∼ 63 μm) with an average fraction of 51%, followed by sand (>63 μm) with an average fraction of 30%, and then clay (<4 μm) with an average fraction of 19%. In addition, the clay proportions show an overall decreasing trend with depth (Figure 2), and there is a slight increase at 0.5 ∼ 2.5 cm and 7.5 ∼ 9.5 cm. The maxima for the clay proportion occur at a depth of 2 ∼ 3 cm, accounting for 25.3%, whereas minima are found at 0 ∼ 1 cm, 7 ∼ 8 cm, and 28 ∼ 30 cm, accounting for 15.8, 15.1, and 12.2%, respectively.
[image: Figure 2]FIGURE 2 | Down-core variations of clay (%), TOC, TN, C/N, δ13C, δ15N, and proportion of marine organic matter (OMmarine) in core 3,050–2.
Carbon and Nitrogen Compositions
The vertical distributions of total organic carbon (TOC), total nitrogen (TN), C/N values, and stable isotopic compositions of carbon (δ13C value) and nitrogen (δ15N value) in core 3,050–2 with depth are shown in Figure 2 (Supplementary Table S3). The contents of TOC (0.21∼0.38%) and TN (0.03∼0.05%) vary with depth, showing a general decrease with some variability superimposed, with an average of 0.32 and 0.05%, respectively. The contents are decreasing at 0.5∼7.5 cm and 15∼29 cm and increasing at 7.5∼15 cm. The C/N values show a slightly increasing trend with depth, ranging from 6.39 to 8.10, with an average of 7.10. This average ratio is close to the Redfield ratio (106:16 ≈ 6.6), which indicates that organic carbon is dominantly contributed by marine sources (Xie, 2019). The δ13C values are slightly fluctuant with depth, ranging from −21.5‰ to −20.6%, with an average of −21.1‰. Nevertheless, the δ15N values have a slightly increasing trend with depth, ranging from +3.1‰ to +5.1%, with an average of +3.9‰.
The binary mixing model of δ13C values (δ13Cmeasured = f × δ13Cmarine + (1-f) × δ13Cterrestrial, f is the proportion of marine organic matter) could be used to estimate the proportions of organic matter (OM) from terrestrial and marine sources (Yu, 2013). Previous studies in the Changjiang River Estuary and its adjacent waters have shown that δ13C values of marine source OM are generally between −21‰ and −19‰, which are higher than δ13C values of terrestrial OM (-27‰∼-25‰) (Yin et al., 2020). Therefore, δ13C values of the terrestrial and marine end member are selected to be −26‰ and −20‰, respectively. The results of this end-member model show that the proportion of marine source OM varies from 75.5 to 90.7%, with an average of 81.6%, indicating the majority of marine source OM in sediment core 3,050–2, and it is consistent with C/N values.
RSE Distribution and Enrichment
The vertical distribution of normalized RSE/Al values is shown in Figure 3 (Supplementary Table S3). Mo/Al values (0.038 × 10–4∼0.063 × 10–4) vary significantly with depth, with an average of 0.050 × 10–4. There is an obvious increase at 0.5∼1.5 cm, 7.5∼11 cm, and 25∼29 cm. The maximum Mo/Al value occurs at a depth of 11 cm (0.063 × 10–4). U/Al (0.277 × 10–4∼0.515 × 10–4) and V/Al (10.394 × 10–4∼12.240 × 10–4) values are slightly fluctuant with depth (except extreme bottom U/Al value), with an average of 0.331 × 10–4 and 11.368 × 10–4, respectively. The average values of U/Al and V/Al are slightly higher than those of post Archean Australian shale (PAAS, 0.164 × 10–4 and 7.937 × 10–4). Nevertheless, the average value of Mo/Al is mostly lower than that of post Archean Australian shale (PAAS, 0.053 × 10–4), except at a depth of 1.5 cm (0.056 × 10–4) and 11∼19 cm (0.054∼0.063 × 10–4) (Taylor and McLennan, 1985).
[image: Figure 3]FIGURE 3 | Down-core variations of RSE/Al values in core 3,050–2, and the blue dotted line represents average values of RSE/Al in post Archean Australian shale (PAAS).
DISCUSSION
Controlling Factors of RSE Enrichment
In addition to the redox mechanisms mentioned previously, RSE migration and enrichment could be controlled by several other factors, such as organic matter and Fe–Mn redox cycling (Crusius et al., 1996; Morford and Emerson, 1999; Chang et al., 2009; Monien et al., 2014; Xie et al., 2019; Bennett and Canfield, 2020). To evaluate the controlling factors of RSEs in sediment core 3,050–2, the correlations between RSE/Al values and clay proportion, TOC, Fe/Al, and Mn/Al values were analyzed as shown in Figures 4A–D,F (Supplementary Table S4).
[image: Figure 4]FIGURE 4 | Correlation between RSE/Al values and clay proportion (A), TOC (B), Fe/Al value (C), Mn/Al value (D), and their R2 (F); correlation between RSEs and Al (E).
Mo, U, and V are easily removed by adsorption on organic matter and/or Fe-Mn (hydr)oxides in oxic conditions, and then, they could be released back into pore water when the environment becomes reducing (Smrzka et al., 2019). On the other hand, the degradation of sinking organic matter needs to consume dissolved oxygen; then, it could lead to hypoxia in bottom water, which provides the reducing condition for the migration and enrichment of RSEs (Wang et al., 2016; Wu et al., 2020). In the study area, there is no significant correlation between U/Al (R2 = 0.041), Mo/Al (R2 = 0.365) values, and TOC. Similar relationships between RSE/Al and TOC were also found in the mud area of the Changjiang Estuary, which suggest that TOC contents do not directly control enrichments of Mo and U in sedimentary records (Zhao et al., 2021), although adsorption on sedimentary OM might be a mechanism by which the enrichments occur (Smrzka et al., 2019; Bennett and Canfield, 2020). However, the significant correlation between V/Al values and TOC (r = 0.717, p < 0.01) might indicate that V is relatively easy to shuttle by absorption on sedimentary OM in this area. The weak correlations between Mo/Al, U/Al values and Fe/Al, and Mn/Al values (R2 = 0.001∼0.377) indicate that the controlling effect of Fe–Mn redox cycling on Mo and U in this area is not strong enough. However, V/Al and Fe/Al values have a relatively significant correlation (r = 0.779, p < 0.01), and V is more strongly affected by Fe redox cycling in this area, consistent with the results of Wu et al. (2020). V might be adsorbed on Fe-(hydr)oxides converting into sediments temporarily and then could be released with the reduction of Fe-(hydr)oxides (Smrzka et al., 2019; Xie et al., 2020).
Previous studies in the Changjiang River Estuary and its adjacent waters have demonstrated that trace elements were controlled by grain size in the offshore oxic environment (named “grain size effect”), and they are easily affected by terrigenous detritus, which are opposite to those in the hypoxic zone (Zhang et al., 2005; Xu et al., 2007). In our study, there is no significant correlation between RSE/Al values and clay proportion (R2 = 0.141∼0.252), which indicates that the “grain size effect” has a low impact on the distribution of RSEs in core 3,050–2. Similar results were also found by Zhang et al. (2005) and Xu et al. (2007), and they have discovered that RSEs were mainly controlled by redox conditions in the hypoxic zone off the Changjiang Estuary. Considering the nearshore input of terrigenous detritus, a similar correlation analysis between RSEs and Al was also performed (Figure 4E). The results show that V (R2 = 0.658, p < 0.01) is strongly disturbed by terrigenous detritus input, while Mo (R2 = 0.186) and U (R2 = 0.285) are less affected.
V is strongly affected by adsorption on organic matter, Fe redox cycling, and input of terrigenous detritus, and these factors could interfere with its sedimentary records of authigenic enrichment. Therefore, we consider that V could not be used as an effective proxy of marine hypoxia in this area. In contrast, Mo and U are less affected by adsorption on organic matter, Fe–Mn redox cycling, input of terrigenous detritus, and “grain size effect”. The authigenic enrichment of Mo and U is still primarily controlled by the intensity of reducing conditions; thus, it can be used for the analysis of hypoxia evolution in the study area.
Response of the Mo-U Covariation System to Marine Hypoxia
As mentioned previously (Table 1), Mo-U covariation in modern unrestricted marine sediments could be used to assess bottom water redox conditions based on their differential geochemical behavior (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). In the present study, we also use this system to analyze the evolution of redox conditions in the seasonally hypoxic zone. The vertical MoEF/UEF values in core 3,050–2 show a general decreasing trend with depth (Figure 5) and are basically between 0.1 and 0.3×Mo/Umodern seawater value, indicating an overall progressive transition from oxic to suboxic conditions in this site since 2005. The finding of gradually intensified hypoxia in the study area during the last 15 years is consistent with that of previous studies in the adjacent area (Figure 1, Wu et al., 2020), although the overlap of depositional age between these two studies is just from 2005 to 2012 (Figure 5). In this period, MoEF/UEF values in core 3,050–2 (0.643∼1.605) are similar to those in adjacent core E3 (1.004∼1.688) and E4 (0.800∼1.584), and all show the general increasing trends since 2005 (Figure 5). Therefore, the close MoEF/UEF values and similar variation at different locations offer common evidence for the oxygen stress in this coastal hypoxic zone.
[image: Figure 5]FIGURE 5 | Observation data of minimum DO concentrations in the hypoxic zone off the Changjiang River Estuary and down-core variations of MoEF/UEF values in sediment core 3,050–2 (red), E3 (green), and E4 (blue) (Wu et al., 2020; Liu et al., 2021). Orange dashed lines represent 0.1 and 0.3 × Mo/Umodern seawater, and the orange shadow indicates an oxic–suboxic environment.
The compiled DO observation data showed that minimum DO concentrations of bottom waters in the hypoxic zone off the Changjiang River Estuary declined fluctuatingly in the recent 15 years. The hypoxic evolution is also well-registered by sedimentary MoEF/UEF values in core 3,050–2. From 2005 to 2014, the sampling station might be covered by the hypoxic zone, evidenced by the continuously increasing MoEF/UEF value and fluctuant decreasing minimum DO concentration. A significantly decreasing MoEF/UEF value and a relatively high minimum DO concentration were found in 2015, implying that the sampling station might not be covered by the hypoxic zone even temporarily. The recovery of hypoxia in this site after 2015 was recorded by obviously increasing MoEF/UEF values and decreasing minimum DO concentrations.
The authigenic sequestration depths of U and Mo are varied between SWI and relative deep layers within the sediment core, which depend on multiple controlling factors, such as oxygen penetration depth (OPD), sedimentary flux of OM, and sulfide concentration in pore water, especially in the seasonal hypoxia area (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Due to the lack of observation data mentioned previously, it is difficult to discriminate the potential effects of the offset between SWI and depth of authigenic Mo and U sequestration on these records. In addition, post-depositional remobilization in sediments and the potential impact of bioturbation and irrigation may also alleviate the robustness of the MoEF/UEF value in reconstructing past changes in benthic redox conditions (Crusius et al., 1996; Morford et al., 2009; Duan et al., 2019). However, it is suggested that the authigenic phases of Mo and U are effectively retained in the solid phase as the major proportion is largely unreactive in a eutrophic, low-salinity coastal setting (Jokinen et al., 2020). Moreover, consistent results of MoEF/UEF values and their correspondence with bottom DO levels between this study and previous works both suggest the possible application of the MoEF/UEF value in retrieving redox development in this area. As discussed previously, the OPD, dissolved Mo and U and sulfide concentration in pore water, and the fraction distribution of Mo and U in solid phase should be investigated together to further verify the feasibility of the MoEF/UEF proxy in tracking past changes in bottom water oxygenation in this seasonal hypoxia coastal setting.
CONCLUSION
The authigenic enrichment of Mo and U in sediment core 3,050–2 is primarily controlled by the redox conditions. MoEF/UEF values in core 3,050–2 indicate a general oxic–suboxic environment but are more prone to suboxic environment since 2005 in this area. The similar Mo-U covariation in core 3,050–2 and adjacent cores offer common evidence for the oxygen stress in this coastal hypoxic zone. The results could match well with hypoxic observation data in the Changjiang River Estuary and its adjacent waters and reveal the intensification of seasonal hypoxia in recent years. Our work suggests the possible application of the MoEF/UEF value in retrieving redox development in this area, though more marine chemical work should be investigated to further verify its feasibility.
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Distribution of calcium carbonate (CaCO3) in marine sediment has been studied over the last century, and influence by multiple factors with regard to dissolution and dilution of sedimentary CaCO3 has long been established. There is still lack of quantification on the influence of those factors, so it remains elusive to determine which specific process is driving the down-core variation of CaCO3 content (wtCaCO3%) records. Here, based on a newly compiled CaCO3 data set and a carbonate model, depth-profiles of sedimentary wtCaCO3% from the West Pacific Ocean can be well illustrated, and influence from different factors on their distribution features can be quantified. The deep ocean circulation is found to largely shape the inter-basin disparity in sedimentary wtCaCO3% distribution between the equatorial regions (e.g., the Western Equatorial Pacific Ocean and the Central Pacific Ocean) and the north–west regions (the Philippine Sea and the Northwest Pacific Ocean) in our study region. Moreover, the slow carbonate dissolution rate in the deep Central Pacific Ocean guarantees better accumulation of CaCO3 at depth compared to that in other regions. However, enhanced dilution by non-carbonate materials of sedimentary CaCO3 on a topographic complex can potentially obstruct the dissolution profiles constituted by sedimentary wtCaCO3% in the pelagic ocean. The aforementioned assertion suggests that changes of wtCaCO3% accumulation in marine sediment in the West Pacific Ocean can be used to dictate past changes of the deep ocean circulation (2,500 to 3,000 m) in this area but constraint on the non-carbonate flux, especially on the topographic complex, should be necessary.
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INTRODUCTION
The global ocean is actively involved in the climate regulation by influencing the carbon cycling on the Earth’s surface on different time scales (Regnier et al., 2013). Processes governing the carbon sequestration from the lower atmosphere to the ocean and cycles of carbon in the ocean interior are mainly known as the biological pump and the solubility/physical pump, respectively. In particular, the biological pump transforms dissolved inorganic carbon into particulate organic carbon in the surface ocean, transfers the particulate organic carbon (POC) to depth via settling particles, and releases the sequestrated carbon back into the sea water as CO2 by microbial metabolism/respiration (POC remineralization) (Volk and Hoffert, 1985). In contrast, the solubility/physical pump regulates carbon partition between the lower atmosphere and the surface ocean by CO2 exchange (Ito and Follows, 2003), transports carbon from the surface ocean to the deep ocean by deep convection (deep water formation), and circulates carbon in deep ocean basins by the global ocean conveyor belt (thermohaline circulation).
The Pacific Ocean, which is the biggest marine carbon reservoir at the end of the global ocean conveyor belt, hosts the oldest and carbon-rich deep water in the global ocean owing to accumulated organic matter remineralization (Yu et al., 2020). The corrosive Pacific deep water (Sexton and Barker, 2012) results in shallower preservation depth of calcite (rarer and more soluble aragonite is excluded in our analysis), which hereafter is the only carbonate mineral considered in this article, in the Pacific sediments than that in the Atlantic and Indian ocean sediments (Berger et al., 1976; Biscaye et al., 1976; Kolla et al., 1976). Features regarding the spatial distribution of Pacific sedimentary CaCO3 content (wtCaCO3%) have long been discovered to be related to multiple factors (e.g., ocean productivity, ocean circulation, and lithogenic dilution), while their impacts have not been quantified (Broecker, 2008). Given the importance of the Pacific Ocean in the global carbon cycle, especially during the climate transition periods (e.g., the suggested CO2 outgassing way to the atmosphere from the abyss during the last deglaciation; Gray et al., 2018), it is necessary to conduct a quantitative assessment on the carbonate distribution in the deep Pacific Ocean, in order to establish the basis to examine past changes of the Pacific carbonate system.
Sedimentary CaCO3 in the deep sea mainly consists of calcite or aragonite sourced from calcifying plankton. Theoretically, the upper water column of the ocean is saturated with regard to CaCO3, and critical dissolution of calcite takes place below a horizon where the sea water becomes calcite-under-saturated as a result of increased solubility of calcite with water depth (pressure). Under-saturation of CaCO3 could be generated in the micro-environment above the general carbonate saturation horizon as a result of intense POC respiration. Therefore, dissolution of the more soluble aragonite could happen in the upper water column, which is not considered in this current study. Generally, profiles of sedimentary calcite content versus water depth exhibit classic CaCO3-depth features (Chung et al., 2003) with high constant values of wtCaCO3% at shallower depths and a systematic decrease below the calcite saturation horizon to reach essentially zero content at deeper depths (Broecker and Peng, 1982).
However, plotting the surficial sedimentary wtCaCO3% versus water depth in the Pacific Ocean gives a data cloud (Supplementary Figure S1). Although the decrease of wtCaCO3% with water depth below ∼3,000 m can be illustrated, the trend is rather unrefined to provide any informative message. The reason is that the dynamic ecology (i.e., CaCO3 export productivity) in the surface of the Pacific Ocean and complexity in the deep ocean (i.e., topography, submarine volcano, and circulation, etc.) bring uncertainties to the sedimentary CaCO3 distribution, which demands sub-grouping of the data to distinguish the influence of such processes.
This current study is therefore carried out in order to understand the underlying mechanism of CaCO3 accumulation in the West Pacific Ocean by re-analyzing compiled surficial sedimentary CaCO3 distribution patterns. Our work provides a quantitative constraint of the geographical variations in sedimentary wtCaCO3% distribution in the West Pacific Ocean, which will help to establish a way to constrain the deep ocean circulation and uncover the role of the West Pacific Ocean in global carbon cycles in the geological past.
METHODS AND THEORETICAL MODEL
The Study Area
The intricate bottom topography (i.e., widely distributed seamounts and guyots) of the West Pacific Ocean results in complicated distributions of different thermohaline currents. The deep water below about 3,500 m in the West Pacific Ocean is dominated by the Lower Circumpolar Deep Water (LCDW), which flows northward along the Chatham Rise in the western South Pacific Ocean (Chiswell et al., 2015) and enters the Central Pacific Ocean through the Samoan Passage, where it bifurcates into western, northern, and eastern branches (Figure 1) (Johnson and Toole, 1993; Kawabe et al., 2003; Kawabe and Fujio, 2010). The Upper Circumpolar Deep Water (UCDW), originated from the Antarctic Circumpolar Current (ACC), is transported by the anticyclonic flow at shallower depths through the South Pacific and ultimately enters the Philippine Sea via the Caroline Basin (Figure 1) (Kawabe et al., 2003). Upwelled LCDW in the Northeast Pacific Ocean is transformed into another upper deep water, the North Pacific Deep Water (NPDW), between 2,000 and 3,500 m, which is modified on its southward route by mixing with UCDW.
[image: Figure 1]FIGURE 1 | Map of the study region with black markers representing the locations of sediment cores (triangle—the Northwest Pacific; left triangle—the Philippine Sea; diamond—the Western Equatorial Pacific; circle—the Central Pacific) (see Supplementary Table S1). White, gray, and black arrows show the pathway of the major deep thermohaline currents (e.g., the North Pacific Deep Water (NPDW), the Upper Circumpolar Deep Water (UCDW), and the Lower Circumpolar Deep Water (LCDW)) in the Pacific Ocean (Johnson and Toole, 1993; Kawabe et al., 2003; Fiedler and Talley, 2006; Kawabe and Fujio, 2010). Red rhombus represents major volcanoes and hydrothermal vents in the Pacific Ocean (Beaulieu, 2010; Venzke, 2013).
The LCDW fills the deep ocean below about 3,500 m mainly in the West Pacific Ocean (Supplementary Figure S1), producing a relatively young water mass age (500–700 years) in the Central Pacific Basin and older water mass age in the Caroline, Philippine, and North Pacific basins (700–1,000 years) between 3,500 m and 4,000 m, coinciding with the decreasing carbonate ion ([CO32−]) from the Central Pacific Ocean to the Northwest Pacific Ocean as a result of accumulated respiration of organic matter (Supplementary Figures S2, S4). Ages of the water mass and [CO32−] at a depth between 2,500 m and 3,000 m, where UCDW dominates, show weaker inter-basin contrast, but aging of the water mass (decreasing [CO32−]) from the South to the North can still be found in our study region (Supplementary Figures S3, S4).
Data Preparation
Data used in this study include surficial CaCO3 content in sediments (wtCaCO3%), carbonate ion concentration in the deep ocean ([CO32-]), PIC rain (FB), and non-carbonate flux (FM).
Surficial sedimentary wtCaCO3% data used in this article are compiled from previously published references, with details appended in Supplementary Table S1. Sediment cores from the West Pacific Ocean are separated into four geographic groups (e.g., the Northwest Pacific Ocean, the Philippine Sea, the Western Equatorial Pacific Ocean (including mostly the Caroline Basin), and the Central Pacific Ocean). The topographic complex in the deep ocean (e.g., the Ogasawara–Mariana–Palau Ridges, the Caroline Ridges, the Ontong Java Plateau, and the Mid-Pacific Mountains) sets the boundary between different regions (Figure 1), and measured carbonate chemistry (GLODAPv2.2020; Olsen et al., 2020) and simulated deep water-mass ages by the Norwegian Earth System Model (NorESM; Tjiputra et al., 2013) differ among the four regions (Supplementary Figures S2, S3). Carbonate ion concentration ([CO32-]) data used in this study were calculated from titration alkalinity, total dissolved inorganic carbon, salinity, temperature, and pressure (water depth) data obtained from the Global Ocean Data Analysis Project version 2.2020 database (GLODAPv2.2020; Millero, 1995; Olsen et al., 2020). A basin-wide distribution of the deep sea [CO32−] below 1,000 m is illustrated in Supplementary Figure S4, with average values between 2,000 and 3,000 m for different ocean regions and the in situ variance summarized in Table 1.
TABLE 1 | Predicted values of the carbonate saturation depth (CSD), carbonate dissolution rate (k*), and non-carbonate flux (FM) obtained from parameters of PIC flux (FB), [CO32−] (spatial mean value ± standard deviation), and observed carbonate compensation depth (CCD) used in the control run.
[image: Table 1]Rain (flux) of particulate inorganic carbon (PIC; FB) to the surficial sediment consists mostly settling CaCO3 produced in the surface ocean by marine calcifiers. To calculate the PIC rain, the net primary production was first estimated (Supplementary Figure S5A) using the monthly Moderate Resolution Imaging Spectroradiometer (MODIS) datasets based on a carbon-based production model (CBPM; Behrenfeld et al., 2005), which is then translated into the export flux of particulate organic carbon (POC; Supplementary Figure S5B) using algorithms developed by Laws et al. (2000).The export flux of PIC is then derived based on the PIC:POC export ratio (Sarmiento et al., 2002), and the PIC rain (Table 1) is assigned to be half of the export flux of PIC due to carbonate dissolution in the water column as a result of POC remineralization (Feely et al., 2004). Dilution of marine CaCO3 in the pelagic ocean is largely determined by non-carbonate components, such as lithogenic materials and biogenic opal, despite dominant fluvial input to ocean margins. As the major source for lithogenic input (FM), eolian dust is estimated by various means (Kienast et al., 2016), and the results are shown in Supplementary Table S2. In particular, model simulated dust deposition (Supplementary Figure S6; Jickells et al., 2005) suggests that the Northwest Pacific Ocean has the highest mean dust deposition at about 0.97 g m−2 yr−1, and dust deposition in other areas ranges from ∼0.2 g m−2 yr−1 (the Central Pacific Ocean and the Western Equatorial Pacific Ocean) to ∼0.84 g m−2 yr−1 (the Philippine Sea).
Carbonate Accumulation Model
To better constrain the observed sedimentary wtCaCO3% distribution, a critical depth where CaCO3 turns under-saturated beneath (the carbonate saturation depth; CSD) is first calculated from [CO32−] in the deep ocean between 2,500 m and 3,000 m in different basins, where the sea water turns under-saturated (Supplementary Figure S4), based on empirical relationships established by Boudreau et al. (2010). Another critical depth where the carbonate sedimentation rate balances its dissolution rate (the carbonate compensation depth; CCD) can be determined by finding the depth, below which no accumulation of CaCO3 could be found. Observed locations of CCD can be used to derive values of the dissolution rate of CaCO3 (k*; Table 1) with the PIC rain (FB), deep sea [CO32-], and non-carbonate flux (FM) (Li et al., 2021; Liu et al., 2022).
Ultimately, the sedimentary wtCaCO3% (B) at a given water depth between CSD and CCD can be calculated by:
[image: image]
where ρCaCO3 is the mass density of CaCO3 (2.5 × 104 mol m−3; Boudreau, 2013), ρM is the density of non-carbonate sediment (2.5 × 106 g m3; Archer, 1996), FB is the PIC rain (mol m−2 yr−1), [CO32−] and [CO32−]sat are deep-sea carbonate ion and deep-sea carbonate ion at saturation, respectively, and FM is the non-carbonate flux (g m−2 yr−1), which can be calculated from observed constant sedimentary wtCaCO3% (B) above the CSD (Liu et al., 2022; Supplementary Table S2).
RESULTS
Sedimentary CaCO3 Distributions
Locations of the samples and distributions of sedimentary CaCO3 in different ocean regions are shown in Figure 2. The deposition depth of marine CaCO3 is relatively shallow in the Northwest Pacific Ocean and the Philippine Sea. Pelagic sediments in the Northwest Pacific have 70%–80% wtCaCO3 at ∼2,500 m, below which wtCaCO3% decreases to zero at ∼4,000 m (black triangles in Figures 2A,B). In the pelagic Philippine Sea, sedimentary wtCaCO3% decreases with a water depth from ∼92% at ∼1,600 m, and almost no CaCO3 can be found in sediments at depths below ∼4,100 m (filled black left triangles in Figures 2C,D), with most of sedimentary wtCaCO3% data between 2,000 m and 4,000 m from core-tops retrieved on the Ogasawara–Mariana and Kyushu–Palau ridges (unfilled left triangles in Figures 2C,D). The sedimentary CaCO3 distribution in the Western Equatorial Pacific Ocean (diamonds) and the Central Pacific Ocean (circles) is presented in Figures 2E–H, with sedimentary wtCaCO3% decreasing below ∼3,000 m with depths to reach zero at ∼4,500 m and ∼5,200 m, respectively.
[image: Figure 2]FIGURE 2 | Location of the sampling sites and distributions of sedimentary CaCO3 in the Northwest Pacific Ocean [triangles; (A,B)], Philippine Sea [left triangles; (C,D)], Western Equatorial Pacific Ocean [diamonds; (E,F)], and Central Pacific Ocean [circles; (G,H)]. Pelagic sediments with high CaCO3 content presumably not strongly affected by non-carbonate dilution are marked by filled black symbols, while those with low CaCO3 content are marked by unfilled black symbols. Samples from ocean margins with low CaCO3 content are labeled in red [panels (A–D)]. The solid black lines are model outputs (control runs) for the pelagic Northwest Pacific Ocean (A), Philippine Sea (B), Western Equatorial Pacific Ocean (C), and Central Pacific Ocean. The sensitivity tests with [CO32−] (±∼5 μmol kg−1) are presented by the red dashed line.
Model Outputs
Features in observed CaCO3-depth profiles can be largely reproduced by our model using parameters listed in Table 1. The predicted positions of CSD for different regions generally correspond to where the first systematic decrease of sedimentary wtCaCO3% can be observed (Figure 2). The CSD is the deepest in the Central Pacific Ocean (∼2,900 m) with a slight shoaling to ∼2,800 m in the Western Equatorial Pacific Ocean and ∼2,700 m in the Philippine Sea. The CSD is the shallowest (∼2,300 m) in the Northwest Pacific Ocean. Such results are based on measured deep-sea [CO32−] averaged over 300 m above the sea floor for depths between 2,500 m and 3,000 m, obtained from GLODAPv2-2020 data (Supplementary Figure S4; Olsen et al., 2020). The dissolution rate of CaCO3 (k*) calculated based on observed values of CCD is on the same order of magnitude among sediments from different regions of the West Pacific Ocean (Table 1), with a relatively low k* (∼2 m yr−1) for the Central Pacific Ocean, a high k* (∼5 m yr−1) for the Western Equatorial Pacific Ocean, and medium k* (∼3 m yr−1) for other regions.
The predicted CaCO3-depth profiles (solid lines in Figure 2) from our model can reproduce the general patterns of observed sedimentary CaCO3 distribution across different domains, despite some data points deviated from the depth-CaCO3 profiles and uncertainties associated with the sedimentary wtCaCO3% data that will be addressed later. A comparison between the measured wtCaCO3% data and model outputs (control runs) suggests that model simulations are statistically consistent with the actual data (Supplementary Figure S7).
DISCUSSION
Influence of Deep Ventilation on the Sedimentary CaCO3 Distribution
Intrusion of the LCDW and UCDW originated from the Southern Ocean into the Central Pacific Basin results in relatively higher dissolved [CO32−] (∼75 μmol kg−1) below 2,000 m than other regions in the West Pacific Ocean (Supplementary Figures S3, S4). Therefore, the deep water in the Central Pacific Basin is relatively carbonate saturated so that CaCO3 can be better preserved at depths. Aging of the UCDW and a branch of the LCDW that enters the Western Equatorial Pacific Ocean do not integrate enough with effect of POC remineralization with time in the Western Equatorial Pacific Ocean so that the regional deep-sea [CO32-] in the deep Western Equatorial Pacific Ocean (∼74 μmol kg−1) remains close to that in the Central Pacific Ocean. The deep water in the Philippine Sea is largely controlled by the UCDW since direct intrusion of the younger and deeper LCDW is restricted by the island chains, which leads to lower deep-sea [CO32−] (∼71 μmol kg−1) than that in the deep Western Equatorial Pacific Ocean. Further north, weakening of LCDW with a volume transport of 12–14 Sv (106 m3 s−1) in the Central Pacific Ocean to 6 Sv in the Northwest Pacific Ocean (Kawabe and Fujio, 2010), as well as enhanced control of the North Pacific Deep Water (NPDW) in the Northwest Pacific Ocean, is in coincidence with a distinct decline of [CO32−] (∼68 μmol kg−1) compared to other regions and shallow saturation depth of sedimentary CaCO3 (2,420 m; Figure 2; Table 1).
To counteract the increasing TCO2 resulted from accumulated organic matter respiration with time and compensate for the loss of [CO32−], carbonate dissolution takes place at shallower ocean depths as the deep water ages (Figures 2; Supplementary Figure S4). Therefore, the contrasting features of sedimentary CaCO3 between the equatorial regions (e.g., the Western Equatorial Pacific Ocean and the Central Pacific Ocean) and the northwest regions (the Philippine Sea and the Northwest Pacific Ocean) in our study region can be attributed to patterns of the abyssal circulation. Below the carbonate saturation depth, accumulation of CaCO3 in marine sediments is determined by the rate of carbonate dissolution (k*) (Boudreau et al., 2020). The approach we take can help to estimate the basin-scale-averaged carbonate dissolution rate (k*) in the West Pacific Ocean, which seems to be in concert with k* based on water-side control (Table 1; Sulpis et al., 2018), consistent with our previous estimation of k* in the Southwestern Atlantic Ocean and marginal seas in the western Pacific Ocean (Li et al., 2021; Liu et al., 2022). Therefore, our calculation is in support of the assertion that carbonate dissolution is mainly controlled by diffusion through the diffusion boundary layer (Boudreau et al., 2020).
With the lowest k* (∼2 m yr−1) among different regions in the West Pacific Ocean, CaCO3 dissolves slow in under-saturated deep waters in the Central Pacific Ocean so that more CaCO3 can get accumulated in sediment at a deeper depth. In contrast, the high k* (∼5 m yr−1) in the Western Equatorial Pacific Ocean infers fast CaCO3 dissolution, and CaCO3 can get accumulated in sediment at a much shallower depth compared to that in the Central Pacific Ocean, though the PIC rain in the Western Equatorial Pacific Ocean is doubling that in the Central Pacific Ocean. The rate of carbonate dissolution (k*) due to water-side control is determined by the rate of deep current, and our derived high k* in the Western Equatorial Pacific Ocean and low k* in the Central Pacific Ocean are in line with high bottom current speed in the Western Equatorial Pacific Ocean and low bottom current speed in the Central Pacific Ocean (Sulpis et al., 2018).
Influence of Non-Carbonate Dilution
It is worth mentioning that the uncertainty in regional [CO32-] or observed location of CCD cannot fully account for the variability of basinal sedimentary wtCaCO3% distribution (Figures 2, 3). The sedimentary wtCaCO3% above the carbonate saturation depth in both the Western Equatorial Pacific Ocean and the Central Pacific Ocean shows strong regional variability (Figure 3), which could either be caused by different in situ PIC rain (FB) or varied dilution intensity of the non-carbonate flux (FM). The estimated PIC rain (FB; Table 1) in the Western Equatorial Pacific Ocean is more than doubling that in the Central Pacific Ocean. However, the sedimentary wtCaCO3% above the CSD in the Western Equatorial Pacific Ocean is not higher than that in the Central Pacific Ocean, suggesting non-carbonate materials in sediments is playing an important role in determining wtCaCO3%.
[image: Figure 3]FIGURE 3 | Pelagic sedimentary wtCaCO3%-depth profiles and model outputs for the Northwest Pacific Ocean (A), Philippine Sea (B), Western Equatorial Pacific Ocean (C), and Central Pacific Ocean (D). Predictions by the model’s control run (Table 1) are shown by bold black lines. The sensitivity tests with observed position of carbonate compensation depth (±400 m, with corresponding uncertainty of the carbonate dissolution rate k*) and non-carbonate fluxes FM (±50%) are presented by green and golden dashed lines, respectively. The carbonate saturation depth (CSD) and carbonate compensation depth (CCD) are indicated by the black dotted and dashed lines, respectively.
Calculated fluxes of non-carbonate materials (FM) are high in the Western Equatorial Pacific Ocean (∼2.4 g m−2 yr−1), which is generally in agreement with the high flux of non-carbonate materials recorded by sediment traps but remarkably higher than simulated dust deposition rates and Th-derived lithogenic flux (Supplementary Figure S6; Supplementary Table S2). Such a comparison indicates that lithogenic input alone is not sufficient to account for the carbonate dilution in the Western Equatorial Pacific Ocean. Alternatively, high fluxes of biogenic opal with spatial disparity in the Western Equatorial Pacific Ocean, and perhaps in the equatorial upwelling region in the Central Pacific Ocean as well, could have contributed to the dilution of CaCO3 in sediment.
Lack of sedimentary wtCaCO3% data above CSD in both the Northwest Pacific Ocean and the Philippine Sea hinders our constraint on the flux of non-carbonate materials in both basins. We thus take the dust deposition rates directly as lithogenic flux (FM) in the model, and our model predictions of depth-profiles of sedimentary wtCaCO3% can reasonably reproduce the scarce sedimentary wtCaCO3% data from the two regions, despite lower sedimentary wtCaCO3% data between 2,000 m and 4,000 m from core-tops retrieved mostly on the Ogasawara–Mariana and Kyushu–Palau ridges (unfilled symbols in Figure 2). It is worth mentioning that Th-derived lithogenic flux in the Northwest Pacific Ocean is 1–4 times higher than the rate of dust deposition (Supplementary Table S2), and such a magnitude of increase of FM suffices to reproduce the low sedimentary wtCaCO3% in the pelagic Northwest Pacific Ocean between 2,500 m and 3,600 m (Figure 4).
[image: Figure 4]FIGURE 4 | Map (A) detailing ridges in the West Pacific Ocean and (B) plots of sedimentary wtCaCO3% versus depth in the Philippine Sea and the Northwest Pacific Ocean. Pelagic sediments with high CaCO3 content presumably not strongly affected by non-carbonate dilution are marked by filled black symbols, while those with low CaCO3 content from the Emperor Seamount Chain, the Ogasawara–Mariana Ridge, and Kyushu–Palau Ridge are marked by unfilled black symbols. The solid black lines are model outputs (control runs) for the pelagic Northwest Pacific Ocean (B) and Philippine Sea (C). The black dotted, red dotted, dot and dash, and dashed lines show sensitivity tests with 2, 4, 10, and 40 times of FM, respectively.
Sediment-trap-recorded flux of non-carbonate materials in the Northwest Pacific Ocean is 6–20 times higher than the rate of dust deposition (Supplementary Table S2) due to contribution of biogenic opal (Kawahata et al., 1998). Therefore, the spatial variance in the flux of biogenic opal in the Northwest Pacific Ocean could potentially explain some of the low wtCaCO3% found in sediment on the Emperor Seamount Chain. However, trap-recorded flux in the oligotrophic Philippine Sea is only 1–2 times higher than the dust deposition rate (Supplementary Table S2; Kawahata et al., 1998), and such uncertainty could not explain the diluted sedimentary wtCaCO3% in that region (Figure 4C). To reproduce the low sedimentary wtCaCO3% from the Ogasawara–Mariana and Kyushu–Palau ridges, one needs 2–40 times higher flux of non-carbonate materials than the dust deposition rate, which could only be attributed to detritus derived from volcanic activities in this area.
CONCLUSION
Patterns of accumulated CaCO3 in sediment in the West Pacific Ocean have been revisited. With a simple carbonate accumulation model applied, factors that could exert influence on the sedimentary CaCO3 distribution have been examined. Notwithstanding uncertainties associated with the factors that must account for variability in sedimentary wtCaCO3%, the deep ventilation (a.k.a. thermohaline currents) substantially shapes the depth-profiles of sedimentary CaCO3 in different regions in the West Pacific domain. Furthermore, the dominant control of carbonate dissolution by diffusion through the diffusion boundary layer is verified using our approach, which is in line with the control of deep ocean ventilation on sedimentary CaCO3 distribution. Enhanced dilution by non-carbonate materials of sedimentary CaCO3 on the topographic complex is uncovered, which can potentially obstruct the dissolution profiles constituted by sedimentary wtCaCO3% in the pelagic ocean. Given that the variation of the non-carbonate flux on the topographic complex can be properly constrained, our results imply that the basinal sedimentary wtCaCO3% distribution has the potential to reflect changes of the carbonate chemistry in the deep ocean (2,500 to 3,000 m) in the past, which could be associated with either changes of the property of UCDW or a mass replacement in the West Pacific Ocean. This information would then help us to dictate possible reorganization of the thermohaline circulation and understand the role the West Pacific Ocean played in global carbon cycles in the geological past.
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The International Ocean Discovery Program (IODP) Expedition 349 recovered Miocene oceanic red beds overlying the basaltic basement in the South China Sea. The occurrence of oceanic red beds provides an opportunity to understand the deep-sea redox conditions when the South China Sea was open to the western Pacific during the Miocene. Here, we investigated iron oxide mineral contents along with major element compositions of the oceanic red beds at Site U1433 to reveal the Miocene deep-sea oxidation environment of the South China Sea and its interaction with the western Pacific. The results show that these samples contain 0.20–1.48% hematite (average 0.50%) and 0.30–2.98% goethite (average 1.20%). Their contents have good linear correlations with color reflectance a* (red) and b* (yellow), respectively, implying that the reddish-brown color of the Miocene oceanic red beds resulted from a mixture of hematite and goethite. Compared to other oceanic red beds worldwide, the occurrence of hematite and goethite in the South China Sea is considered to form under an oxic bottom water environment with an extremely low sedimentation rate. The (hematite + goethite)/(100%—Al2O3) ratio is adopted to reconstruct the evolution of bottom water oxidation during the Early–Middle Miocene. A continuously decreased oxidation trend from 18.4 to 11.6 Ma, along with two strengthened oxidation events occurring at around 15 Ma and 14 Ma, is observed to dominate the environment evolution of the abyssal South China Sea. We infer that this long-term decreased oxidation trend was caused by the gradual blocking of oxygen-rich bottom water from the western Pacific since the Early Miocene, while the two oxidation events were likely attributed to the rapid thermal subsidence of the South China Sea and the global cooling during the Middle Miocene climate transition, respectively.
Keywords: Miocene oceanic red beds, hematite, goethite, major elements, IODP Expedition 349 Site U1433, South China Sea
INTRODUCTION
Oceanic red beds are marine sedimentary layers that are predominantly red in color and deposited in pelagic or hemipelagic deep-water environment (Franke and Paul, 1980; Wang et al., 2009). The oceanic red beds usually stand for oxic and oligotrophic deep-water conditions and therefore have been used to trace paleoenvironment and paleoclimate evolution since the 1970s (Walker, 1967; Wang et al., 2004; Hu et al., 2005; Wang et al., 2005). Oceanic red beds are common in global oceans and widespread throughout the geological history from the middle Ediacaran to the whole Phanerozoic (Song et al., 2017). Previous investigations mainly focus on the Cretaceous oceanic red beds, and there are few studies on the Cenozoic oceanic red beds. Due to the change in the sedimentary environment, it is difficult to analogize the origins of the Cretaceous oceanic red beds to those of the Cenozoic directly. In addition, earlier studies emphasized an oxidation environment in which oceanic red beds were produced, although the mechanism to form red color in oceanic red beds remains uncertain (Cai et al., 2012; Hu et al., 2012). Therefore, it is necessary to carry out relevant studies on the Cenozoic oceanic red beds.
Trace element geochemistry and iron oxide mineralogy are common and effective tools to characterize the sedimentary conditions and formation mechanism of oceanic red beds (Jamal et al., 2017). However, trace elements are easily affected by numerous factors, for example, salinity, pH, temperature, and hydrothermal inputs (Li et al., 2011; Neuhuber and Wagreich, 2011; Hu et al., 2012). In comparison, iron oxide mineralogy is less affected by these external factors. Even so, contents of iron oxide minerals (mainly hematite and goethite) are difficult to be determined quantitatively in marine sediments due to their low levels and similar mineralogical features. X-ray diffraction (XRD) was usually used to identify the mineral contents. However, the detection limit of XRD for minerals is ∼1% (Deaton and Balsam, 1991). As a result, XRD is not suitable for measuring the contents of iron oxide minerals as hematite and goethite commonly occur at levels less than 1% in marine sediments. Although Mossbauer spectrometry can also be used to detect the contents of hematite and goethite, it only gives the relative proportion of Fe phases, and the analysis is time-consuming (Walden et al., 2000; Ji et al., 2002). In addition, magnetic proxies for the hematite content are also considered because of the magnetization of hematite, while the weak magnetization of hematite and often significant superparamagnetic nanoparticle concentrations make quantification difficult (Roberts et al., 2020). Despite all these, diffuse reflectance spectroscopy (DRS) is capable of detecting and quantifying iron oxide minerals in sediments with analytical levels as low as ∼0.01% (Scheinost et al., 1998; Scheinost and Schwertmann, 1999; Ji et al., 2002). Furthermore, Li et al. (2011) successfully quantified the contents of iron oxide minerals for the oceanic red beds by using the DRS method. Therefore, the DRS method potentially provides an opportunity to achieve the composition of iron oxide minerals with high accuracy to understand the formation of oceanic red beds. Percent reflectance spectrums at different bands and derivatives (first and second derivatives) of DRS all have been used for the quantitative determination of hematite and goethite (Deaton and Balsam, 1991; Scheinost et al., 1998; Ji et al., 2002). In derivative plots, the characteristic peaks (435 and 535 nm) of goethite may be masked by hematite (about 565 nm) and minerals (440 nm) (e.g., illite and chlorite) (Balsam and Damuth, 2000; Ji et al., 2006). Also the heights of peaks in derivative plots for different minerals do not mean the difference in content as they can be affected by the matrix effect during analysis (Ji et al., 2002). Considering the aforementioned two reasons, we chose using the percent reflectance spectrums at different bands to calculate hematite and goethite contents in this study.
The lower–middle Miocene oceanic red beds were first recovered in the South China Sea (SCS) during the International Ocean Discovery Program (IODP) Expedition 349, especially at Site U1433, where the most continuous sedimentary record has been well preserved (Figure 1A). Onboard preliminary investigation suggested that the oceanic red beds at Site U1433 are reminiscent of the deep-water red clays in the central Pacific, but the exact mechanism of formation needs further study (Li et al., 2015). The Miocene oceanic red beds are considered the only sedimentary record in the abyssal basin of the SCS during the Early–Middle Miocene. Early studies of Miocene sediments in the SCS were few and conducted mainly on the northern continental slope (Wan et al., 2007; Liu et al., 2013). There was lack of deep-sea drilling holes in the central basin. As the largest marginal sea in the western Pacific, the deep-water mass of the SCS is always from the Pacific (Tian et al., 2006). In particular, the SCS was directly connected to the western Pacific in the Miocene (Hall, 2002). Thus, although the study area certainly has local characteristics, the results reflect the scenario of the western Pacific in the Miocene.
[image: Figure 1]FIGURE 1 | Early Miocene paleogeographic map of the South China Sea (SCS) and development of the Miocene oceanic red beds at IODP Site U1433. (A) Reconstructed SCS paleogeographic map at 18 Ma (Hall, 2002) showing the location of Site U1433 (red dot). (B) Lithology and color reflectances a* (red) and b* (yellow) (10-point running average) of the lower part of Site U1433 (data from Li et al., 2015). Shaded area represents the Miocene oceanic red beds, spanning from 18.4 to 11.6 Ma.
In this study, we used the DRS method to quantitatively determine the contents of hematite and goethite of the oceanic red beds at Site U1433. Major elemental compositions were also analyzed together to study the deep-sea oxidation environment evolution of the SCS during the period when the Miocene oceanic red beds developed. This is the first study to report the identification and composition of hematite and goethite in the Miocene oceanic red beds of the world’s oceans and then to discuss their application on the evolution history of deep-sea oxidation of the western Pacific. Therefore, we highlight that the deep-sea oxidation history recorded from iron oxide minerals in the Miocene oceanic red beds in this study is of regional or global Miocene evolutionary scientific significance.
MATERIAL AND METHODS
Site U1433 (12°55.13′N, 115°2.85′E, water depth 4379 m) is located in the abyssal basin of the SCS (Figure 1A). The site was drilled 857.48 m deep below the seafloor during the IODP Expedition 349 in 2014 (Li et al., 2015). The lithology consists of the upper sediment unit (0–796.67 m) and the lower basalt basement (796.67–857.48 m). The Miocene oceanic red beds lie directly above the oceanic basalt at a depth range of 754.18–796.67 m, with a total thickness of 42.49 m (Figure 1B). They are composed of reddish-brown (reflectance a* >2) clay stone and clay stone with minimal millimeter-scale silt intervals. A total of 96 samples from the red beds were collected at an interval of ∼50 cm (equivalent to 80 ka temporal resolution) for this study. All samples were analyzed for iron oxide mineralogy and major element geochemistry. Seven of these samples were selected, most from the oceanic red bed section for picking fossil fish teeth for 87Sr/86Sr stratigraphy construction.
87Sr/86Sr of fossil fish teeth were measured by using a Thermo Scientific NeptunePlus Multicollector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE) in Gif-sur-Yvette, following the method described by Colin et al. (2014). For each sample, 30 mg fish teeth/debris with sizes larger than 150 μm were handpicked under a binocular microscope. All the fossil fish teeth were then ultrasonicated for 1 min 3 times in ultrapure water. The cleaned fish teeth were dissolved in 6 N HCl. The sample solution was then loaded into a column filled with AG50-X8 cation resin. The Sr fraction was de-trapped from the column using 2N HCl. Then, the Sr fraction was purified on a 20-μl SrSpec® column consisting of a polyethylene syringe with a 4-mm ∅ Millex® filter. During the analytical sessions, every two samples were bracketed with analyses of appropriate Sr standard solution NIST SRM987 (87Sr/86Sr≈0.710250 ± 000,016) (Lugmair et al., 1983). Sample and standard concentrations were matched at 25 ppb. The Sr and Nd isotope ratios were corrected from mass bias according to the exponential law relative to 84Sr/86Sr = 0.1194. The analytical error for each sample analysis was taken as the external reproducibility of the NIST SRM987 standard unless the internal error was larger.
Iron oxide minerals were quantitatively analyzed using a PerkinElmer Lambda 6 Spectrophotometer with a diffuse reflectance attachment at the Institute of Surficial Geochemistry (Nanjing University). Sample preparation and analysis followed the procedures described by Ji et al. (2002) and Zhang et al. (2007). In brief, the samples were made into a slurry on a glass microslide with distilled water, smoothed, and dried slowly at room temperature (< 40°C). During measurement, we used the visible spectrum (400–700 nm) that is the most sensitive to iron oxides (Deaton and Balsam, 1991) at 2-nm intervals to obtain reflectance data. The reflectance data were further converted into percent reflectance in standard color bands (Judd and Wyszecki, 1975), that is, violet = 400–450 nm, blue = 450–490 nm, green = 490–560 nm, yellow = 560–590 nm, orange = 590–630 nm, and red = 630–700 nm. Percent reflectance in standard color bands was determined by dividing the percentage of reflectance in a given color band by the total visible wavelength reflectance in a sample (Balsam et al., 1999). The total reflectance of a sample or brightness was calculated by summing the reflectance values from 400 to 700 nm. Brightness and percent reflectance spectrums of violet, blue, green, yellow, orange, and red were used as independent variables to calculate hematite and goethite contents according to transfer functions. The transfer functions for this study were obtained by adding a series of known quantities of pigment-grade synthetic hematite and goethite to the matrix material treated using the citrate–bicarbonate–dithionite (CBD) procedure, following the method described by Ji et al. (2002), which is summarized in Supplementary Appendix A1. The transfer functions are as follows:
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The correlation coefficients of these formulas are 0.989 for hematite and 0.980 for goethite, respectively. To further assess the accuracy of our quantitative estimates of hematite and goethite contents, nine samples were selected randomly for analyzing extractable iron contents after the CBD procedure. The CBD procedure can fully extract iron oxide phases of iron oxide minerals (mainly hematite and goethite in this study) without affecting other minerals (Raiswell et al., 1994). Samples were extracted twice with sodium dithionite in hot (75°C) sodium citrate and sodium bicarbonate solution to ensure the complete removal of iron oxides. Then, the extractable iron content of the CBD extractable solution was measured on a UV-2100 spectrophotometer to calculate the percentage of iron oxides extracted. The calibration samples for this study are the same as those of previous studies (Li et al., 2011).
Major elements were measured on bulk sediments by using the X-ray fluorescence (XRF) method using a PANalytical AxiosmAX spectrometer at the State Key Laboratory of Marine Geology (Tongji University). The samples were dried and ground to a fine powder using an agate mortar and pestle. About 4 g of the powder was mixed with H3BO3 as a substrate in a set of cylinder mold and then compressed under 40 MPa to obtain a pellet for analysis. Sediment standards GSR-6 and GSD-15 were used to monitor the analytical precision and accuracy. The data were reported as major element oxides. The analytical precision for major elements is greater than 2%.
RESULTS
Age Model
The age model of this site was established using planktonic foraminifera, calcareous nannofossil, radiolarian, and magnetic stratigraphy from proceedings of Expedition 349 (Li et al., 2015), and deep-tow magnetic anomaly from Li et al. (2014) (Supplementary Appendix A2). Li et al. (2014) carried out an in situ measurement of the basalt basement age in the SCS by using deep-tow magnetic anomaly and found that the age of basalt at Site U1433 is 18.4 Ma. The Miocene oceanic red beds lie directly above the basalt basement, so we adopted 18.4 Ma as the starting age of the oceanic red bed. Therefore, the age points of the oceanic red beds at this site are a magnetic stratigraphic age point (11.06 Ma), two radiolarian age points (15 Ma, 15.03 Ma), and the deep-tow magnetic anomaly age point (18.4 Ma) (Table 1). Based on this low-resolution age model for the oceanic red beds, we obtained seven age points from 87Sr/86Sr stratigraphy. The deep-tow magnetic anomaly, the biostratigraphic, and paleomagnetic data limited the fish tooth-tuned age to 11.06–18.4 Ma. But the 87Sr/86Sr of fossil fish teeth vary between 0.708812 and 0.708943, which were higher than 87Sr/86Sr of seawater from global oceans (about 0.708600–0.708900) during the same period (Veizer et al., 1999). The Sr isotope of seawater was a mixture of Sr input from continental flux and mantle flux (Palmer and Elderfield, 1985). The SCS as a marginal sea may receive higher 87Sr/86Sr continental input from rivers than from the oceans (Palmer and Edmond, 1989). So, there should be an offset of 87Sr/86Sr of seawater between the SCS and global oceans. We roughly used the mean value of 87Sr/86Sr of seawater from the SCS (0.708849) and global oceans (0.708755) to calculate the offset (0.000094) in the oceanic red beds. After deviation correction, the fish tooth-tuned age of the Miocene oceanic red beds at the IODP Site U1433 was refined by 87Sr/86Sr of fossil fish teeth to the seawater 87Sr/86Sr stratigraphy of the global seawater (Figure 2, Table 1) (Veizer et al., 1999). The 87Sr/86Sr stratigraphy compensates for the lack of biostratigraphic age points in the Miocene oceanic red beds. Totally 60 age points were used for fitting the age model of Site U1433 (Figure 3, Supplementary Appendix A2), including planktonic foraminifera, calcareous nannofossil, radiolarian, and magnetic stratigraphy from the proceedings of Expedition 349 (Li et al., 2015), deep-tow magnetic anomaly from Li et al. (2014), and 87Sr/86Sr stratigraphy from this study. The age model result shows that the development of the oceanic red beds at Site U1433 started at 18.4 Ma and ended at 11.6 Ma, with an average sedimentation rate of 0.60 cm/ka.
TABLE 1 | Age model points of the oceanic red beds at IODP Site U1433 in the SCS.
[image: Table 1][image: Figure 2]FIGURE 2 | 87Sr/86Sr stratigraphy reconstructed from fossil fish teeth of the Miocene oceanic red beds at Sites U1433 and its correlation with global seawater (Veizer et al., 1999).
[image: Figure 3]FIGURE 3 | Age–depth plot of the Miocene oceanic red beds at Site U1433 in the SCS. Shaded area shows the Miocene oceanic red beds section.
Iron Oxide Minerals
The DRS data suggest that the oceanic red beds at Site U1433 contain both hematite and goethite. All samples have three first derivative peaks for hematite (565 nm) and goethite (435 and 525 nm) in the first derivatives of DRS data (Figure 4A). For goethite, the 435 nm peak is more significant because the 525 nm peak is commonly overlapped by the 565 nm peak of hematite (Balsam and Wolhart, 1993). Peaks of hematite in most samples are higher than those of goethite. However, the heights of peaks for different minerals do not mean the difference in contents as they can be affected by the matrix effect during analysis (Ji et al., 2002). Distribution of hematite and goethite over time is further present in the plot of DRS data versus age (Figure 4B). Time series color difference between the wavelengths demonstrates that the first derivatives at 435 and 565 nm show peaks at most periods, while the first derivative at 525 nm shows a peak only at certain periods. Meanwhile, the first derivative values at 435 nm are higher than those at 525 nm.
[image: Figure 4]FIGURE 4 | First derivatives of the diffuse reflectance spectrometry (DRS) data for the Miocene oceanic red beds of Site U1433. (A) Spectrum distribution of DRS first derivatives of all samples at Site U1433. (B) Time series variations of DRS first derivatives of samples during Early–Middle Miocene. The wavelength ranges from 400 to 700 nm. It is noteworthy that the peaks at 435 and 525 nm represent the signals of goethite, and the peak at 565 nm represents the signal of hematite.
Based on regression Eqs 1, 2, the contents of hematite and goethite can be calculated quantitatively. Results show that the samples contain 0.20–1.48% hematite (average 0.50%) and 0.30–2.98% goethite (average 1.20%) (Figure 5, Supplementary Appendix A3). Temporal variations of hematite and goethite contents show a similar decreasing trend from 18.4 to 11.6 Ma, with a sudden increase at 15.2 Ma. The only difference in their content variations occurred during 13.2–14.8 Ma, in which the hematite content suddenly decreased and was constant, while the goethite content first increased and then decreased upward. Meanwhile, reflectances a* and b* also have a similar trend, with the only difference occurring in this period. The reflectance a* was constant, while the reflectance b* showed a tendency to rise and fall and rise again during 13.2–14.8 Ma. Time series variations of the hematite content and reflectance a* have the same trend when the hematite content is below 1.0% after 17.8 Ma.
[image: Figure 5]FIGURE 5 | Time series variations of hematite and goethite contents and color reflectances a* and b* (10-point running average) of the Miocene oceanic red beds at Site U1433. Reflectances a* and b* data are from proceedings of Expedition 349 (Li et al., 2015). Shaded area shows that the hematite content was constant, while goethite content first increased and then decreased upward.
Major Elements
Major element compositions are characterized by high SiO2 (52.60–63.80%), Al2O3 (13.54–19.92%), and Fe2O3 (6.57–13.12%), with low MgO (2.21–3.97%), K2O (2.15–3.61%), CaO (0.34–1.22%), Na2O (1.37–2.01%), TiO2 (0.53–0.75%), and MnO (0.04–2.52%) (Figure 6, Supplementary Appendix A4). In temporal variation, the Al2O3 content stabilized at ∼14% during the 18.4–15.5 Ma period, then gradually increased to 19.5% at 12 Ma, and finally slightly decreased to ∼17% at 11.6 Ma. This variation pattern occurred also in the K2O content. However, the opposite pattern of variation was obtained in CaO and Na2O contents. In comparison, the Fe2O3 content shows a gradually decreasing trend from ∼13% at 18.4 Ma to ∼7% at 11.6 Ma. Such a decreasing pattern is also observed from MgO and MnO contents.
[image: Figure 6]FIGURE 6 | Time series variations of major elements of the Miocene oceanic red beds at Site U1433, indicating a strong change at around 15.5 Ma for all major element contents.
DISCUSSION
Reliability of Quantitative Analysis of Iron Oxide Minerals
We added a series of known quantities of hematite and goethite to the matrix material when we obtained the regression equations (see details in Supplementary Appendix A1). The actual hematite and goethite contents mixed into the samples are compared with the estimated contents of hematite and goethite to evaluate the reliability of regression equations. For hematite from 0 to 1.0%, the R2 of the regression line is 0.978. For goethite from 0 to 2.5%, R2 = 0.961. The good correlations between the estimated contents and the actual contents of iron oxide minerals can confirm the accuracy of calibration equations and the reliability of quantitative analysis in this study. For a few samples with hematite and goethite contents out of the constrained ranges, we excluded them in the following discussion since their accuracy cannot be ensured in our calculation. In addition, these samples are located at the bottom of the Miocene oceanic red beds sequence (>18 Ma), and their exclusion will not affect the overall evolution trend.
To further assess the accuracy of the quantitative estimates, we compared the calculated iron from estimated contents of hematite and goethite with the CBD extractable iron contents from the samples (Figure 7). The CBD extractable iron is used to estimate the amount of free iron oxides in sediments. In marine sediments, the free iron oxides are mainly composed of hematite and goethite with a small amount of maghemite and magnetite (Li et al., 2011). Therefore, the calculated Fe contents based on estimated contents of hematite and goethite should be close to or slightly less than the contents of CBD extractable iron. In this study, the strong linear relationship (R2 = 0.934) between the estimated iron contents and the CBD extractable iron contents, lying near the line Y = X (Figure 7), further supports the reliability of the quantitative estimates of iron oxide minerals.
[image: Figure 7]FIGURE 7 | Linear relationship between estimated iron from hematite and goethite contents and the CBD extractable free iron of selected Miocene oceanic red beds samples at Site U1433. Solid line: fitted line, dashed line: Y = X.
Formation of Reddish-Brown Color for the Miocene Oceanic Red Beds
The oceanic red beds are in reddish-brown color, which is a key indicator for identifying their existence in nature. Hematite, goethite, and rhodochrosite (Mn2+ bearing calcite) were all considered as the possibilities to account for the reddish-brown color of oceanic red beds (Nagao and Nakashima, 1992; Hu et al., 2012). The other iron or manganese minerals reserved in the oxidation environment are black. Nonetheless, the characteristic peak of rhodochrosite, which is 577 nm in the first derivation spectrum of DRS (Cai et al., 2008), is not observed from our samples. Thus, we proposed that the existence of hematite and goethite should be the main reason to interpret the formation of reddish-brown color in this study. We tested this inference by the CBD procedure, as shown in Supplementary Appendix A1. Before the CBD procedure, all samples were brownish and characterized by the prominent first derivative peaks of hematite and goethite. After the CBD procedure, all samples changed colors from brownish to greenish or grayish, and the characteristic peaks of hematite and goethite disappeared. After adding standard minerals of hematite and goethite to the matrix materials, the samples returned to brownish again and the characteristic peaks of hematite and goethite reappeared.
The role of hematite and goethite in forming the color of sediments is different. In theory, hematite is bloodred in color (3.5R–4.1 YR, Munsell hue) and imparts a red color to sediments, while goethite is bright yellow in color (8.1YR–1.6Y, Munsell hue) and imparts a bright yellow color to sediments (Deaton and Balsam, 1991). To identify the role of hematite and goethite in this study, we correlated the hematite content to reflectance a* and the goethite content to reflectance b*, wherein a* indicates the degree of red color and b* indicates the degree of yellow color. Results show that the hematite content has a strong linear correlation with reflectance a* (R2 = 0.76) and the goethite content has a relatively strong linear correlation with reflectance b* (R2 = 0.44) (Figure 8). Although the correlation coefficient between reflectance b* and goethite content is smaller than that between reflectance a* and hematite, the positive correlation is clear to indicate that goethite could have implications for forming yellow color for the Miocene oceanic red beds. This confirms that hematite plays the main role in forming red color and goethite could have an impact on forming yellow color for the Miocene oceanic red beds at Site U1433. In addition, there is no special characteristic peak of other pigment minerals shown in the first derivation spectrum of DRS. Therefore, we concluded that the reddish-brown color of the Miocene oceanic red beds was resulted from the mixture of hematite and goethite.
[image: Figure 8]FIGURE 8 | Correlations of hematite and goethite contents with color reflectances a* and b* of the Miocene oceanic red beds at Site U1433, respectively. (A) Hematite versus reflectance a*. (B) Goethite versus reflectance b*. Data of color reflectances a* and b* are from proceedings of Expedition 349 (Li et al., 2015).
Hematite and goethite in marine sediments can be terrigenous (Abrajevitch et al., 2009; Chen et al., 2017). However, we consider that hematite and goethite in the oceanic red beds of the SCS were authigenic, which can be supported by 1) the mineral crystallinity deduced from the DRS data and 2) the relationship between iron oxide minerals and major elements. First, genesis of iron oxide can be identified by the mineral crystallinity, and first derivative peaks can be used to indicate the crystallinity of hematite and goethite. With the decrease in hematite and goethite crystallinity, their first derivative peaks move toward the short wavelength (Cai et al., 2008). Well-crystalline hematite from the Cretaceous oceanic red beds is characterized by the peak centered at 575 nm (Hu et al., 2006). In comparison, hematite from this study is characterized by the peak centered at 565 nm, which shows a weak crystalline characteristic. Goethite in this study also shows the same weak crystalline characteristic because the characteristic peak of goethite in this study is 525 nm, which is less than 535 nm as characterized by well-crystalline goethite (Figure 4A). In general, hematite from the terrigenous inputs is well crystalline, while authigenic hematite is poor in crystallization (Li and Cai, 2014). Therefore, it is likely to reveal that the hematite and goethite in this study were authigenic.
Second, the variation of Al2O3 can be used as a proxy to indicate terrigenous inputs of red beds because Al2O3 is mainly derived from clay minerals which come from terrigenous inputs in marine sediments (Boyle, 1983; Turgeon and Brumsack, 2006). The different evolution trends between Al2O3 and Fe2O3 (Figure 6) reveal that the source of Fe2O3 was not terrigenous inputs, at least not entirely. Although the variations of hematite and goethite contents show a similar trend (Figure 5), their positive correlation shows three distinct stages: 11.6–13.2 Ma, 13.2–14.8 Ma, and 14.8–17.8 Ma (Figure 9A). The stages of 11.6–13.2 Ma and 14.8–17.8 Ma show a strong and same correlation (R2 = 0.75), while the stage of 13.2–14.8 Ma indicates a relatively weak correlation (R2 = 0.24) and a marked deviation from the trend of other two stages (Figure 9A). This may imply a weak formation of hematite during 13.2–14.8 Ma, as shown in Figure 5. Generally, the hematite and goethite contents are negatively correlated with the Al2O3 content, respectively (Figures 9B,C). However, unlike the relatively strong correlation of the goethite content with the Al2O3 content (R2 = 0.51), the correlation of the hematite content with the Al2O3 content is quite weak due to the shift of the decreased hematite content during the stage of 13.2–14.8 Ma. Therefore, we believe that the decrease of the hematite content at this stage leads to the low correlation between the hematite content and Al2O3 content. As for the reasons for the decrease in the hematite content, we infer that the environmental change at that stage prevented the transformation of goethite to hematite or the direct formation of hematite. Such a strong negative correlation between hematite and goethite contents and Al2O3 content further indicates that hematite and goethite of the Miocene oceanic red beds at Site U1433 are authigenic.
[image: Figure 9]FIGURE 9 | Correlations of hematite, goethite, and Al2O3 contents of the Miocene oceanic red beds at Site U1433. (A) Plot of hematite versus goethite content. (B) Plot of hematite versus Al2O3 content. (C) Plot of goethite versus Al2O3 content.
The authigenic hematite and goethite are directly derived from a syn-depositional oxidation environment which allows free iron to settle in the form of trivalence from seawater (Hu et al., 2009). The redox condition at the sediment–water interface was determined by two factors, the concentration of dissolved oxygen and the accumulation rate of organic matter (Morford and Emerson, 1999). Therefore, formation of authigenic hematite and goethite in the Miocene oceanic red beds can result in two mechanisms: sedimentation in an oxygen-rich condition, for example, Cretaceous oceanic red beds (Clauer et al., 1982; Wagreich and Krenmayr, 2005), and sedimentation with oxygen in an extremely low sedimentation rate, for example, modern oceanic red clay of the Pacific (Glasby, 1991). The average sedimentation rate of the red beds at Site U1433 is 0.60 cm/ka, which is higher than the that of modern oceanic red clay (<0.1 cm/ka, Dunlea et al., 2015) but lower than that of the Cretaceous oceanic red beds (1–2 cm/ka, Hu et al., 2012). Therefore, the oxidation degree of the Miocene oceanic red beds sediment environment was relatively stronger than that of the modern oceanic red clay. The concentration of dissolved oxygen of the deep water in the modern SCS is around 2.5 ml/L, which is still in an oxidation environment (Li and Qu, 2006). Nonetheless, the development of oceanic red beds of the SCS disappeared after the Middle Miocene (12 Ma), when the sedimentation rate experienced a sudden increase to 6.22 cm/ka on average (Figure 3). Considering that the SCS basin was open to the western Pacific and the oxygen-rich bottom water of the Pacific flowed directly into the SCS in the Early-Middle Miocene (Hall, 2002), we proposed that the formation of the authigenic hematite and goethite in the SCS should be affected by both the oxygen-rich condition and the low sedimentation rate.
Implications for the Evolution of Abyssal Sedimentary Environment
The formation of authigenic hematite and goethite can be used to indicate the redox condition of the depositional environment. Here, we selected the (hematite + goethite)/(100%—Al2O3) ratio as a redox proxy to reflect the syn-depositional environment by ruling out the dilution influence of terrigenous input. The result shows that the degree of oxidation gradually weakened from the Early to Middle Miocene, with two slightly strengthening at around 15 Ma and 14 Ma (Figure 10B). The continuous decreasing trend of oxidation degree in the SCS might be caused by the decreased oxidation degree of the bottom water mass in the western Pacific. However, the global climate cooling event significantly increased dissolved oxygen concentration in seawater during the Early-Middle Miocene (Figure 10C) (Zachos et al., 2001). The expansion of the Antarctic ice sheet at the same time increased the dissolved oxygen concentration of bottom water in the western Pacific due to the recharge of the oxygen-rich bottom water from the Antarctic (Woodruff and Douglas, 1981; Ramsay et al., 1994). Thus, the possibility of the oxidation degree of the bottom water in the western Pacific should be ruled out. In previous studies, the strong deviation of benthic foraminifera δ13C of the SCS from the global ocean marks the birth of a local deep water due to the closure of the SCS since 16 Ma (Figure 10D) (Li et al., 2007; Wang and Li, 2009). The gradual closure of the SCS blocked the intrusion of the oxygen-rich bottom water from the western Pacific. Therefore, the gradual closure of the SCS could be the plausible reason causing the gradual decrease of oxidation degree of the bottom water in the abyssal basin of the SCS.
[image: Figure 10]FIGURE 10 | Time series variations of hematite + goethite and (hematite + goethite)/(100%—Al2O3) of the Miocene oceanic red beds at Site U1433. δ18O and δ13C of ODP Site 1148 in the SCS (Tian et al., 2002) and combined δ18O and δ13C in the global oceans (Zachos et al., 2001) of benthic foraminifera are plotted for comparison. Shaded areas show two oxidation events occurred at around 15 Ma and 14 Ma. The Middle Miocene climate transition (MMCT) at 13.8 Ma (Shevenell et al., 2004) is also indicated.
For the two strengthened oxidation events (Figure 10B), it could happen for different reasons. The oxidation event I occurred at about 15 Ma when the SCS experienced a rapid thermal subsidence at the end of expansion (Li et al., 2014; Ding et al., 2016), allowing the intrusion of more oxygen-rich bottom water from the western Pacific (Beaty et al., 2017). Such a shift to the bottom water activity could have reinforced the formation of a more oxidized sedimentary environment in the SCS. Oxidation event II occurred at around 14 Ma and might be caused by the global cooling during the Middle Miocene Climate Transition (MMCT, 14.2–13.8 Ma) (Shevenell et al., 2004). The cooling global climate can lead to the increase in the dissolved oxygen concentration in seawater (Zachos et al., 2001). Hence, we consider that the rapid subsidence of the SCS at about 15 Ma and the global cooling during the MMCT around 14 Ma led to the occurrence of two strengthened oxidation events. Similar to the fact that the Oxidation Event II was caused by global cooling, the Oxidation Event I also might be affected by relative cooling conditions at around 15 Ma. According to the benthic δ18O, there was no very significant cooling event at around 15 Ma like the global cooling during the MMCT. Also, the first oxidation event was significantly stronger than the second event. Thus, we suggest that the rapid subsidence of the SCS was the main contribution to the first oxidation event and the cooling played a secondary role.
CONCLUSION
In this study, we quantitatively analyzed the hematite and goethite contents in the Miocene oceanic red beds at IODP Site U1433 and revealed their chromogenic reason of reddish-brown color. We finally applied these results to the reconstruction of the deep-sea oxidation environment evolution of the SCS abyssal basin during the Early-Middle Miocene. The following conclusions were obtained:
1) The quantitative analysis result shows that the Miocene oceanic red beds contain 0.20–1.48% hematite (average 0.50%) and 0.30–2.98% goethite (average 1.20%). The hematite and goethite contents have strong positive correlations with reflectance a* (red) and b* (yellow), respectively, indicating that the combined action of hematite and goethite is the reason for the reddish-brown color of the samples.
2) Hematite and goethite in the Miocene oceanic red beds are poor in crystallization, and their contents are negatively correlated with the Al2O3 content, indicating that they are mainly authigenic minerals, formed in the oxygen-rich bottom water and extremely low sedimentation rate sedimentary environment.
3) The (hematite + goethite)/(100%—Al2O3) ratio indicates the gradually decreased oxidation evolution of the bottom water in the SCS abyssal basin from the Early to Middle Miocene, with two strengthened oxidation events occurring at around 15 Ma and 14 Ma. The long-term decreasing trend might be caused by the gradual blocking of oxygen-rich bottom water from the western Pacific since the early Miocene, while the two oxidation events could be led by the thermal subsidence of the SCS and the global cooling during the MMCT, respectively.
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The palaeoceanographic studies are largely limited by poor carbonate preservation in high-latitude regions. To improve our knowledge in this key area, we studied a sediment core (ANT32-RA05C) in terms of paleomagnetic and 230Th dating and geochemical properties, collected from the continental slope of the Ross Sea, Antarctica. The two major results are as follows: 1) the sedimentation rate based on 230Th isotopes is 1.37 cm/kyr, agreeing well with the correlation of the relative paleomagnetic intensity of the core ANT32-RA05C to changes in Earth’s magnetic intensity and 2) the sediments contain ice-rafted debris (IRD) over 30%, with a considerable contribution of siliceous deposits. Integrating geochronological and geochemical properties of the studied core, a correlation of the regional paleoenvironmental process to the EPICA Dome C (EDC) Antarctic temperature is established, inferring that the IRD input and primary productivity are both enhanced in a warm climate. Moreover, a leading phase of biogenic processes to changes in the ice sheet in the Ross Ice Shelf is observed, highlighting a dominant role of the oceanic circulation in the ice-sheet retreat during the last deglaciation. Overall, the sedimentary record in the Ross Sea documents some key features of the paleoenvironmental processes in the Late Pleistocene, which could be correlated with large-scale changes in Antarctica and thus are worthy of further investigation in the future.
Keywords: Ross Sea, Late Pleistocene, paleomagnetism, 230Th dating, ice-rafted debris, biogenic silica
INTRODUCTION
The Ross Sea with the Ross Ice Shelf is the second largest bay in Antarctica and has the largest ice shelf on Earth, whose size is extremely sensitive to the global climatic change (Mckay et al., 2008; Wilson et al., 2012; Brachfeld et al., 2013; Rignot et al., 2013; Ohneiser et al., 2019). Because of this, climate change and environmental evolution in the Ross Sea attracted great attention in the past decades, such as palaeoceanographic, glacial (ice sheets/sea ice), and climatic processes since the late Quaternary (Domack et al., 1999; Shipp et al., 1999; Bart and Cone, 2012; Anderson et al., 2014; Yokoyama et al., 2016). For example, Domack et al. (1999) and Mckay et al. (2008) studied the sediments from till to glacimarine and identified a progressive retreat of the ice shelf during the last deglaciation. Mosola and Anderson (2006) investigated several cores including terrigenous glacimarine sediments from the eastern Ross Sea and found that the absence of the upper diatomaceous facies could be attributed to the sea-ice cover. Based on the ice-rafted debris (IRD) records, Li et al. (2021) investigated changes in the ice shelf and the iceberg discharge since the marine isotope stage (MIS) 13 and reported a shift in the terrigenous sources.
Because of the limited dating materials and large uncertainties in dating organic carbon (Sikes et al., 2000; Pugh et al., 2009; Skinner et al., 2010; Xiao et al., 2016), chronological works based on AMS 14C dating and oxygen isotope stratigraphy are usually not suitable in such high-latitude regions, causing lots of unknowns of the past changes in the sedimentary and palaeoceanographic processes in the Ross Sea. Recently, several comprehensive records of the relative paleomagnetic intensity (RPI) have been established (Guyodo and Valet, 1999; Sagnotti et al., 2001; Stoner et al., 2002; Macrì et al., 2005; Jovane et al., 2008; Channell et al., 2009; Lisé-Pronovost et al., 2013), providing an opportunity to precise the dating of sediments without carbonate materials, and this method has been successfully applied in various paleoenvironmental studies in the Southern Ocean (Sagnotti et al., 2001; Branchfeld et al., 2003; Macrì et al., 2005; Macrì et al., 2006; Collins et al., 2012; Xiao et al., 2016). Therefore, in this study, based on the sediment core ANT32-RA05C from the continental slope of the Ross Sea, paleomagnetic and 230Th dating are used to determine the age model, and the geochemical properties are carried out to provide a reconstruction of the climatic and oceanic evolution in the Ross Sea since the Late Pleistocene.
REGIONAL SETTING
The Ross Sea is a marginal sea, with the Victoria Land to the west and the Marie Byrd Land to the east (Figure 1). The Ross Sea Shelf has a typical glacial topography shaped by ice streams (Mosola and Anderson, 2006; Anderson et al., 2014), with an average depth of ∼530 m and rapidly increasing to 3000 m in the shelf margin (Smith et al., 2012). In cold seasons (from March to November), the Ross Sea Shelf is generally frozen, and the sea ice extends to the outer region near 60°S, while in warm seasons (December to February), the sea ice melts and most of the bedrocks nearshore are exposed (Anderson et al., 2014). The oceanic circulation in the Ross Sea is mainly composed of the Antarctic Circumpolar Current driven by the westerly winds, the Antarctic Slope Current driven by the polar easterly winds, and the clockwise Ross Gyre sandwiched between them (Carter et al., 2008; Dotto et al., 2018; Li et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic map of the study area. The red star represents the core ANT32-RA05C in this study, and the yellow dots represent the cores nearby the study area. EDC, EPICA Dome C ice core (Jouzel et al., 2007); WLK, Wilkes Land Basin cores (Macrì et al., 2005); and Eltanin, Eltanin cores (Jovane et al., 2008). Oceanic circulation was modified from Carter et al. (2008), Dotto et al. (2018); Cook et al. (2017), and Li et al. (2021).
The melting process of the Ross Ice Shelf is characterized by the collapse and detachment of icebergs and large ice masses, which are driven by the ocean currents and surface winds that unload large amounts of ice-rafted debris onto the continental shelf and open ocean. Since the Late Pleistocene, the Ross Ice Shelf expanded and retreated several times (Naish et al., 2009), and the grounding line migrated northward further onto the Ross Sea Shelf in the Last Glacial Maximum (LGM) (Domack et al., 1999; Shipp et al., 1999; Anderson et al., 2014).
MATERIALS AND METHODS
The sediment core ANT32-RA05C (176.02°W, 74.95°S, 1878 m water depth) was collected in the central continental slope of the Ross Sea, during the 32nd Chinese Antarctic Research Expedition (Figure 1). The length of the core is 280 cm and was cut and scanned after photographing and description by X-ray fluorescence (XRF) with a scanning interval of 0.5 cm.
For paleomagnetic dating, the samples were collected from the core using the U-channel tubes (2 cm × 2 cm × 150 cm), which were then subjected to alternating field (AF) demagnetization up to 90 mT. Magnetic susceptibility (MS) was measured using a Bartington MS2 meter. Anhysteretic remanent magnetization (ARM) was imparted to the samples using a peak AF of 100 mT and a direct biasing field of 0.05 mT using a 2G Enterprises SQUID magnetometer with inline AF coils. The isothermal remanent magnetization was produced with a 2G Enterprises model 660 pulse magnetizer successively in the pulsed fields of 1 T (saturated isothermal remanent magnetization, SIRM) and −0.3 T (IRM300mT) fields. All the magnetic measurements were conducted at the Institute of Earth Environment, Chinese Academy of Sciences.
For the IRDs, major elements, and biogenic silica content, the core was sampled for each 2 cm, and 140 subsamples in total were obtained. The procedure for the IRDs is as follows: after removing the organic matter with H2O2, it was sieved through a 63 μm standard sieve. The dried residuals were then shifted through a standard sieve of 250 μm. The biogenic silica in the sediments was extracted by sodium carbonate solution and reacted with ammonium molybdate to generate silico-molybdenum yellow, which was measured by using a spectrophotometer (Unico UV2802PC) in the Laboratory of Element and Isotope Analysis, Ocean University of China. The major elements were determined by an inductively coupled plasma–optical emission spectrometry (ICP–OES) Icap6300 at the Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural Resources of China, and before the measurement, the samples were dried and ground, and digested by nitric acid and hydrofluoric acid (Bi et al., 2021), with the standard substance GSD-9 for quality tests. For 230Th dating, the sediments were measured by using a multichannel α-spectrometer OCTETE-PLUS, AMETEK, following the methods listed in Knight et al. (2014) in the Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences.
RESULTS
IRD Changes
Glacial diamictons are broadly found in the sediments across the Ross Sea (Domack et al., 1999), mainly containing terrigenous fine silt and clay, biogenic siliceous materials, and IRDs (Anderson et al., 1984). The sand component (grain-size > 63 μm) is commonly used as an indicator of IRD (Reimnitz et al., 1998; Wang et al., 2009), for which the seasonal sea ice carries relatively finer particles (<250 μm) and large ice chunks and icebergs transport coarser ones (>250 μm) (Darby and Paula, 2008; Phillips and Grantz, 2010). Combining the IRD data and lithological characteristics, the core ANT32-RA05C can be divided into three sections (Figure 2) and described as follows.
[image: Figure 2]FIGURE 2 | Changes in IRDs with various grain-sized classes of the core ANT32-RA05C.
1) Section-1, above 16 cm in depth. This section is the coarsest layer, rich in sands and gravels. The average IRD (>63 μm and >250 μm) contents are about 44 and 32%, respectively. The maximum diameter of the gravels is ∼8 cm found at 3–8 cm in depth. 2) Section-2, 16–52 cm in depth. The sediments are brownish clay and silt, which are relatively fine, with only 10% IRDs (>63 μm). 3) Section-3, below 52 cm in depth. This section contains olive and gray clay and silt, and the grainsize changes are small. The average IRD (>63 μm and >250 μm) contents are about 32 and 19%, respectively, and the diameter of gravels ranges from 0.5 to 4 cm.
Geochemical Characteristics
The chemical composition of 70 sediment samples is determined for the core ANT32-RA05C, and the average content of SiO2 is 66.9%, followed by 11.2% Al2O3 and 4.3% Fe2O3. For stratigraphic changes (Figure 3), the SiO2 content is higher in coarse-grained sediments, and Al2O3 and Fe2O3 have an opposite pattern.
[image: Figure 3]FIGURE 3 | Changes in the major elements of the core ANT32-RA05C. From left to right, the relative content of element Si by XRF scanning, the quantitative contents of major elements in oxides, and the chemical index of alteration (CIA).
There are two main sources of element Si, namely, terrigenous and biogenic sources, and the former is from the quartz debris and clay minerals, while the latter is biogenic, such as diatom frustules and sponge spicules. A correlation analysis can reveal the relationship between the different sources, and as a result (Table 1), SiO2 is positively correlated with the IRD, biogenic silica, and CaO but negatively correlated with the rest. The positive relationship between biogenic silica, CaO, and element Si indicates a close relationship between them, likely relating to marine productivity changes. Previous studies show that over 90% of minerals in coarse sediments of the Ross Sea are feldspathic quartz (Li et al., 2021), which are strongly resistant to physical weathering (Cook et al., 2017; Hobbs et al., 2016), as observed in the range of the chemical index of alteration (CIA, 47–67) in the core ANT32-RA05C. Considering the negative relationship between SiO2 and Al2O3, it is inferred that the terrigenous debris with element Si is mainly from quartz.
TABLE 1 | Pearson correlation matrix of major elements, biogenic silica (BSi), and IRD contents in the core sediments.
[image: Table 1]Magnetic Results
Subjected to the alternating field demagnetization, characteristic remanence can be separated between 15 and 60 mT (Figure 4), and all the samples obtain reliable results using 4–11 steps with a maximum angular deviation (MAD) of <15°. The remanence intensity of the samples changes little from the bottom to top (Figure 5), with three peaks at 236–242 cm, 207–217 cm, and 13–58 cm. The magnetic inclination is mainly reversed, consistent with the geographic location of the core.
[image: Figure 4]FIGURE 4 | Alternating field demagnetization of the representative samples. The diagram on the left is an orthogonal vector projection, the center diagram shows changes in a normalized remanence intensity, and the upper one shows stereographic projection.
[image: Figure 5]FIGURE 5 | Paleomagnetic results of the core ANT32-RA05C. Intensity, magnetic intensity; log Intensity, logarithmic scale; color lines, NRMs subject to 10, 15, 30, 40, 60, and 80 mT alternating field demagnetization from right to left, respectively; Inc, magnetic inclination; MAD, maximum angle deviation; MS, magnetic susceptibility; ARM, anhysteretic remanent magnetization; IRM, isothermal remanent magnetization; SIRM, saturation isothermal remanent magnetization.
The magnetic parameters can reveal the changes in magnetic minerals and/or magnetic domains. For example, ARM is usually sensitive to single-domain (SD) grains (Maher, 1988; Duan et al., 2012), and SIRM can be used to infer magnetic particles excluding the influence of superparamagnetic (SP) grains (Evans and Heller, 2003). Inferred from the magnetic parameters (Figure 5), magnetic minerals are concentrated at 236–242 cm, 207–217 cm, and 13–58 cm, consistent with the intervals of high remanence intensity. All these findings suggest a relatively stable process, which can be employed to establish an RPI curve for comparison.
230Th Results
The U and Th isotopes are listed in Table 2, in which the values are similar and the 230Th content gradually decreased to the bottom, generally fulfilling the base of 230Th-excess dating (Osmond, 1979; Xia, 1989; Edwards et al., 2003). Assuming that 230Thex flux is constant over the time of deposition, 230Thex decays exponentially with the depths, and the slope coefficient of the regression represents the sedimentation rate (Scholten et al., 1994). The calculation is as follows:
[image: image]
where 230Thex (h) and 230Thex (0) are the excess radioactivity of 230Th at depth “h” and the surface, respectively. λ is the 230Th decay constant, 9.21738 × 10−6, and the curve with −λ/V indicates the slope. Based on the estimates shown in Figure 6, the average sedimentation rate is 1.37 cm/kyr.
[image: Figure 6]FIGURE 6 | 230Thex activity (logarithmic coordinates) variation with depth.
TABLE 2 | U-Th content and isotope analytical data of the core ANT32-RA05C.
[image: Table 2]DISCUSSION
Establishing the Age Model
Dating sediments in polar seas is much more difficult than that in other areas (Wang et al., 2009), and an integrated result of various dating methods is commonly used. According to an average sedimentation rate of 1.37 cm/kyr from the 230Th method, the bottom age of the core ANT32-RA05C is about 200 ka, offering a preliminary constraint for RPIs.
To refine the age model, RPI is employed, as suggested in previous studies (Sagnotti et al., 2001; Branchfeld et al., 2003; Macrì et al., 2005; Macrì et al., 2006; Collins et al., 2012; Xiao et al., 2016). However, NRMs are sensitive to changes in magnetic minerals, and to remove this potential influence, various normalizations have been proposed (King et al., 1983; Meynadier et al., 1992; Tauxe, 1993), including MS, ARM, and IRMs. Accordingly, the RPIs of the core ANT32-RA05C can be obtained, and all the curves show a similar pattern (Figure 7). Subsequently, the derived RPIs are correlated with the SINT800 RPI curve (Guyodo and Valet, 1999), to obtain additional age controls. Specifically, the low RPI at 274 cm could be correlated with the magnetic excursion of Jamaica/Pringle Falls at ∼191 ka (Guyodo and Valet, 1999), and other constraints are listed in Table 3. Based on this correlation, there is a high consistency between ANT32-RA05C RPI and SINT800, yielding an average sedimentation rate within 66–274 cm in depth as 1.34 cm/kyr and 1.42 cm/kyr within 66–246 cm in depth. This estimate is close to the 230Th result (1.37 cm/kyr), confirming the reliability of the age model of the studied core in the Ross Sea.
[image: Figure 7]FIGURE 7 | Changes in the RPI of the core ANT32-RA05C and its correlation with SINT800.
TABLE 3 | Age model of the core ANT32-RA05C.
[image: Table 3]Paleoenvironmental Processes
Based on the age model from 230Th dating and RPI changes, the paleoenvironmental processes in the study area since MIS 7 can be recovered (Figure 8). The changes in IRD, biogenic silica, and element Si are selected as the paleoenvironmental proxies, indicating ice-sheet melting and marine productivity, respectively, as aforementioned. For comparison, the temperature reconstruction of the well-studied EDC ice core is displayed for reference (Jouzel et al., 2007). However, because of the little consistency between the magnetic parameters and the Antarctic temperature and other proxies of the core ANT32-RA05C (Figure 8), magnetic properties are not included in this discussion.
[image: Figure 8]FIGURE 8 | Comparison between the various paleoenvironmental proxies. The Antarctic temperature data are from Jouzel et al. (2007); MIS, marine isotope stage.
As shown in Figure 8, element Si can be well correlated with the changes in the Antarctic temperature. Specifically, the Si content fluctuated during MIS 6, increased sharply at the MIS 6/5 boundary, decreased slowly during MIS 3, and increased again since ∼20 ka. It is then inferred that the marine productivity in the Ross Sea covaried with the Antarctic temperature changes on the glacial-interglacial timescales, agreeing well with the previous studies in Antarctica (Pudsey and Howe, 1998; Diekmann, 2007; Anderson et al., 2009; Xiao et al., 2016). During the LGM, the Antarctic temperature declined to a much low level, and sea ice largely expanded, causing a significant decrease of the IRD transport and thus the fine-grained sediments. However, the regional environment within this key interval may be unstable since all the proxies changed greatly and frequently (Figure 8). After the LGM, the Antarctic temperature increased rapidly, icebergs collapsed, and IRD increased. Meanwhile, the warming led to an increase in marine productivity, inferred from biogenic silica content of the core ANT32-RA05C. Moreover, the changes in IRD and biogenic silica are not synchronous, while IRD changes are consistent with element Si, indicating that biogenic processes may precede changes in the ice sheet in the Ross Ice Shelf during the last deglaciation, thus highlighting the role of oceanic circulation in ice-sheet retreat (Hillenbrand et al., 2009; Williams et al., 2019). In the Holocene, the Antarctic temperature rises as high as present, and IRD increased significantly to the highest level (up to 54%) over the past 200 kyr, suggesting that ice sheet, regional temperature, and marine productivity are coupled again as similar in other intervals.
As an important proxy of iceberg drift and ice sheet evolution, IRD has been broadly used in the palaeoceanographic research in the Arctic and Antarctic regions (Darby and Paula, 2008; Wang et al., 2009), representing a climatic transition from cold to warm. In the core ANT32-RA05C, three intervals with evident IRDs are recognized: 29–32 ka, 15–17 ka, and 5 ka to present. However, IRDs did not exactly covary with the temperature changes, such as inconsistent cases in 29–32 ka and MIS6/5 boundary. The difference between the IRDs of the core ANT32-RRA05C and Antarctic temperature might be caused by proxy sensitivity or a different mechanism during climatic transitions. For example, IRD events could be influenced by factors such as ice shelf stability, sea-level changes, regional sedimentary dynamics, sea surface temperature, and shelf topography (Teitler, 2010; Patterson et al., 2014; Li et al., 2021). Considering the similarity of change patterns of the Antarctic temperature between different intervals, it is inferred that the ice shelf stability could be a major reason in the diverse IRD records, which are worthy of further investigation in the future.
CONCLUSION
By studying the sediment core ANT32-RA05C, which was collected from the continental slope of the Ross Sea, the geochronology and paleoenvironmental processes in the study area are documented since the Late Pleistocene. Paleomagnetic and 230Th dating are integrated to establish the age model, and IRD, element Si, and biogenic silica proxies are employed for research on paleoenvironmental changes. Based on these pieces of evidence, our conclusions are as follows.
1) Depending upon 230Th isotopes, the average sedimentation rate is 1.37 cm/kyr, agreeing well with the results (1.34 cm/kyr and 1.42 cm/kyr) of the correlation between the relative paleomagnetic intensity recorded in the core ANT32-RA05C and changes in the Earth’s magnetic intensity.
2) IRDs are the major component in the sediments of the studied core in the past 200 kyr, and siliceous deposits are also evident, indicating the influence of marine productivity.
3) Ice-sheet melting and marine productivity in the Ross Sea generally covaried in the Late Pleistocene, while a leading phase of biogenic silica to IRD changes is observed in the last deglaciation.
Combining these findings, a close correlation of regional paleoenvironmental processes to changes in the Antarctic temperature is revealed, inferring that both the IRD input and primary productivity were likely enhanced in a warm climate. Therefore, it is proposed that the sedimentary records in the Ross Sea document a major role of oceanic circulation in the ice-sheet evolution in the last deglaciation, which is worthy of further investigation.
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Site U1501 of International Ocean Discovery Program (IODP) Expedition 368 locates on a broad regional basement high in the northern margin of the South China Sea (SCS). This study refines the chronostratigraphy of the upper 160 m sedimentary succession from Hole U1501C using paleomagnetic measurements and cyclostratigraphic analysis on the Natural Gamma Radiation (NGR) data. Rock magnetic analysis displays that the magnetic signal of the sediments is mainly carried by single-domain (SD) and multi-domain (MD) magnetite. A total of 12 geomagnetic reversals are identified and correlated to the geomagnetic polarity time scale (GPTS) in Geologic Time Scale 2020 (GTS 2020), combining biostratigraphic data and planktonic foraminiferal oxygen records. The Milankovitch cycles of 405-kyr long orbital eccentricity, ∼100-kyr short orbital eccentricity, and obliquity cycles are identified in the NGR profile. A 15.54 Myr astronomical time scale is constructed by tuning the short eccentricity cycles filtered from the NGR profiles to the La2010 astronomical solution with the constraints of the magnetostratigraphic results, biostratigraphic age datum and planktonic foraminiferal oxygen records. This new high-resolution age model provides a new temporal constraint on the tectonic and paleoenvironmental evolution in the South China Sea.
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1 INTRODUCTION
The South China Sea (SCS), the largest marginal sea in the low latitude West Pacific region, has a series of advantages in deep-sea research, and becomes into the international deep-sea frontiers to explore important scientific issues such as the opening of the marine basin and Cenozoic paleoclimate evolution (especially in the aspects of climate periodic evolution), the low-latitude forcing in carbon cycling, East Asian monsoon, etc. (Clift et al., 2014; Wang et al., 2014; Wang and Jian, 2019). IODP Site U1501 locates on a broad regional basement high in the northern margin of the SCS (Figure 1). It was drilled during IODP Expedition 368, which aimed to test the scientific hypotheses of the breakup of the northern SCS margin.
[image: Figure 1]FIGURE 1 | Location of the IODP Site U1501 in the SCS (modified from Sun et al., 2016).
Site U1501 recovers the sedimentary succession evolving from land to deep sea (Larsen et al., 2018) and can greatly help understanding the sedimentary processes associated with the breakup of the SCS continental margin and tectonic events. The water depth (2,850 m) at Site U1501 makes it one of the few sites above the modern carbonate compensation depth (CCD) of the SCS. Its deposits, rich in calcareous microfossils, are the focus of scientific objectives related to 1) reconstructing the history of the East Asian monsoon evolution and of deep water exchanges between the SCS and the Pacific Ocean and 2) exploring the sedimentary responses to the Cenozoic regional tectonic and environmental development of the Southeast Asia margin (Larsen et al., 2018). In order to address the above scientific objectives, accurate dating and scaling of key geologic boundaries is required, which provides estimates of durations of major geological events and the correlation of stratigraphic records from other sites.
Establishing the magnetostratigraphic time framework depends on extracting native and reliable geomagnetic reversal or drift signals recorded on primary magnetic minerals in the marine environment. However, the reliability of onboard paleomagnetic results from Hole U1501C has been hampered by the presence of greigite, maghemite, or hematite in the upper 83 m (Larsen et al., 2018). Onboard biostratigraphy (Figure 2H; Larsen et al., 2018) was mainly based on the analysis of core catcher samples, which may encase the ex-situ material and cause some uncertainties. Post-expedition calcareous nannofossil assemblages study based on post-expedition samples collected from the working-half sections provided an updated biostratigraphic framework between 5 and 15 Ma, showing ages significantly older than the shipboard ones (Wang and Jiang, 2020). Furthermore, the post-expedition planktonic foraminiferal oxygen records of the upper 46 m of Site U1501 were constrained by shipboard age datum (Zhang et al., 2020; Figure 2H). Therefore, the preliminary chronostratigraphy results from Site U1501 (Larsen et al., 2018) need to be improved to provide a reliable age model.
[image: Figure 2]FIGURE 2 | Magnetostratigraphic interpretation of the IODP Hole U1501C, Expedition 368. (A) Core number. (B) Lithologic unit. (C) Core description about consolidation, continuities condition and turbidites. Leftward-pointing triangles represent the presence of discontinuities or turbidites. (D) Core image. (E) Lithology. (F–G) Declination and inclination of the paleomagnetic data. Pink boxes represent the samples with unaccepted κ3, MAD and magnetic carriers; orange crosses represent shipboard 25 mT alternating field demagnetization results. (H) The sequence of paleomagnetic polarity interpretations correlated to the GPTS in GTS 2020 (Ogg, 2020). Black, white, and half gray intervals represent normal, reversal, and uncertainty polarities, respectively. Red triangles represent the magnetostratigraphic age model yielded in this study. Pink crosses represent shipboard paleomagnetic age (Larsen et al., 2018), powder blue and light orange symbols represent calcareous nannofossil biostratigraphic events and planktonic foraminifer events (Larsen et al., 2018), green diamonds represent post-expedition nannofossil datum (Wang and Jiang, 2020). Purple circles represent the δ18O isotopic records (Zhang et al., 2020). Brown curves represent the astrochronologic results. (I) The core photo showing the sedimentary hiatus at ∼103.63 m is shown. (J) The variations of sediment accumulation rates are based on magneto-astrochronologic results.
Here, we enhance the chronostratigraphy of the upper 160 m sedimentary succession from Site U1501 combining systematic paleomagnetic measurements and cyclostratigraphic analysis on NGR with shipboard and post-expedition biostratigraphy. The reliability of the magnetostratigraphy is reached by decreasing the sampling interval and analyzing the magnetic mineralogy of sediments and the mechanism of remanence magnetization. The acquisition of the high-resolution integrated magneto-cyclostratigraphic time scale of sediments in the northern SCS will play a vital role in achieving the scientific objectives of the IODP Expedition 368 and promote the understanding of the tectonic and environmental evolution of the SCS.
2 MATERIALS AND METHODS
2.1 Lithology, Sampling and NGR Logging Data
A 160 m thick sedimentary succession was recovered from lithostratigraphic Unit I of Hole U1501C (18°53.0910’N, 115°45.9485’E; 2,846 m below seafloor) cored with the advance piston corer (APC) system. The dominant lithologies are nannofossil ooze, with minor nannofossil-rich clay, rare foraminiferal sand, and sandy silt. 312 cubic samples were collected using standard 2 × 2 × 2 cm plastic boxes with 0.5 m sampling resolution from the central part of working-halves to reduce the effect of drilling disturbance. NGR data (∼10-cm spacing) was used as a paleoclimatic indicator related to lithology. High NGR values are associated with clay-rich sediments and lower NGR values with coarse-grained or carbonate-rich sediments (e.g., Zhang et al., 2019).
2.2 Rock Magnetic and Paleomagnetic Measurements
All the rock magnetic and paleomagnetic measurements were performed at the Paleomagnetism and Environmental Magnetism Laboratory at China University of Geosciences, Beijing, and the Institute of Geophysics, China Earthquake Administration, respectively.
Rock magnetic experiments were conducted to understand the nature and origin of the remanence carriers and to establish the appropriate demagnetization procedures. Low-frequency magnetic susceptibility (χ, mass-specific) and anisotropy of magnetic susceptibility (AMS) were measured using the MFK1-FA Kappabridge. Data generated from the AMS measurements include the maximum, intermediate and minimum susceptibility axes (κ1> κ2 > κ3) of the magnetic susceptibility ellipsoids, the lineation parameter L (κ1/κ2) and the flattening parameter F (κ2/κ2), the anisotropy degree P (κ1/κ3) and the shape parameter T [(2κ2-κ1-κ3)/(κ1-κ3)]. Temperature dependence of low-field magnetic susceptibilities (χ-T) was measured in an argon atmosphere to avoid oxidation of the magnetic minerals, using a KLY-4S Kappabridge magnetic susceptibility meter with a temperature apparatus (CS-3). Saturation isothermal remanent magnetization (SIRM) acquired in a field of 2 T was applied using an ASC IM-10–30 impulse magnetizer. Hysteresis measurements, including first-order reversal curve (FORC), isothermal remanent magnetization (IRM) acquisition curves, and direct field demagnetization curves, were performed using a MicroMag Model 3,900 Vibrating Sample Magnetometer. FORC diagrams processed by Forcinel v3.06 (Harrison and Feinberg, 2008) are described by a hysteron with a specified coercivity Bc, and horizontal offset Bu. The unmixing of IRM curve (Kruiver et al., 2001) is used for evaluating the carriers of magnetic remanence. Each magnetic component is characterized by its SIRM, mean coercivity B1/2, and dispersion parameter (DP). Remanent coercive force (Bcr) was determined from direct field demagnetization curves.
A total of 290 discrete samples were subjected to progressive alternating field (AF) demagnetization at peak fields up to 120 mT (16 steps) using a D-2000 AF demagnetizer. 22 samples were analyzed with thermal demagnetization (TD) up to 600°C (27 steps) using an ASC TD-48 furnace with an internal residual field of less than 10 nT. Remanent magnetization measurements were carried out with a 2G-755-4K cryogenic magnetometer located in a shielded room.
2.3 Cyclostratigraphy Analysis
NGR data have been widely used to analyze paleoclimatic variations and to reveal the sedimentary cycles in marine and nonmarine sediment successions (e.g., Wu et al., 2013; Li et al., 2017; Zhang et al., 2019). The raw NGR profile from Site U1501 (Supplementary Figure S1) was interpolated to a uniform spacing of 10 cm, then long periods (>6 m) were removed using moving smoothing in Matlab.
The spectral analysis was performed using the multitaper method (MTM; Thomson, 1982) with a classical red noise modeling in “Acycle” software (Li et al., 2019). Evolutionary Fast Fourier transform analysis (FFT; Kodama and Hinnov, 2015) was conducted to identify changes in spatial and temporal cycle frequencies. The interpreted orbital cycles were extracted from data series using Taner bandpass filters and were tuned to the La2010 astronomical solution (Laskar et al., 2011). The tuning process was performed on the freeware Analyseries 2.0.8 (Paillard et al., 1996).
3 RESULTS AND DISCUSSION
3.1 Rock-Magnetic Properties of Sediments
Magnetic susceptibility drops around 580°C in most heating curves (Figures 3A–D), suggesting magnetite is the main magnetic carrier (Dunlop and Özdemir, 1997). Some samples display a pronounced increase of magnetic susceptibility at 320°C (Figure 3B) and/or a slight decrease at 600–700°C (Figure 3A), suggesting the presence of iron sulfide and/or hematite. FORC diagrams, a powerful tool to visualize the domain state of magnetic minerals, mainly show the MD + SD behavior (Figures 3E,G,H). Few samples have contours centering a single-domain peak with coercivity (Bc) around 65 mT (Figure 3F), indicating the contribution of greigite. The unmixing of IRM curve (Kruiver et al., 2001) is used for evaluating the carriers of magnetic remanence. Each magnetic component is characterized by its SIRM, mean coercivity B1/2, and dispersion parameter (DP). Four component types were identified (Figures 3 I–L) including coarse magnetite grain (<40 mT mean coercivity), fine magnetite grain (∼50 mT mean coercivity with narrow coercivity distribution), greigite (∼60–80 mT with narrow coercivity distribution), and hematite (B1/2 > 100 mT). Biplot of the SIRM/χ versus Bcr, used for distinguishing the type of the magnetic minerals (Peters and Thompson, 1998; Figure 4), indicates that the predominant carrier of remanent magnetization is magnetite. The greigite has limited influence on the paleomagnetic study.
[image: Figure 3]FIGURE 3 | Rock magnetic results of representative samples from Site U1501. (A–D) High-temperature magnetic susceptibility (χ-T) curves. Red and blue lines represent heating and cooling curves, respectively. The susceptibility curves are normalized by the susceptibility maximum (χmax). (E–H) First-order reversal curve (FORC) diagrams (smooth factor = 3). (I–L) Isothermal remanent magnetization (IRM) component analysis. Grey squares represent data points that define the gradient of IRM acquisition curves. Grey lines are the fitted total spectra. Blue, cyan, pink, and green lines represent the coarse grain size magnetite, fine grain size magnetite, greigite and hematite, respectively. The values for B1/2 and DP of each component are listed.
[image: Figure 4]FIGURE 4 | Biplot of SIRM/χ and Bcr of samples from Site U1501.
3.2 Paleomagnetism
3.2.1 AMS
The AMS shows that the minimum susceptibility axes (κ3) of most samples are perpendicular to the bedding plane, while the maximum (κ1) and medium (κ2) susceptibility axes lie in the bedding plane (Figure 5A). Plots of shape parameter (T) versus anisotropy degree (P), and lineation (L) versus foliation (F) show a dominance of the oblate form (Figures 5B,C). These results indicate that most samples have undisturbed sedimentary fabrics.
[image: Figure 5]FIGURE 5 | Anisotropy of magnetic susceptibility (AMS) results of Site U1501. (A) Lower hemisphere equal-area projection of AMS data. Blue squares, green triangles, and brown circles represent directions of maximum (κ1), intermediate (κ2), and minimum (κ3) susceptibility axes, respectively. (B) plot of lineation (L) versus foliation (F), and (C) plot of shape parameter (T) versus anisotropy degree (P).
3.2.2 Paleomagnetic Results
Magnetic components were calculated by principal component analysis (PCA) (Kirschvink, 1980) using the software PaleoMag (Jones, 2002). A component with the steep positive inclination can be removed before 30 mT or 250°C (Figure 6), which is most likely an overprint induced by the coring process that was identified in many paleomagnetic studies on the ODP/IODP cores (Acton et al., 2002; Tauxe et al., 2012; Zhao et al., 2013). The characteristic remanent magnetization (ChRM) was identified through the stepwise AF demagnetization with a maximum field of 80–120 mT or thermal demagnetization (TD) up to 600°C.
[image: Figure 6]FIGURE 6 | Typical demagnetization orthogonal projections (left, Zijderveld, 1967) and normalized magnetization curves as a function of alternating field (thermal) demagnetization (right). The solid and open circles in demagnetization orthogonal projections represent the projection of the magnetization vector endpoint on the horizontal and vertical planes.
For samples from IODP Site U1501, polarity ambiguity arises because the samples are azimuthally unoriented and the expected inclination ∼25.5° is relatively shallow. We applied the following methods to establish the magnetozones: (a) positive/negative inclination (±37.3 ± 6.6°) corresponding to a paleolatitude of ±20.8 ± 3.3°N is interpreted as normal/reversed polarity, respectively. (b) polarity reversal is identified by near 180° shift in declinations on long coherent core sections. In order to obtain reliable magnetic polarity zones, the samples with the following scenarios are discarded from the magnetostratigraphic interpretation: (a) greigite as the dominated magnetic carrier, (b) inclination of κ3 axes of the AMS less than 60°, and (c) maximum angular deviation (MAD) larger than 15°. A succession of 12 normal and 11 reversed events are recognized, while some suspected reversed events with only one or two samples are also shown (Figure 2H).
3.2.3 Magnetostratigraphic Correlation
The sedimentary succession of Hole 1501C is characterized by a hiatus at 103.63 m (section U1501C11H6W, 135 cm), marked by significant discontinuity and downhole color change based on the core section image (Figure 2I) and spanning approximately 10.5–9.0 Ma (Wang and Jiang, 2020). Assuming there are no other significant hiatuses, an initial magnetostratigraphic scale (Table 1; Figure 2) was constructed by correlating observed polarity sequences with a reference GPTS in GTS 2020 (Ogg, 2020), constrained by shipboard and post-expedition biostratigraphy (Larsen et al., 2018; Wang and Jiang, 2020) and δ18O isotopic record (Zhang et al., 2020).
TABLE 1 | Correlation of the magnetostratigraphy of IODP Hole U1501C (0–160 m) to the GPTS in GTS 2020 (Ogg, 2020).
[image: Table 1]The base of magnetozone N1 correlates with the base of Chron C1n (Brunhes) (Figure 2H), according to shipboard paleomagnetic results (Larsen et al., 2018). The top of magnetozone N5 has a date of 1.36–1.88 Ma based on the shipboard biostratigraphy (last appearance of Calcidiscus macintyrei (1.6 Ma) and Globigerinoides fistulosus (1.88 Ma) at 38.08–46.95 m; Larsen et al., 2018) and δ18O isotopic record (42 m, 1.36 Ma; Zhang et al., 2020), thus correlates with the top of C2n (Olduvai). Uncertainty polarities below the N5 make us tend to connect the base of N5 and C2n (Olduvai), which is slightly younger than the shipboard magnetic age located at the base of C2r.1n (Feni). According to shipboard paleomagnetic results, the base of polarity zone R5 correlates with the base of C2r.2r (Matuyama). A series of biological events including the last appearance of Triquetrorhabdulus/Orthorhabdus rugosus (81.74 m, 5.28 Ma), Discoaster quinqueramus (83.09 m, 5.59 Ma) and Nicklithus amplificus (87.65 m, 5.94 Ma), and the first appearance of Ceratolithus acutus (84.77 m, 5.35 Ma) and Ceratolithus atlanticus (84.77 m, 5.39 Ma), display the age of sediment from 82–88 m is 5.28–5.94 Ma (Wang and Jiang, 2020), supporting the correlation of magnetozones N6–N8 to Chrons C2An.1n (Gauss)–C3n.2n (Nunivak). Finally, polarity zone R8 correlates with Chron C3r (Gilbert). Below 85.04 m, dominant normal polarities hamper the determination of magnetic polarities.
3.3 Astrochronologic Results
The magnetostratigraphic and biostratigraphic results (Figure 2H) constrained a timescale for Site U1501. A higher resolution age model is constructed using astrochronologic analysis on three separate intervals: 0–66 m, 66–103.6 m, and 103.6–160 m. In fact, the subunit IB/IC boundary at 66.17–66.3 m is marked by an abrupt change in NGR (Supplementary Figure S1) and lithology (Figures 2D,E; Larsen et al., 2018). Sediment in subunit IC displays a lower sedimentary rate than subunit IB based on shipboard age datum (Figure 2H). In addition, as mentioned above, there is a hiatus at 103.63 m.
3.3.1 Astrochronologic Results in the 0–66 m Interval
The NGR series in the 0–66 m interval has been converted to the time domain (Figure 7A) based on the initial paleomagnetic results including the base of N1 (Chron C1n) and N5 (Chron C2n) and the top of N6 (the top of Chron C2An.1n) and oxygen isotopic records (Figure 2H). Zhang et al. (2020) obtained the planktonic foraminiferal oxygen records (Globigerinoides ruber) of the upper 46 m of Site U1501 (Figure 8A). However, the establishment of their age model was based on the shipboard biostratigraphy model, which has a discrepancy with paleomagnetic results here. Therefore, this study adopts the age-depth points until 18 m, where the feature of the δ18O curve is largely compatible with the LR04 stack (Lisiecki and Raymo, 2005). Then age points including MIS 22, 36, 37, and 54 were determined based on oxygen isotope features around the boundary of polarity zones of C1n, C1r.2n, and C2n (Figure 8A).
[image: Figure 7]FIGURE 7 | The detrended NGR data in time domain constraint by initial age anchors of magnetostratigraphy, biostratigraphy and planktonic foraminiferal oxygen records (A,G,M) and its 2π MTM spectral analysis (B,H,N) and evolutionary power spectrum (C,I,O). The 100 kyr tuned detrended NGR series (D,J,Q) and their 2π MTM power spectrum (E,K,P) and evolutionary power spectrum (F,L,R).
[image: Figure 8]FIGURE 8 | (A) Correlations of NGR in the depth interval of 0–65 m to La2010 orbital eccentricity curves (Laskar et al., 2011). From top to bottom: interpretative paleomagnetic polarity zones; the detrended NGR data in the depth interval of 0–65 m; δ18O records of the U1501 (Zhang et al., 2020) in depth-domain and time domain; the LR04 stack (Lisiecki and Raymo, 2005). Tuned NGR data in time-domain and its short eccentricity filters with passbands of 9 ± 2 cycles/Ma. La2010 orbital eccentricity curves (Laskar et al., 2011); GPTS in GTS 2020 (Ogg, 2020). Correlations of NGR in the depth interval of 66–103.6 m (B) and 103.6–160 m (C) to La2010 orbital eccentricity curves (Laskar et al., 2011). From top to bottom: interpretative paleomagnetic polarity zones; the detrended NGR data in the depth domain; post-expedition nannofossil datum (green diamonds; Wang and Jiang, 2020); the tuned NGR data in time-domain and its short eccentricity filters with passbands of 9 ± 2 cycles/Ma; La2010 orbital eccentricity curves (Laskar et al., 2011); GPTS in GTS 2020 (Ogg, 2020). Bule, grey and green dotted-line represent oxygen isotopic, paleomagnetic and biostratigraphic anchor points, respectively.
The time-domain NGR spectrum (Figure 7B) has prominent peaks at ∼400, 125, ∼100 and 40 kyr above 90% confidence level, which are close to the value of Milankovitch periodicities of 405-kyr long eccentricity, ∼124, 99-kyr short eccentricity and 40-kyr obliquity, respectively, (Laskar et al., 2004; Laskar et al., 2011). The evolutionary spectrum shows significant short eccentricity and obliquity cycles since 0.4 Ma (Figure 7C). Robust long eccentricity cycles and short eccentricity cycles are displayed during 0.4–0.8 Ma. Short eccentricity cycles are dominant before 0.8 Ma.
Dominant short eccentricity components were extracted using the Taner bandpass filtering and tuned to the La2010 astronomical solution (Figure 8A; Laskar et al., 2011). The high NGR values reflect organic matter and clay-rich sediments, which are sensitive to seasonal precipitation, fluvial input, and current delivery. These East Asian hydrological cycles are modulated by precession and eccentricity (Wang et al., 2019; Wang, 2021). Therefore, we make a peak-to-peak correlation between the La2010 orbital eccentricity cycles and the NGR cycles, assuming there is no time lag between these two series. During the tuning process, the correlations of the δ18O records of Site U1501 and the LR04 stack (Lisiecki and Raymo, 2005) provided extra constraints during the 0–0.4 Ma and 1.3–1.7 Ma intervals, causing the slight offset <50 kyr between the NGR cycles and La2010 orbital eccentricity cycles.
3.3.2 Astrochronologic Results in the 66–103.63 m Interval
The sedimentation rate in the 66–103.63 m interval is relatively low (∼0.6 cm/kyr) based on the paleomagnetic results and the biostratigraphic framework (Figure 2H). The depth-domain NGR was transformed to a time-domain (Figure 7G) using the initial age constraints of the magnetozone R8 (Chron C3r) and post-expedition biostratigraphic datum including the first appearance of Discoaster berggrenii (96.25 m, 8.29 Ma) and the last appearance of Discoaster bollii (102.24 m, 9.21 Ma). These anchor points yield a stable sedimentary rate. The 2π MTM spectra and evolutionary FFT power spectrum analysis on the initial age constraint NGR series shows ∼1.3 Myr, 250, 160, 125 and 100 kyr cycles. The ∼1.3 Myr periods are consistent with ∼1.2 Myr obliquity amplitude cycles that originate from the precession of nodes of Earth and Mars (Laskar et al., 2004). Despite the fact that the 250 kyr cycle was identified by Hinnov (2000) without a specific origin, here it may be linked to the interaction between the eccentricity and obliquity signal. The weak signal of short eccentricity in the NGR profile is attributed to the resolution of time-domain NGR data being too low to recover ∼100-kyr scale behavior adequately.
The orbitally tuned age model for 66–103.63 m was constructed in three steps. First, the 1.3-Myr-filtered NGR profiles were roughly tuned to 1.2-Myr obliquity amplitude cycles (Supplementary Figure S2A). The resulting NGR profiles (Supplementary Figure S2B) display a stronger 405-kyr long eccentricity signal in the 2π MTM spectra and evolutionary FFT power spectrum analysis (Supplementary Figures S2C,D). Second, using the 1.2-Myr-tuned age model, the 400-kyr-filtered NGR data was tuned to the long eccentricity of the La2010 solution (Supplementary Figure S2E; Laskar et al., 2011) to adjust the 1.2-Myr-tuned age model. Finally, the tuning was done by correlating the extracted short eccentricity signal of the resulting NGR data to the orbital eccentricity of the La2010 solution (Figure 8B).
3.3.3 Astrochronologic Results in the 103.63–160 m Interval
The biostratigraphic framework (Figure 2H; Wang and Jiang, 2020) displays a steady accumulation rate of ∼1.25 cm/kyr in the 103–160 m interval. The post-cruise biostratigraphic datum provides the following anchor points: the first appearance of Catinaster coalitus (105.75 m, 10.89 Ma), the base of the common occurrence of Discoaster kugleri (117.05 m, 11.90 Ma), the top of the common occurrence of Discoaster kugleri (113.61 m, 11.58 Ma), Calcidiscus premacintyrei (123.55 m, 12.38 Ma) and Cyclicargolithus floridanus (134.55 m, 13.28 Ma), and the last appearance of Coronocyclus nitescens (120.35 m, 12.12 Ma) and Sphenolithus heteromorphus (138.15 m, 13.53 Ma). The 2π MTM spectra and evolutionary FFT power spectrum analysis (Figures 7N,O) on the time-domain NGR series (Figures 7M) reveal ∼400, 125 and 90 kyr cycles. The short eccentricity periods have been extracted from the time-calibrated NGR series and tuned to the orbital eccentricity target of the La2010 solution (Laskar et al., 2011; Figure 8C). The 2π MTM spectra and evolutionary FFT power spectrum analysis on the resulting NGR series reveal a strong long eccentricity signal (Figures 7P,R).
Our tuning results provide a new timescale spanning 15.54 Myr. During 10.9–15.54 Ma, the sedimentary rate is stable at ∼1.25 cm/kyr. The duration of the hiatus located 103.63 m is estimated as ∼1.2 Myr. There is a relatively lower sedimentary rate between 2.84 and 9.8 Ma, followed by relatively higher and oscillating sedimentary rates in the 0–0.23 Ma and 1–2.84 Ma intervals (Figure 2J). The variation of sedimentation rate of Site U1501 suggests complicated sedimentary processes in the northern SCS.
4 CONCLUSION
The chronostratigraphy of the upper 160 m of Site U1501, IODP Expedition 368, was improved using magnetostratigraphy and cyclostratigraphy. Systematic paleomagnetic analyses reveal that magnetic remanence of sediments is mainly carried by SD and MD magnetite. A total of 12 magnetic reversals are identified and correlated to the GPTS in GTS 2020. Long eccentricity and short eccentricity components in the NGR profile were identified and then tuned to the La2010 astronomical solution combined with the paleomagnetic, post-biostratigraphic age datum and planktonic foraminiferal oxygen records, thereby producing a high-resolution 15.54 Myr age model.
DATA AVAILABILITY STATEMENT
The magnetic data in this study can be found in the Magnetics Information Consortium (MagIC) database (https://doi.org/10.7288/V4/MAGIC/19521).
AUTHOR CONTRIBUTIONS
HW designed the study and collected samples. MS compiled the data and analyzed the data. MS and HW wrote the manuscript with SS, EF and SZ contributions. All authors contributed to interpreting the data and provided significant input to the final manuscript.
FUNDING
This work was funded by the National Natural Science Foundation of China (grant number 42002028, 41925010, and 91128102), the 111 Project (B20011), and Fundamental Research Funds for the Central Universities (grant number 2652018065 and 35832019025). SS was supported by ECORD national funding allocated by MIUR for IODP-Italia.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Samples and shipboard data used in this study were provided by the International Ocean Discovery Program (IODP). We thank shipboard scientists and staff on IODP Expedition 368.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2022.882617/full#supplementary-material
Supplementary Figure S1 | The raw NGR and detrended NGR profile. (A) Core. (B) Lithologic unit. (C) Core description about consolidation, continuities condition and turbidites. Leftward-pointing triangles represent the represent of discontinuities or turbidites. (D) Core image. (E) Lithology. (F) The raw NGR. (G) The detrended NGR profile was interpolated to uniform spacing of 10 cm, and then 6-m trend detrended.
Supplementary Figure S2 | (A) Correlation between 1.3-Myr-filtered cycles of NGR data (red curve; Taner bandpass: 0.75 ± 0.35 cycles/Ma) and 1.2-Myr cycles obtained from amplitude modulation of La2010 obliquity curves (Laskar et al., 2011). The 1.2 Myr tuned detrended NGR series (B) and their 2π MTM power spectrum (C) and evolutionary power spectrum (D). (E) Correlation between 400-kyr-filtered cycles of NGR profile (blue curve; Taner bandpass: 2.5 ± 0.5 cycles/Ma) and La2010 long eccentricity curves (Laskar et al., 2011). The 400 kyr tuned detrended NGR series (F) and their 2π MTM power spectrum (G) and evolutionary power spectrum (H).
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The southwestern coast of the Bohai Sea is a favorable area to study land-sea interactions and palaeoenvironmental changes. The Bohai Sea hosts vast volumes of sediment discharged from rivers of mainland China and has undergone large-scale sea-level fluctuations during the Quaternary. Three transgressions have been previously determined for the Bohai Sea since the late Pleistocene. However, the timings of the two earlier transgressions are still unclear. Here we present chronological, micropalaeontological, and sedimentological data for an 80-m-long sediment core recovered from the modern Yellow River delta. The changes in grain size and foraminiferal assemblages suggest the occurrence of three marine sedimentary units, M-3, M-2, and M-1, that represent transgressions of the Bohai Sea. We applied optically stimulated luminescence dating using both quartz and feldspar minerals on 15 samples obtained from core YRD-1401 and eight radiocarbon ages using fragments of microfossils shells and organic carbon. Our quartz optically stimulated luminescence ages for M-2 (ca. 60 ka), are consistent with K-feldspar post-infrared stimulated luminescence ages, suggesting that M-2 on the southwestern coast of the Bohai Sea was deposited during early MIS 3. The sea level of the Bohai Sea during early MIS 3 is estimated to have ranged from 26.8 to 19.9 m below the present sea level. Luminescence ages and foraminiferal assemblages indicate that M-3 was likely formed during MIS 5 and a tidal-river environment prevailed on the southwestern coast of the Bohai Sea during MIS 6 or earlier.
Keywords: Bohai Sea, pleistocene, transgression, MIS 3, sea-level change, luminescence dating, sedimentary environment
INTRODUCTION
Sea-level change has fluctuated in response to climatic oscillations during the Quaternary period, ranging from ∼10 m above to ∼130 m below the present level during climatic cycles (e.g., Chappell et al., 1996; Lambeck and Chappell, 2001). The coastal areas of eastern China act as a pathway to transport terrestrial sediments to the ocean. Sea-level fluctuations caused coastal zones to undergo strong environmental variations, as indicated by the alternation of marine and fluvial environments (e.g., Shi et al., 2016; Liu et al., 2018; Ronchi et al., 2018). Consequently, coastal areas contain records of past environments and are also vulnerable environments against a background of continuing global warming, being extremely sensitive to even minor sea-level changes. In addition, coastal areas are a focus, of intense scientific and social attention because of the high population density and economic influence of these areas (Hinkel et al., 2014).
Studies of borehole cores drilled in marginal seas off eastern China have reported the widespread existence of three marine sedimentary units, namely, M-3, M-2, and M-1 (in ascending order) during the late Pleistocene and Holocene, corresponding to three major transgressions (Yi et al., 2012; Shang et al., 2018; Xu et al., 2018; Li et al., 2019; Dai et al., 2021). Radiocarbon dates have confirmed the formation of M-1 during the Holocene (e.g., Zhang et al., 2016; Li et al., 2019); however, the ages of M-2 and M-3 in the coastal to shelf areas of eastern China are uncertain. Early 14C dating results for M-2 ranged from 45 to 30 ka (i.e., middle to late Marine Isotope Stage 3 (MIS 3, ca. 60–25 ka; Lisá et al., 2018)) (e.g., Zhao et al., 1978; Shang et al., 2018), but these ages are near the older limit of radiocarbon dating, and hence should be re-evaluated (Pigati et al., 2007; Manaa et al., 2016; Miller and Andrews, 2019). In addition, an incomplete stratigraphic record may compromise the reliability of magnetostratigraphy (Liu et al., 2014). Consequently, it seems doubtful that M-2 and M-3 were deposited during the MIS 3 and MIS 5 (ca. 128–73 ka; Lisiecki and Raymo, 2005), respectively, as inferred from sediments dated using radiocarbon chronology and/or geomagnetic excursion events.
Radiocarbon ages of pre-Holocene marine sediments in Hong Kong have proven to be much younger than U-series dates of molluscs (Yim et al., 1990), which indicates the limited ability of radiocarbon dating to constrain the timing of M-2 and M-3. Therefore, it is essential to conduct a comprehensive and systematic chronological investigation to provide a better understanding of the sedimentary evolution of coastal to shelf areas of eastern China using a combination of radiocarbon and optically stimulated luminescence (OSL) ages (e.g., Jacobs, 2008; Reimann et al., 2010; Neudorf et al., 2015; Nian et al., 2021). In contrast to 14C dating, OSL is more suitable for dating sedimentary events back to 100 to 25 ka or older (e.g., Olley et al., 1998; Pawley et al., 2010; Murray et al., 2021). OSL ages have challenged the widely held view that M-2 and M-3 formed during MIS 3 and MIS 5, respectively. OSL dating has constrained M-2 to MIS 5 and M-3 to MIS 7 (Chen et al., 2012; Gao et al., 2021). It was thus anticipated that other studies would report similar age results for M-2 using OSL. However, OSL dates of a recent study demonstrated that M-2 in Liaodong Bay was deposited during MIS 3 (Li et al., 2019). Hence, a consensus regarding the ages of M-2 and M-3 is still lacking.
Precise ages of these marine sedimentary units are key to solving the unclear transgression chronology. Luminescence dating has been widely applied to coastal and marine sediments and has proved successful in exploring the evolution of Quaternary sedimentary environments (Murray and Wintle, 2000; Jacobs, 2008; Lamothe, 2016). However, the fast components of the quartz OSL signals have been shown to be saturated at a relatively low dose (ca. 200 Gy), leading to age underestimations (e.g., Buylaert et al., 2007; Murray et al., 2007; Lai, 2010; Timar et al., 2010; Lowick and Preusser, 2011). The infrared stimulated luminescence (IRSL) signal outperforms that of quartz OSL in terms of saturation dose levels (Li et al., 2007; Li et al., 2014), and can provide better constraints on older samples (300–200 ka). Therefore, it is necessary to combine quartz OSL with feldspar IRSL dating to constrain the timings of stratigraphic sequences for comparison purposes.
With the advent of micropalaeontology, benthic foraminifera has been increasingly used to identify distinct environments and reveal the palaeoenvironmental evolution of regions (e.g., De Rijk et al., 1999; Frontalini and Coccioni, 2008; Anbuselvan and Senthil, 2018). Benthic foraminifera lives in marine and transitional environments and show a clear zonation with respect to parameters such as salinity and water depth, indicating their response to environmental change (Romano et al., 2018). Moreover, rivers may develop in coastal areas and incise the underlying strata during periods of low sea level, represented by multiple unconformities in the sedimentary record (Fagherazzi et al., 2008). In summary, the absence of benthic foraminiferal data and/or incompleteness of the sedimentary record may obstruct to clear discrimination of M-2 and M-3 sedimentary units of coastal eastern China. Given the complexity of the stratigraphic sequence and chronological framework for the late Quaternary, further studies of the sedimentary record in and around the Bohai Sea are needed.
In this study, an 81.0-m-long core (YRD-1401) was recovered from the modern Yellow River delta on the southwestern coast of the Bohai Sea. Quartz OSL, K-feldspar post-infrared stimulated luminescence (pIRIR), and accelerator mass spectrometry (AMS) 14C dating were combined to better constrain the timings of transgressions in the Bohai Sea. We aim to establish a reliable chronological framework and clarify the sedimentary evolution of the western Bohai Sea during the last ∼200 ka. The results yield insights into transgressive events that have occurred since 200 ka, terrestrial–marine interaction, and the sedimentary history of the Bohai Sea.
GEOLOGICAL SETTING
The Bohai Sea is a shallow and semi-enclosed sea of eastern China, covering an area of ∼7.8 × 104 km2, and connects to the North Yellow Sea via the Bohai Strait (Figure 1). The average slope and water depths are 0.0078 and 18 m, respectively (Qin et al., 1990). The Bohai Sea consists of the Central Basin, Bohai Bay, Liaodong Bay, Laizhou Bay, and Bohai Strait. Two troughs are observed in the north and south at the bottom of the sea, with water depths of 65 and 50 m respectively. The Bohai Strait includes more than 20 islands, with a maximum width of 109 km (Liu et al., 2009). The Laotieshan Channel is the largest channel in the Bohai Strait, measuring 41 km wide and 86 m deep (Liu et al., 2007). Seawater enters the Bohai Sea through the northern Bohai Strait and flows out along the southern margin of the Bohai Sea, where the tidal regime is dominated by semi-diurnal tides (Qin et al., 1990).
[image: Figure 1]FIGURE 1 | Elevation map showing the study area and sediment cores. Core YRD-1401 is marked by a solid red square. Other related cores referred to in this study are shown by solid red circles.
The Bohai Sea has received large amounts of sediment from the Yellow River as well as other small rivers, such as the Liao, Luan, and Daling rivers, during its evolution (Qin et al., 2021). These rivers deliver 1.85 × 107 tons/yr of sediment to the sea (Milliman et al., 1987; Wang et al., 2007; Qin et al., 2021). The Bohai basin has been subsiding continuously since the late Oligocene (Allen et al., 1997). The rate of subsidence is estimated to have averaged ∼80 m/Ma during the Quaternary, increasing to ∼400 m/Ma during the Late Pleistocene owing to the continued active subsidence (Liu et al., 2009; Shi et al., 2016).
MATERIALS AND METHODS
Core YRD-1401 (37.70°N, 118.97°E; length 81.0 m) was drilled in the modern Yellow River delta in 2014 using a rotary drilling method (Figure 1). The mean recovery of muddy and sandy sediments was better than 90 and 75%, respectively. The core was split into two sections and preliminarily described in the laboratory. The sediments in core YRD-1401 were sampled for sedimentological, micropalaeontological, and chronological analysis.
Grain-Size Analysis
A total of 464 samples were selected at ∼10–20 cm intervals for analyses of grain size, which was measured using a Malvern Mastersizer 2000 laser particle size analyser (Malvern Instruments, United Kingdom) at the Qingdao Institute of Marine Geology, China Geological Survey, Qingdao, China. The organic matter and biogenic carbonate fractions in the samples were removed prior to analysis. Grain-size parameters were determined following Folk and Ward (1957), and the sediment types were described with reference to the classification scheme of Shepard (1954).
Benthic Foraminiferal Analysis
Foraminifera identifications were conducted to assess palaeoenvironmental conditions. In this study, 326 samples were collected from core YRD-1401 at an interval of ∼20 cm. These samples were dried at 60°C and then sized through a 63 μm sieve after decanting the organic debris. After sieving, the samples were dried again at 60°C, and the >63 μm fraction of benthic foraminifera was examined under a stereoscopic microscope. The abundances and simple diversity of the foraminifers were calculated with respect to a dry sample size of 50 g. The benthic foraminiferal data of the core have been published elsewhere (Qian et al., 2021).
Radiocarbon Dating
Eight samples were selected for AMS 14C dating using suitable materials (including benthic foraminifera, organic carbon, bivalve mollusc shells, and gastropods). Dating was performed at the Beta Analytics Laboratory, Miami, Florida, United States. Radiocarbon ages were corrected for the regional marine reservoir effect (△R = −178 ± 50 yr; Southon et al., 2002) and calibrated using Calib Rev. 7.0.4 (Stuiver and Reimer, 1986). The radiocarbon dates are expressed as calibrated calendar years relative to 1950 CE (cal yr BP; or using “ka” in place of “cal kyr BP”) with one standard deviation (1σ) uncertainty. In addition, uncalibrated ages are expressed as 14C years BP (14C yr BP). The measured AMS 14C ages are listed in Table 1.
TABLE 1 | AMS 14C dating results for core YRD-1401.
[image: Table 1]Luminescence Dating
Sediments collected for luminescence dating were sampled using opaque plastic cylinders. All OSL samples were prepared under red light in the luminescence dating laboratory of Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining, China.
The middle parts of the sampling cylinders were unexposed and can be used to extract quartz and potassium feldspar (K-feldspar) for determinations of equivalent dose (De). To remove carbonates and organic material, the samples were treated with 10% HCl and 30% H2O2, respectively. Then, samples were wet-sieved to retrieve 38–63 and 90–125 μm fractions. Heavy liquids with densities of 2.58, 2.62, and 2.75 g/cm3 were used to separate quartz and K-feldspar grains in the 90–125 μm fraction. K-feldspar grains were treated with 10% HF for 10 min to remove the outer layer irradiated by alpha particles. To remove the feldspar and/or alpha-irradiated layer from quartz grains, the 38–63 and 90–125 μm fractions were treated using H2SiF6 (35%) and HF (40%), respectively (Lai and Wintle, 2006). Any fluorides created during the HF etching were removed using 10% HCl, and the purity of the quartz extracts was checked by IR stimulation (Duller, 2003). Quartz grains with obvious IR signals were re-etched with H2SiF6 or HF to avoid age underestimation (Lai and Bruckner, 2008).
Water content was measured by weighing the sample before and after drying, assuming an uncertainty of ±5% for all of the samples. Contents of U and Th were determined using inductively coupled plasma–mass spectrometry (ICP–MS), whereas K contents were determined using ICP–optical emission spectroscopy (ICP–OES). The a-value for the 38–63 μm fraction was taken as 0.035 ± 0.003 (Lai et al., 2008). In addition, contents of K and Rb of 12.5 ± 0.5% and 400 ± 100 ppm were assumed for K-feldspar dose rates, respectively (Huntley and Baril, 1997).
The quartz and K-feldspar extracts were mounted on the central part (∼0.7 cm diameter) of stainless-steel discs (∼0.97 cm diameter) using silicone oil as the fixing agent. All measurements employed a Risø TL/OSL -DA-20 reader equipped with blue diodes (λ = 470 ± 20 nm) and IR diodes (λ = 830 nm). Laboratory irradiation was performed using 90Sr/90Y sources mounted within the reader, with a dose rate of 0.1222 Gy/s. Quartz OSL was detected through a U-340 filter and feldspar IRSL through a combination of BG-39 and coring-759 filters.
RESULTS
Luminescence Characteristics and Reliability of the Ages
Quartz OSL dating in this study employed the SAR-SGC method (Lai and Ou, 2013), which combines Single Aliquot Regeneration (SAR) with Standard Growth Curve (SGC) protocols (Murray and Wintle, 2000; Roberts and Duller, 2004; Lai, 2006). The suitability of the SAR procedure for determinations of De was checked using preheat plateau and dose recovery tests. The preheat plateau test was performed on sample OSL-3. Preheat temperatures ranged from 220 to 300°C at a 20°C interval for 10 s, with a heating rate of 5°C/s. The cut-heat temperature was kept constant at 220°C for all measurements. Every four aliquots for each temperature were measured and calculated as the mean values of De. A plateau was observed for temperatures from 260 to 300°C (Figure 2). In addition, the recycling ratios for different temperatures of sample OSL-3 ranged from 0.95 to 1.03 (lying within the range of 0.9–1.1) (Figure 2). According to these results, a preheat temperature of 260°C and a cut-heat of 220°C were employed to measure the De of the quartz fraction.
[image: Figure 2]FIGURE 2 | Results of preheating plateau tests and recycling ratios for sample YRD-1401-OSL-3. The equivalent dose (De) of each data point is the mean of four aliquots.
For each sample, an SGC was built using the SAR procedure from 6 aliquots, and the De values of 12 additional aliquots were then obtained using this SGC. The De value was calculated using the initial 0.64 s integral of the OSL decay curve minus the last 8 s integral. The OSL decay curves and reconstructed dose-response curves for sample YRD-1401-OSL-3 are presented in Figure 3. The quartz OSL signals decrease quickly during the first second of stimulation, indicating that the signal is dominated by the fast component (Singarayer and Bailey, 2003). The values of De and ages for each sample were calculated and are listed in Table 2.
[image: Figure 3]FIGURE 3 | Quartz OSL characteristics of sample YRD-1401-OSL-3. (A) growth curve; (B) decay curve.
TABLE 2 | OSL dating results for core YRD-1401.
[image: Table 2]K-feldspar pIRIR dating utilizing the pIRIR170 and pIRIR290 signals was used on pre-treated luminescence samples for age estimations. The integrated signal for both pIRIR and IRSL50 was calculated from the first 2 s minus the background from the last 40 s. The stimulation time for pIRIR signals used in the current pIRIR SAR protocol was 200 s. The test dose was constant at ∼30% of the total measured dose. The pIRIR170 decay curve and reconstructed dose-response curves for sample YRD-1401-OSL-4 are presented in Figure 4. The IRSL 50°C signal decreases more rapidly than that of pIRIR170, which suggests that the latter bleaches more slowly.
[image: Figure 4]FIGURE 4 | IRSL signals of sample YRD-1401-OSL-4. (A) growth curves; (B) decay curves.
Stratigraphic Sequences of Core YRD-1401
Vertical variations in grain size, foraminiferal abundance, simple diversity, and relative abundance of the main foraminiferal species are shown in Figures 5, 6. On the basis of lithofacies characteristics and benthic foraminiferal assemblages, the sedimentary succession in core YRD-1401 can be divided into six stratigraphic units, DU 6 to DU 1 from bottom to top (Figure 7).
[image: Figure 5]FIGURE 5 | Down-core variations in grain-size composition (A) and grain-size parameters (B–E) of core YRD-1401. Mz, mean grain size; σ, sorting coefficient; Sk, skewness; KG, kurtosis. DU 1–DU 6, depositional units.
[image: Figure 6]FIGURE 6 | Down-core variations in benthic foraminiferal abundance, simple diversity, and relative abundance of the main foraminiferal species in coreYRD-1401.
[image: Figure 7]FIGURE 7 | Lithological log of core YRD-1401, with calibrated 14C and OSL ages.
DU 6 (81.0–51.35 m)
DU 6 is characterized by multiple upward-fining cycles, dominated by yellowish-grey to dark-grey silty sand, sandy silt, and clayey silt, with moderate sorting and tabular cross-bedding (Figure 8A). The grain size in this section ranges from 3.5 to 5.5 Φ (Figure 5), and medium-grained sands are locally observed. Shell fragments, rusty-brown stains, and carbonaceous spots show a scattered distribution in this unit. According to the benthic foraminiferal assemblages (Figure 6), DU 6 can be further divided into three sections.
[image: Figure 8]FIGURE 8 | Photographs of representative sedimentary facies in core YRD-1401. (A) 65.67–65.94 m core depth (DU 6): yellowish-grey fine sands with moderate sorting and tabular cross-bedding. (B) 43.55–43.73 m (DU 5): dark-grey clayey silt, with silty bands, lenses, and shell fragments. (C) 32.59–32.79 m (DU 4): greyish-yellow silty sand interbedded with sandy silt and clayey silt, with rusty-brown stains and strong bioturbation. (D) 27.87–28.06 m (DU 3): greyish-yellow silt, with carbonaceous spots. (E) 15.89–16.07 m (DU 2): dark-grey silt and clayey silt, with silty lenses and strong bioturbation. (F) 4.10–4.23 m (DU 1): yellow to greyish-yellow sandy silt and silt, with carbonaceous spots and clayey bands.
In the lower section (81.0–68.6 m), the abundances of benthic foraminiferal assemblages range from 1.0 × 103 to 1.0 × 104 species per 50 g, with an average value of 5.0 × 103. The simple diversities vary between 2 and 16, with an average value of 8. The assemblages are dominated alternately by euryhaline species (e.g., Ammonia. beccarii variabilis, Elphidium magellanicum, and Cribrononion subincertum) and shallow-water marine species (e.g., Protelphidium tuberculatum, Buccella frigidum, Elphidium advenum, and Quinqueloculina seminula). In the middle section (68.6–57.6 m), however, foraminifera occur sporadically, with relatively low abundances and simple diversities (most values being <1.2 × 103 and 10, respectively). The assemblages are dominated by A. beccarii vars., and the relative content of brackish water species increases (e.g., Haynesina germanica and Pseudononionella variabilis) compared with the lower section. The values of average abundance and simple diversity of foraminiferal assemblages in the uppermost part of DU 6 (51.4–57.8 m) are 2.4 × 103 and 9, respectively, which are dominated by euryhaline species such as A. beccarii vars. and C. subincertum.
According to lithofacies and benthic foraminiferal assemblages, DU 6 is interpreted as tidally influenced river deposits in an estuarine environment. The rusty-brown stains and carbonaceous spots scattered in this unit are indicative of subaerial exposure, typical of tidal-river environments. Sandbeds with basal erosional surfaces, fining-upward trends, and cross-bedding are indicative of tidal-channel deposition (Reineck and Singh, 1980).
DU 5 (51.35–37.64 m)
The sediments in DU 5 are composed of grey and yellow silt (Figure 8B) and are finer than those of DU 6. Tabular cross-bedding and upward-fining cycles are observed, and the grain size ranges from 5.5 to 6.5 Φ (Figure 5). The abundances of benthic foraminifera vary from 2.8 × 103 to 1.0 × 105 species per 50 g, and the simple diversity value is 11. These are the maximum values of abundance and simple diversity in core YRD-1401. The assemblages are dominated by shallow-water euryhaline species (mainly in the lower interval) and shallow-water marine species (in the upper interval), with a boundary between the two intervals at 47.03 m (Figure 6).
DU 5 is inferred to represent deposition in a tidal-flat to a shallow-subtidal environment, which is supported by the lithofacies characteristics and down-core changes in benthic foraminiferal assemblages.
DU 4 (37.64–30.71 m)
DU 4 is characterized by yellow and greyish-yellow fine sand, sandy silt, and clayey silt (Figure 8C), with some rusty-brown stains and tidal bedding. Upward-fining depositional cycles and moderate to poor sorting are common, with the values of mean grain size ranging between 3.9 and 5.9 Φ. The abundances of benthic foraminiferal assemblages in DU 4 are notably lower compared with DU 5, as are the simple diversities (Figure 6). Benthic foraminifers (average = 32 species per 50 g) occur sporadically and are dominated by A. beccarii vars. and P. tuberculatum.
According to the low abundance and sporadic distribution of benthic foraminifera, the common tidal bedding, and rusty-brown stains, DU 4 is interpreted as tidal-flat deposits of an oxidizing and/or subaerial environment.
DU 3 (30.71–23.50 m)
A dual structure, with fine and silty sand in the lower section and silt in the upper section (Figure 8D), is observed in DU 3. Tabular cross-bedding, strong bioturbation, and rusty-brown stains are common, and the sediments show poor sorting. A few foraminifera in this unit may have been reworked and/or transported, as inferred from their abraded and oxidized characteristics.
Given the lithology and benthic foraminiferal characteristics, this unit is interpreted as fluvial deposits.
DU 2 (23.50–14.22 m)
DU 2 can be further divided into three subunits. The lower subunit (23.50–22.36 m) consists of greyish-yellow to dark-grey clayey silt, with numerous carbonaceous spots and scattered shell fragments. In this subunit, the benthic foraminiferal assemblage is dominated by brackish water species (H. germanica), and the average values of abundance and simple diversity are 992 species per 50 g and 1, respectively. The middle submit (22.36–17.64 m) is composed predominantly of fine sand and silty sand, with some clayey bands. Tabular cross-bedding is common, and scattered shell fragments are observed. The benthic foraminiferal assemblage is dominated by A. beccarii vars., P. tuberculatum, E. advenum, and E. magellanicum. An increase in the abundance of benthic foraminifera (averaging 5.0 × 103 species per 50 g) is observed. The uppermost submit (17.64–14.42 m) is characterized by silt and clayey silt, with silty lenses and strong bioturbation (Figure 8E). A yellowish-gray fine sand layer (∼20 cm thick) is found at 14.4–14.2 m and shows moderate sorting and tabular cross-bedding. The average values of foraminiferal abundance and simple diversity in this subunit are 4.3 × 103 species per 50 g and 21. The abundances of euryhaline and shallow-water species are lower and higher, respectively, compared with the middle submit.
DU 2 is interpreted to have been deposited from the middle to late Holocene in a coastal to nearshore shelf environment, as evidenced by the strong bioturbation and high abundances of foraminifera.
DU 1 (14.22–0 m)
DU 1 is composed of yellow to greyish-yellow sandy silt and silt. Tidal bedding, molluscan shell fragments, carbonaceous spots, and rusty-brown speckles occur locally, as well as some clayey bands (Figure 8F).
The benthic foraminiferal assemblage of DU 1 exhibits low abundances and low diversities. The abundance averages 581 species per 50 g, and the diversity averages 6. The assemblage is dominated by euryhaline and shallow-water marine species, such as A. beccarii vars., P. tuberculatum, and Q. seminula.
According to the absence of bioturbation, and the low abundances and low simple diversities of benthic foraminifera, DU 1 is interpreted as deposits of the modern Yellow River delta since 1855, when the Yellow River shifted its main course and discharged into the Bohai Sea (Alexander et al., 1991).
DISCUSSION
Chronostratigraphic Framework of the Core YRD-1401
We established the chronostratigraphic framework of the depositional units in core YRD-1401 using the dating results of quartz OSL, feldspar pIRIR, and AMS 14C. As mentioned above, radiocarbon and OSL dating have their particular advantages and limitations. In this study, 14C is regarded as the preferred method for young dates and yields reliable and accurate ages for Holocene sediments. OSL performs well and outperforms 14C dating for the old (>25 ka) sediments. Considering the saturation levels of quartz signals, ages obtained by quartz OSL dating can be regarded as reliable for pre-Holocene sediments when the De value is less than ca. 230 Gy (Lai, 2010). However, only minimum ages can be provided when the quartz signals are greater than ca. 230 Gy. Therefore, for samples that exceed the upper limit of quartz OSL dating, the results derived from pIRIR dating may be more accurate.
For DU 6, eight samples yielded the quartz OSL ages between 159 ± 13 and 118 ± 8 ka, which lie beyond the dating limit (with respect to the above-mentioned De threshold value) and are, therefore, regarded as minimum ages of the sediments (Wintle and Murray, 2006; Lai, 2010). To further constrain the timing of DU 6, the pIRIR protocol with an elevated temperature stimulation of 290°C was used. One infinite pIRIR290 age [YRD-1401-OSL-15 (f)] of >378 ka (minimum age: 378 ± 18 ka) at 80.50 m was determined from the basal part of DU 6, for which the value of De is greater than 1000 Gy. Another pIRIR290 age [YRD-1401-OSL-10 (f)] of 236.1 ± 14.9 ka obtained at ∼65.00 m corresponds to MIS 7. Therefore, we suggest that DU 6 was formed during MIS 6 or even older.
Three AMS 14C dates for DU 5 (47.07–39.87 m) are beyond the age limit of radiocarbon dating (>43.5 kyr BP). Two OSL dates of 105.0 ± 8.0 and 81.0 ± 5.5 ka were obtained from this unit, indicating that it was deposited during MIS 5.
In DU 4, an AMS14C date for the upper part of DU 4 (at 30.75 m) is beyond the limit of the radiocarbon method, and only an infinite age of 43.5 ka can be given. In addition, the stratigraphic interval of DU 4 was dated between 64.1 ± 5.1 and 63.0 ± 5.2 ka using quartz OSL dating, which corresponds to early MIS 3 considering the age error. These ages were cross-checked using the pIRIR protocol with an elevated temperature stimulation of 170°C. The aliquots of sample YRD-1401-OSL-4 were bleached for 56 h under sunlight (8 h per day for 7 days) to determine the residual dose, which has an important influence on pIRIR dating. After subtraction of the residual dose (46.1 Gy), the resultant pIRIR170 age (YRD-1401-OSL-4 (f)) of 73.8 ± 4.9 ka is older than the quartz OSL age (63.0 ± 5.2 ka) at the same depth of 37.30 m. This age inconsistency for the same sample may have been caused by a residual signal that is unbleached or hard to bleach by pIRIR dating, as the natural bleaching process in coastal areas is uncertain (Li et al., 2014; Li et al., 2018; Long et al., 2019). Within age uncertainties, the timing of deposition of DU 4 corresponds to early MIS 3.
An OSL age for YRD-1401-OSL-2 of 47.5 ± 5.9 ka was obtained at 29.20 m, and an AMS 14C date (>43.5 kyr BP) for the lower part of DU 3 is beyond the age limit of radiocarbon dating, indicating that DU 3 was deposited during late MIS 3.
In DU 2, three samples were selected and dated at 2006, 4228, and 8888 cal yr BP using AMS 14C dating. An OSL age of 6.3 ± 0.5 ka obtained at 19.4 m, together with 14C results, constrains this unit to the Holocene. According to the progradation history of the Yellow River delta (Xue, 1993; Saito et al., 2000) and the lithology and stratigraphic position of DU 1, DU 1 is interpreted as deltaic deposits of the modern Yellow River.
Analysis and Correlation of Sedimentary Strata in the Bohai Sea
The sedimentary sequences recorded in the coastal areas of eastern China vary with respect to sediment supply, stratigraphic completeness, and core locations (Liu et al., 2016). Therefore, the sedimentary evolution of the Bohai Sea is best established by using sedimentary records of multiple cores. Here, we use the results from core YRD-1401, together with results from other cores examined by previous studies, to make a regional comparison of sedimentary strata deposited since ca. 200 ka in the coastal areas of Bohai Sea.
A comparison of the stratigraphic sequence of core YRD-1401 with that of other cores, including LZK06 (Li et al., 2019), BT113 (Chen et al., 2012), YRD-1101 (Liu et al., 2016), Lz908 (Yi et al., 2012), and YRD-1402 (Zhang et al., 2016), are shown in Figure 9. The sedimentary sequences can be divided into four depositional units, designated L4 to L1 in ascending order.
[image: Figure 9]FIGURE 9 | Stratigraphic correlations between cores from the Bohai Sea, with sedimentary facies and ages.
Sedimentary sequences in L4 were deposited prior to 130 ka. Fluvial and tidal-river sedimentation prevailed in Liaodong Bay (LZK06 core) and the western coast of the Bohai Sea (e.g., cores BT113, YRD-1101, and YRD-1401). L4 in Laizhou Bay is dominated by alternations of sediments deposited in tidal-flat and fluvial environments (core Lz908). All of the quartz OSL ages for this unit are beyond the upper limit of this dating method and are presented as minimum ages of the sediments. Most of the pIRIR ages vary between 260 and 130 ka, with IRSL signals in some ages being saturated. Considering one infinite pIRIR290 age of >378 ka and another pIRIR290 age of 236.1 ± 14.9 ka for core YRD-1401 (Figure 7), it is speculated that fluvial and tidal-river environments prevailed in the Bohai Sea during MIS 6 or earlier.
L3 corresponds to sedimentary sequences that formed between 130 and 60 ka and show wide differences between the compared cores. In cores BT113 and YRD-1101, this unit consists mainly of neritic and fluvial deposits, indicating sea-level fluctuation in the Bohai Sea during MIS 5, and these deposits are consistent with those in the Pearl River delta (Fu et al., 2020). In other cores, this unit is dominated by neritic and tidal-flat deposits, with the OSL ages falling in the 100–60 ka range. The chronology and lithology demonstrate that alternating marine and terrestrial environments on the northern and western coasts of the Bohai Sea and tidal-flat environments on the south coast of the Bohai Sea occurred during early MIS 3–MIS 5.
Unit L2 is dominated by fluvial-facies sediments and is estimated to have formed from ca. 60 to 10 ka. OSL ages constrained the fluvial sediments to mid-MIS 3–MIS 2, including cores BT113, YRD-1101, YRD-1402, and YRD-1401. However, some marine-influenced sediments in cores LZK06 and Lz908 are also observed in cores LZK06 and Lz908 and have OSL ages of ca. 40 ka.
The sedimentary sequences of L1 were deposited during the Holocene and are characterized by neritic and tidal-flat deposits associated with sea-level rise. Dating results of 14C and OSL methods suggest that this unit was affected by the Holocene transgression in the Bohai Sea (e.g., Yi et al., 2012; Liu et al., 2016). L1 also contains Yellow River sediments deposited since AD 11 in the modern Yellow River delta.
Sedimentary Record of MIS 3 in the Bohai Sea
Reconstruction of sea-level change and transgression history over the past 200 ka for the Bohai Sea is challenging because of discrepancies among dating results, and it is still unclear whether the seawater covered the present coastal areas of the Bohai Sea during MIS 3. Previous studies of stratigraphic imprints and chronology have elucidated transgression histories in the coastal to shelf areas of eastern China (Qin and Zhao, 1985; Xu et al., 2011), where three marine units (i.e., M-3, M-2, and M-1) have been identified. It is well established that M-1 was deposited during the Holocene (e.g., Zhang et al., 2016; Li et al., 2019), as constrained by numerous dating results. However, it remains unclear whether the second transgression (M-2) occurred during MIS 3 or MIS 5, despite considerable research carried out on this problem (Li et al., 2019; Gao et al., 2021). Put another way, it is uncertain whether the MIS 3 transgression occurred in the coastal areas of eastern China.
Accurate and consistent chronology is the key to solving this problem. Previous studies have determined age for M-2 of ca. 40 ka using 14C dating of shells, wood, and benthic foraminifera (e.g., Hanebuth et al., 2006; Shang et al., 2018), corresponding to middle to late MIS 3. However, these dating materials are vulnerable to contamination by new carbon, which would lead to an underestimation of radioactive ages (Pigati et al., 2007). For example, the apparent age of one old sample (beyond the upper limit of 14C dating) mixed with 1% new carbon will give an age of 38 ka (Aitken, 1990). 14C ages older than 35 ka should be treated with caution, and additional dating methods are needed to verify (Gao et al., 2019). The M-2 deposits, originally dated as MIS 3 using 14C dating (e.g., Zhao et al., 1978; Hanebuth et al., 2006; Liu et al., 2009; Wang et al., 2014; Shang et al., 2018), have been re-evaluated to MIS 5 or even older based on U-series and OSL dating results (Wang et al., 2021).
After re-examination of the available geological and geochronological data, Chen et al. (2012) and Gao et al. (2019) concluded that there was no reliable evidence for the deposition of marine sediments during MIS 3 in the Yangtze River delta and the western Bohai Sea, And it was presumed that all OSL ages for M-2 would belong to MIS 5. However, Yao et al. (2010) identified a transgression layer with abundant benthic foraminifera in core Lz908. In a subsequent study, radiocarbon dates and OSL ages constrained this transgression event to MIS 5–3 (Yi et al., 2012). Moreover, a more recent study showed that M-2 corresponds to MIS 3 and did not detect MIS 5 marine deposits in the northern coast of the Bohai Sea (Li et al., 2019). In core YRD-1401, tidal-flat deposits are revealed in DU 4, as inferred from low-abundance and sporadic benthic foraminifera, tidal bedding, and rusty-brown stains. OSL ages of 65.5 ± 3.1 and 63.0 ± 5.2 ka were obtained from this unit in the present study, which correspond to early MIS 3. Considering the saturated dose of 230–150 Gy (i.e., a quartz OSL age of ca. 70 ka) (Lai et al., 2010), it is necessary to further constrain the timing of formation of these tidal-flat deposits using pIRIR dating. A pIRIR170 age of 73.8 ± 4.9 ka was obtained for sample YRD-1401-OSL-4, which is older than its quartz OSL age. Given the complex and uncertain bleaching process of IRSL signals in coastal areas, the residual doses of samples from such areas may be large, and therefore the pIRIR170 age of 73.8 ± 4.9 ka of sample YRD-1401-OSL-4 may have been slightly overestimated. Therefore, we argue that the quartz OSL age and pIRIR170 age of sample YRD-1401-OSL-4 are consisting within error ranges and correspond to early MIS 3 (ca. 60 ka).
It has been suggested that marine transgressions in the Bohai Sea are influenced by multiple factors, including sea-level change, sediment input, and palaeotopography (Liu et al., 2009). The Bohai Sea is separated from the Yellow Sea by the Miaodao Islands Uplift (Figure 1), which has blocked the passage of seawater from the Yellow Sea into the Bohai Sea since its uplift during the late Mesozoic (Yi et al., 2016). However, as a result of subsequent subsidence of the Miaodao Island Uplift, regional seawater has entered the Bohai Sea since the late Pleistocene (Liu et al., 2016). Hence, it is necessary to reconstruct the paleo sea level and establish whether seawater could have flooded the Miaodao Islands Uplift during early MIS 3. Palaeo sea level is commonly represented by the elevation of associated tidal-flat deposits. The Bohai Sea has been in a state of continuous subsidence over the past 6 Ma, at a rate of 0.12–0.50 m/ka (Guo et al., 2007; Liu et al., 2016). Considering that the rate of subsidence has decreased substantially during the late Pleistocene, it is estimated that the amount of tectonic subsidence in the Bohai Sea since early MIS 3 is ∼7.2 m, using the minimum subsidence rate (0.12 m/ka). In addition, the reconstruction of the palaeo sea level could be affected by sediment compaction (Qin et al., 2020). In this study, the sediments in YRD-1the 401 core are composed of silty sand, which has a limited effect on compaction. Therefore, the thickness of compaction is assessed at ∼1 m. The tidal-flat deposits at 37.64–30.71 m in core YRD-1401 correspond to early MIS 3. The sea level during early MIS 3 is estimated to have ranged from 26.8 to 19.9 m below the present sea level in the Bohai Sea when the elevation of the core (+2.64 m), tectonic subsidence (7.2 m), and post-deposition compaction (∼1 m) are taken into account. An analogous high stand of sea level has been reported in other areas, including the Yangtze River and Red River deltas (Hanebuth et al., 2006; Pico et al., 2016; Shang et al., 2018). According to the rate of tectonic subsidence (0.12–0.50 m/ka), the subsidence of the Miaodao Islands Uplift since early MIS 3 (ca. 60 ka) is between 7.2 and ∼30 m. The water depth at the bottom of the southern trough of the Miaodao Islands Uplift and the maximum depth of the Laotieshan channel would have exceeded 20 and 50 m, respectively, which would have enabled the seawater to enter the Bohai Sea via the Miaodao Islands Uplift during early MIS 3.
Furthermore, the southern Bohai Sea has been in a stage of continuous subsidence since the late Quaternary, which would have provided sedimentary accommodation space for marine transgressions. However, the MIS 5 transgression was weak and/or absent in the northern Bohai Sea because the depositional elevation in the northern Bohai Sea may be higher than the sea level (Li et al., 2019; Wang et al., 2020). Moreover, some researchers have ascribed the unexpectedly strong transgression during MIS 3 in the marginal seas off eastern China to continuous tectonic subsidence since MIS 5 (e.g., Yan et al., 2006; Wang et al., 2013). However, our results show that the MIS 3 transgression along the southwestern coast of the Bohai Sea occurred only in the early part of this MIS and that a tidal-flat environment prevailed. The foraminiferal assemblages and abundances (Figure 6) and lithologic characteristics of rusty-brown stains and tidal bedding (Figure 8) show that the marine transgression during MIS 3 was weaker than that during MIS 5, despite the continuing subsidence. This contradiction between the intensity of transgression and sea-level change is likely to have been caused by the lack of a clear and reliable chronological framework rather than uncertainty regarding the amount of tectonic subsidence.
Finally, the basis of the record of marine transgressions is stratigraphic completeness (Yi et al., 2012; Liu et al., 2016). During the late Quaternary, erosion occurred with increasing frequency in the complex sedimentary environments of coastal and nearshore areas. The transportation of sediments in channels and periods of erosions are marked by unconformities in stratigraphic records (Straub et al., 2020). In fact, the high degree of instability of the climate and sea-level fluctuations during the Last Glacial, produced extreme erosion events, including the channelization of rivers into the underlying sediments. During the Last Glacial Maximum, a large number of palaeo river channels developed and incised the coastal to shelf areas, with a sea level of approximately 130 m below the present sea level (Liu et al., 2010). These palaeo channels were filled and/or erased by subsequent transgression, with deposits being only partially preserved in the geological record (Fagherazzi et al., 2008). As a result, the study of sedimentary environments and the associated marine transgression during MIS 3 requires detailed analyses of successive sedimentary facies and a reliable chronological framework.
Sedimentary Evolution of the Bohai Sea Since 200 ka
The sedimentary characteristics and chronostratigraphic framework of core YRD-1401, together with other cores examined by previous studies, enable the sedimentary evolution of the Bohai Sea to be understood from the perspective of sea-level change, sediment supply, and geomorphology over the last 200 ka.
The Miaodao Islands Uplift has existed since the late Mesozoic and has played an important role in the sedimentary evolution in the Bohai Sea (Yi et al., 2016). Several weak transgressions are recorded in the Bohai Sea at ca. 0.83 Ma and ascribed to the tectonic subsidence of the Miaodao Islands Uplift (Liu et al., 2016). The climate was relatively warm and wet during MIS 7, although it was interrupted by a cold substage (MIS 7d) and did not reach the peak of that of MIS 5 and the Holocene (Rowe et al., 2014; Columbu et al., 2019). Subsequently, the global sea level fell by 120–130 m during MIS 6, which was characterized by a cold and dry climate (Antonioli et al., 2004). The deposits of DU 6 suggest that in the study area, a tidal-river environment prevailed from MIS 7 to MIS 6. The rusty-brown stains and carbonaceous spots observed in DU 6 are interpreted as representing subaerial exposure. The sand beds with basal erosional surfaces and cross-bedding are indicative of tidal-channel deposition, as indicated by the relatively low abundance and simple diversity of foraminifera as well as by the foraminiferal assemblages, which are dominated by low-salinity species. In addition, high abundances of H.germanica in the benthic foraminiferal assemblages were observed in core YRD-1401 (57.80–51.35 m), which suggests that strong tidal currents occurred during MIS 7 to MIS 6 (Hayward and Hollis, 1994).
Following MIS 6, the global sea level rose and reached its peak during MIS 5e (Shackleton, 1987), and marine deposits were ubiquitous in the coastal to shelf areas of eastern China. This large-scale transgression in the South Yellow Sea is recorded by Asterorotalia spp. and involved a cold-water mass in the central South Yellow Sea (Wang et al., 1981; Yang et al., 1998). During MIS 5, neritic deposits were common in the Bohai Sea, with OSL ages of 100–90 ka (Liu et al., 2016). This view is further confirmed by the deposits of DU 5. The abundance and simple diversity of foraminifera both reach their highest values in this unit in core YRD-1401, and the assemblages are dominated by shallow-water marine/euryhaline species, which suggests that a strong transgression occurred in the Bohai Sea during MIS 5. However, sedimentary evidence from the Pearl River delta and Yangtze River delta shows that sea level fluctuated and these areas were not covered by seawater continuously during MIS 5 (Zhao et al., 2008; Fu et al., 2020). These sea-level fluctuations are also revealed on western coast of the Bohai Sea, where the sedimentary sequences contain alternations of tidal-flat and neritic deposits and are intercalated with fluvial and tidal-river deposits (Figure 9). It is worth noting that the completeness of sedimentary sequences in some cores is poor, which could be a result of subsequent river erosion and/or scouring by transgressive processes. In addition, some factors including high elevation in palaeotopography and sediment discharge during MIS 5 seem to have been unfavorable for the development of marine deposits (Wang and Tian, 1999; Wang et al., 2008). For example, the marine sedimentary interval of MIS 5 is not observed in Liaodong Bay (Li et al., 2019) due to its high elevation in palaeotopography (Wang et al., 2020).
During MIS 4, the sea level fell to ∼80 to ∼90 m below the present sea level, and rivers developed in coastal areas (Chappell et al., 1996; Liu et al., 2010). With the development of rivers, fluvial processes further eroded late Quaternary strata in coastal to shelf areas (Fagherazzi et al., 2008). The MIS 3 transgression along the southwestern coast of the Bohai Sea occurred in early MIS 3, when a tidal-flat environment developed on the southwestern coast of the Bohai Sea. During middle MIS 3 to MIS 2, the lowered sea level exposed the coastal to shelf areas, and a terrestrial environment prevailed (Zhou et al., 2014; Liu et al., 2016).
A peat layer underlying DU 2 at a depth of 22.62 m yielded an age of 8888 cal yr BP in this study, indicating a prevailing coastal marsh sedimentary environment during 9000–8000 yr BP in the Bohai Sea (Qin et al., 1990; Saito et al., 2000). Later, coastal marshes were quickly inundated by seawater, and the sedimentary environment changed from terrestrial (fluvial or lacustrine) to coastal marine (Qiao et al., 2011). During the maximum Holocene transgression, the western coastline of the Bohai Sea lay 50–90 km west of the present coastline (Liu et al., 2016). The ages (including OSL ages and AMS14C ages) and foraminiferal assemblages of DU 2 suggest that a marine transgression (i.e., M-1) occurred along the southern Bohai Sea during the Holocene.
CONCLUSION
OSL dating and lithological of core YRD-1401 from the Yellow River delta were used to establish the late Quaternary sedimentary evolution of the southwestern coast of the Bohai Sea. The main conclusions of the study are as follows:
(1) A weak transgression (dominated by tidal-flat deposits) is inferred along the southwestern coast of the Bohai Sea during early MIS 3 and was weaker than the transgression of MIS 5.
(2) The sea level during early MIS 3 is estimated to have ranged from 26.8 to 19.87 m below the present sea level in the Bohai Sea, which allowed seawater to enter the Bohai Sea via the Miaodao Islands Uplift during this period.
(3) The measured luminescence ages and foraminiferal assemblages indicate that M-3 was likely formed during MIS 5 and that a tidal-river environment prevailed on the southwestern coast of the Bohai Sea during MIS 6 or earlier.
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Continental margin sediments represent a major global sink of organic carbon (OC), and as such exert a key control on Earth’s climate. Today, OC burial in marine sediments mainly takes place under oxygen-rich water columns, where most OC is stabilized through intimate association with sediment grains and biogenic minerals. In prior episodes of Earth’s past, when large parts of the oceans were anoxic, the mode of sedimentary OC burial must have been very different, however. Present-day analogues indicate that surface sediments accumulating under low-oxygen water columns are often “soupy” in texture. Moreover, most OC occurs in large (100–2,000 μm diameter) organic and organo-mineral aggregates which, due to their low density, are prone to wave- and current-induced resuspension. Upon mobilization, these aggregates can undergo lateral transport within so-called nepheloid layers, and may be translocated hundreds of kilometres, and on timescales of thousands of years. Little is known about processes of formation, resuspension and hydrodynamic properties of these aggregates in oxygen-poor waters, or which factors control their eventual breakdown or burial. The goal of this study is to examine the drivers and biogeochemical consequences of this resuspension on OC cycling in modern, oxygen-depleted, “Semi-Liquid Ocean Bottom” (SLOB) regions. We argue that models of sediment and OM hydrodynamics and redistribution that describe sedimentation processes in oxygenated ocean waters of the modern ocean are a poor analogue for equivalent processes occurring under oxygen-deficient conditions. In the latter, we hypothesize that 1) the abundance of low-density organic-rich particles and aggregates leads to a greater propensity for sediment remobilization at low(er) shear stress, and 2) upon resuspension into low-oxygen bottom waters, remobilized OM may be subject to less degradation (less attenuation) during lateral transport, leading to efficient and widespread translocation to distal centres of deposition. We address specific aspects of the SLOB hypothesis utilizing a combination of literature and new data, focussing on the Benguela Upwelling Region as a model system.
Keywords: sedimentary processes, anoxia, resuspension, SLOB hypothesis, marine carbon cycle, sediment threshold of motion, organic matter
1 INTRODUCTION
Organic matter burial in marine sediments comprises an integral component of the global carbon cycle and is of fundamental importance in regulating the balance of CO2 and O2 in the atmosphere on geological timescales (Berner, 2001; Mills et al., 2019). Continental margins and other high productivity regions are among the most prolific sites of burial despite the fact that they only make up <20% of the whole ocean (Premuzic et al., 1982; Hedges and Keil, 1995; Burdige, 2007; Arndt et al., 2013). Organic matter preserved in these depositional environments on geologic timescales also provides key insights into past oceanic conditions.
Sinking particles derived from surface ocean biological productivity are the main conveyor of organic matter and nutrients to the sea floor, orchestrated by the “biological pump” (Passow and De La Rocha, 2006; Honjo et al., 2008). Collisions and interactions between organic and inorganic matter in the surface ocean promote flocculation, and interparticle attractive forces (e.g., polymer bridges), as well as biological processing, facilitate the subsequent coagulation to larger particles (e.g., faecal pellets and aggregates) (e.g., Israelachvili, 2011). These large particles promote export flux of organic carbon due to their size and excess density compared to the surrounding sea water (Armstrong et al., 2002; Klaas and Archer, 2002; Honjo et al., 2008). Still on the low-density spectrum, however, these organic matter-rich sinking particles may remain in stationary suspension in the benthic boundary layer for protracted periods of time. Strong and variable bottom currents, as well as storm-driven resuspension events, may result in the development of bottom nepheloid layers—a near-bed water body containing increased amounts of particulate material (Jahnke, 2009; McCave, 2009). These may extend several hundred meters above the sea floor (McCave, 2009) and repeated internal resuspension-deposition cycles result in widespread lateral transport and sediment redistribution. These hydrodynamic processes, along with occlusion in biominerals, close association with detrital mineral phases and the seclusion from oxic conditions within the microenvironment of the aggregate, result in preferential transport of fine-grained minerals, frequently resulting in corresponding deposits of fine-grained minerals and associated organic carbon on upper continental slopes (Keil et al., 1994b; Ransom et al., 1998; Francois et al., 2002; Ingalls et al., 2004; Iversen and Ploug, 2010).
Under oceanographic settings that are characterized by high primary productivity (e.g., upwelling regions, riverine nutrient inputs) and/or restricted water circulation (e.g., water column stratification, semi-enclosed basins), high rates of aerobic organic matter degradation in the water column may lead to pronounced oxygen depletion in bottom waters, promoting organic matter accumulation on the sea floor. Such locations often exhibit a pronounced fuzzy sediment-water interface and a soupy sediment texture owing to the accumulation of low-density and organic matter-rich aggregates in “fluff” or “flocc” layers (e.g., Beier et al., 1991). Such material has a greater propensity for resuspension, and lateral transport of these particles may promote redistribution and formation of local hotspots of sedimentary carbon (Bianchi et al., 2018). The quality and quantity of OC preserved in these hotspots is directly related to the duration of exposure to molecular oxygen during transport and deposition—the oxygen exposure time (OET) (Arnarson and Keil, 2007; e.g., Hartnett et al., 1998; Keil et al., 2004). Thus, whether particulate organic matter is exported from the surface ocean to oxygen-rich or oxygen-depleted bottom waters may influence the degradation rate and burial location of organic matter in continental margin sediments.
While organic matter preservation and dynamics under anoxic conditions have been the subject of numerous investigations, the impact of organic carbon quantity and type on sediment hydrodynamic properties has been largely unstudied. Here, we argue that these processes should be considered in order to better understand the sedimentological drivers of organic carbon burial in the ocean. Low oxygen settings are spatially restricted in the modern ocean (Moffitt et al., 2015), but such conditions were much more prevalent earlier in Earth’s history (e.g., Schlanger and Jenkyns, 1976; Jenkyns, 2010), and will assume greater significance with on-going ocean deoxygenation (Keeling et al., 2010; Breitburg et al., 2018; Oschlies et al., 2018). Hence, these questions may take on greater relevance with respect to carbon burial on continental margins and in the deep ocean in the past and future.
In this paper, we merge published insights with new observations on the Benguela Upwelling System to present a conceptual framework for understanding the fate of sedimentary organic carbon in oxygen-depleted continental margin environments. Based on this model system, we discuss the properties of soupy, “Semi-Liquid Ocean Bottom” (SLOB) sediments and their broader-scale effects on organic matter distribution and burial in the ocean. In this context, we discuss the importance of hydrodynamic factors in controlling organic carbon transport and burial today, and for the interpretation of past paleoceanographic conditions based on sedimentary records. Such conditions may affect how we understand past and future ocean carbon storage capacity, considering the projected global warming and spread in oxygen minimum zones.
1.1 Study Site
The surface sediment cores measured for this study were recovered in five separate sampling trips to the Benguela Upwelling System (BUS) in 2014–2017 and 2019. Sampling focused on a series of cross-margin transects at 20, 23 and 25–26°S that included locations of high sedimentary organic carbon content (Figure 1). The BUS lies along offshore Namibia on the south-western margin of Africa and is characterized by localized seasonal cells of coastal upwelling that cause intense primary production, the spread of low-oxygen bottom waters and a high rate of OC burial (Nelson and Hutchings, 1983; Barlow et al., 2009; Junker et al., 2017). Two large oceanic currents define the BUS, namely the warm southward-directed Angola undercurrent and the cold northward-flowing Benguela surface current (Shannon et al., 1996). They roughly follow the main shelf break where an alongshore thermal front defines the extent of the upwelling cells (Summerhayes et al., 1995; Fennel, 1999; Skogen, 1999). They also play a key role in the formation of oxygen minimum zones (OMZs) depending on seasonal fluctuations in current intensity (Mohrholz et al., 2008).
[image: Figure 1]FIGURE 1 | Overview of study area (large right panel), including the three BUS upwelling cells that were studied boxes (A–C). Black symbols refer to MOSAIC database stations (Van Der Voort et al., 2021). Stations shown as white circles were analysed in this study. On the shelf, two large currents confine the BUS: an undercurrent from the north (nutrient-poor, oxygen-rich) and a surface current from the Angola Gyre (nutrient-rich, oxygen-poor) (modified from NCEI—National Centers for Environmental Information, 2016). Ocean colour (NPP, 4 km resolution) shows the typical distribution of high productivity inshore (NASA, 2018) and thus highlights the major upwelling zones. Total organic carbon (TOC; left panels) is focused in belts along the coast and is additionally transported to and concentrates in depositional centres (“depocenters”) offshore the major upwelling cells (D). The highest TOC values are present in muddy depocenters 20 and 50 nm offshore Walvis Bay (B) and Lüderitz (C), respectively (data from Inthorn et al., 2006b). Bottom water oxygen concentrations are low across the shelf and reach minimal values on the platform between 50 and 100 m water depth (e.g., Lavik et al., 2009).
The upwelled nutrient-rich water leads to high productivity in the coastal surface ocean and high vertical export of freshly produced, labile OM to the lower water column and underlying sediments. Remineralization by aerobic organoheterotrophs consumes the oxygen in the water column and creates an OMZ (<0.5 ml L−1 O2) that extends along and over the shelf (Lahajnar et al., 2014; Levin, 2003), across the two shelf breaks that mark the inner (50–150 m water depth) and outer shelf (300 m water depth). The inner shelf is characterized by a diatomic mud belt, with high OM preservation and burial, and sedimentary OC contents as high as 20 wt% (Inthorn et al., 2006b; Lass and Mohrholz, 2005; Mohrholz et al., 2008); Figure 1). Most effective deposition focuses on three along-shore belts on the continental margin and a large offshore depocenter at 25–26°S (800–2000 m water depth) (Inthorn et al., 2006b; Van Der Plas et al., 2007). Seasonal stratification, high sedimentation rates coupled with low water column oxygen concentrations (episodically <0.1 ml L−1 O2) (Levin, 2003; Arning et al., 2008) in the bottom water layers, and relatively low cross-shelf current velocities offshore (0.04–0.06 m s−1) support efficient OM burial (Bailey, 1991; Mollenhauer et al., 2004; Mohrholz et al., 2014), while tides, coastal currents, and upwelling influence particle resuspension and control sediment redistribution patterns (Lass and Mohrholz, 2005; Monteiro et al., 2005; Inthorn et al., 2006b; Junker et al., 2019).
2 METHODS
Sediment cores were retrieved by multicorer (MC-400 Hedrick/Marrs) and were sectioned every 1 cm and frozen in plastic sample bags at −20°C aboard ship. Upon return to the laboratory, the top 5 cm were freeze-dried. After cleaning the utensils with distilled water and polar and apolar organic solvents, the samples were homogenized and combined to yield a 0–5 cm composite surface sediment sample for bulk measurements (TOC, 14C), grain size fractionation, and density fractionation. The 5 cm cut-off was chosen to account for the variable thickness of the floc layer (often >3 cm from the top), and to ensure sample amounts sufficient for the subsequent analyses.
2.1 Density and Grain Size Fractionation
Granulometric analyses were performed to assess the impact of sedimentological parameters on the geochemical distribution patterns on the Namibian shelf, as OC commonly associates with small grain size fractions and resides in low-density particulate matter (e.g., Arnarson and Keil, 2001; Wakeham et al., 2009; Ausín et al., 2021). Three separate sodium polytungstate (SPT-0, NaW; TC-Tungsten Compounds, Germany) heavy liquid solutions were produced to separate the top 5 cm composite samples into four density fraction ranges, i.e., ≤1.6, 1.6–2.0, 2.0–2.5, and >2.5 g cm−3 (Wakeham et al., 2009; Cui et al., 2016). These were obtained by weighing ∼15 g of dried, powdered sediment and vortex mixing with the lowest density solution. Centrifugation for 20 min at 1,600 rpm separated the dense particles from the floating supernatant, which was recovered. The residue was then admixed with the next (higher) density solution and the process was repeated. Each supernatant was filtered (polyethersulfone, 0.2 μm Millipore filters) with Milli-Q type 1 water to remove the remaining salts in each fraction. Finally, the sediment was frozen, freeze-dried and weighed.
Seven grain size fractions (>250, 250–200, 200–125, 125–63, 63–10, 10–2, 2–0.2 μm) were produced by a combined wet sieving-centrifuging-filtering approach on separate aliquots of the same composite sediment samples using Milli-Q type 1 water. Aliquots of ∼15 g of dried, powdered sediment were weighed and, if necessary, clumps formed during storage and preparation were mechanically broken but no ultrasonication was applied to prevent disruption of fragile aggregates. The sand fractions collected on the sieves (up to and including >63 μm) were frozen, freeze-dried, and stored for further use. The material passing through the 63 μm sieve was collected and centrifuged until the supernatant was clean [160 RCF (g), 4 min] in order to separate the clay (0–2 μm) from the silt-sized residual (63–2 μm). The coarse and fine silt fractions were then separated using settling columns at 20°C (Gibbs et al., 1971; Ausín et al., 2021). The clay fraction was filtered (polyethersulfone, 0.2 μm Millipore filters) prior to freezing and storage. All fractions were then freeze-dried and weighed for subsequent analyses.
The purity of each grain size fraction was assessed by performing grain size analysis on the fractions (pre- and post-organic matter removal) using a Malvern Mastersizer 2000 laser-diffraction instrument at the Geological Institute, ETH Zürich. If necessary, shells >2 mm were picked out prior to analysis (McCave et al., 1995; Bao et al., 2019a).
2.2 Surface Area Measurement
Mineral surface area measurements are used to assess the degree of organic matter-mineral associations and OC loadings on mineral surfaces. A representative aliquot of the bulk sediment sample was heated at 350°C for 12 h and degassed under vacuum at 350°C for 12 h on a Quantachrome FLOVAC degasser to remove organic matter and any bound water, respectively, prior to surface area measurements on a BET Nova4000e using nitrogen. Subject to availability, between 0.31 and 1.2 g (dry wt.) sediment was used, and 5-point N2 adsorption isotherms were measured. To ensure reproducibility and repeatability, the reported values are averages of at least three separate measurements with external standards (σ from 0.0079 to 0.6724, Supplementary Table S4). The high and low surface area standards consist of 82% Aluminium oxide and 18% Silicon (IV) oxide in white pellets (27.46 m2 g−1, 95% reproducibility ± 3.6 m2 g−1) and Alumina in white powder form (2.85 m2 g−1, 95% reproducibility ± 0.20 m2 g−1), respectively.
2.3 Bulk and Fraction-Specific Elemental and 14C Measurement
Prior to measurements of the content and isotopic composition of organic carbon, aliquots (10–20 mg) of bulk sediment, and corresponding grain size and density fractions from each sample were fumigated to remove inorganic carbon with concentrated HCl (37%, 72 h) and subsequently dried over NaOH pellets for 72 h at 70°C. Bulk and fraction-specific radiocarbon measurements (14C/12C) were performed using an elemental analyzer (Vario Micro Cube Elementar, Germany) interfaced to a MICADAS Mini Carbon Dating Accelerator Mass Spectrometry system at the Laboratory of Ion Beam Physics, ETH Zürich (Synal et al., 2007; Welte et al., 2018). The results are reported in F14C without rounding to avoid artificially produced age offsets and errors.
The results are reported in units of F14C following Reimer et al. (2004). The standard deviations of the reported values are better than 10‰ of relative error and the background had values of 0.005 F14C.
2.4 Database Query
To supplement the local measurements from the Namibian margin and develop a global scale perspective, a query of the relevant parameters in well-established databases (Pangaea, NOAA, GSA Repository, MOSAIC) resulted in a local dataset of 17 stations containing distance from shore (Supplementary File S1), a global dataset of 176 stations with grain size-specific TOC (%) and F14C (Supplementary File S2), a global dataset of 20 stations with density fraction-specific TOC (%) (Supplementary File S3), and a global dataset of 617 stations with TOC (%) and surface area (g m−2) (Supplementary File S4). The full references to the datasets are listed with the data.
3 RESULTS AND DISCUSSION
In the next sections, we briefly revisit prevailing concepts of sediment resuspension and redistribution, in the context of new observations from the Benguela margin. We then propose a new paradigm for sediment deposition, resuspension, redistribution, and burial under low oxygen conditions.
3.1 Ageing Trends Across the Namibian Shelf
Overall, the bulk OC 14C values reveal a pronounced ageing trend (i.e., decrease in F14C values) in organic matter from nearshore, shallower stations to offshore and deeper stations (Figure 2). The oldest 14C age (F14C, 0.718) is observed 80 nautical miles (nm) offshore, while the youngest 14C age (F14C, 1.021) is 10 nm offshore at 23°S. However, there is no clear correlation between OC (%) and F14C in the bulk surface sediments as both modern and old ages are observed at locations with high concentrations (i.e., >6%) of sedimentary OC. Within grain size fractions, oldest ages (lowest F14C values) are observed at 23°S, 50 and 60 nm, just beyond the inshore belt of high OC (wt%). The age relationship between the grain size fractions changes with distance to shore as sand fractions become older than silt and clay offshore (Figure 3). Within density fractions, the oldest 14C ages are observed in offshore stations and low- and intermediate-density fractions at 20 and 23°S, while youngest ages are reported in intermediate and high-density fractions (Figure 4).
[image: Figure 2]FIGURE 2 | OC age (expressed as F14C) illustrates the trend of increasing organic carbon age and decreasing organic carbon content with increasing distance to shore and water depth across the shelf. The interval between 100 and 200 nm contains mostly stations from the depocenter at Lüderitz and down-slope stations (data mostly from Mollenhauer et al., 2003), while stations at the shelf depocenter (60–90 nm) report young OC ages. A clustering effect caused by sampling choice and lab procedure may not be excluded.
[image: Figure 3]FIGURE 3 | Grain size-specific F14C data from the Namibian Shelf from inshore to offshore at (A) 20°S and (B) 23°S. Inshore stations are generally characterised by younger ages, while sandy grain size fractions contain old organic carbon in the offshore stations. This trend mirrors the offshore ageing trend in the bulk sediment.
[image: Figure 4]FIGURE 4 | F14C values in density fractions, coloured according to distance from shore (nm), symbol type according to shore-perpendicular transect. Density fraction-specific radiocarbon data from the Namibian Shelf reveals older organic carbon in southern and offshore stations (23060), whereas inshore stations tend to be modern (e.g., 20002 & 23010).
A key observation is that organic matter ages in bulk sediment as well as within granulometric fractions increase from inshore to offshore (Figures 2, 3, 4). Potential causes for this increase in OC 14C ages include increased vertical mixing (bioturbation) that entrains older OC from deeper sediment layers or the addition of fossil or pre-aged carbon. Bottom waters on the Namibian inshore shelf (<200 m depth) are largely sub-oxic or anoxic (i.e., O2 <2–3 mg O2 L−1; Diaz, 2016; Mohrholz et al., 2008; Monteiro et al., 2006), which limits bioturbation by infauna and results in negligible sediment mixing (Lagostina, 2019; Sanders, 1968). Moreover, the modern sedimentation rates inshore and over the offshore depocenters are reported to range from 50–150 cm kyr−1 to 5–50 cm yr−1, respectively (Mollenhauer et al., 2002). On longer timescales, sedimentation rates at 25°S and 1992 m water depth (ODP Site 1084) are uniformly high values, reaching up to 20 cm kyr−1 during the Quaternary (Berger et al., 2002; Lazarus et al., 2006). Hence, the 5 cm composite sediment depth samples roughly correspond to 250 years of deposition and vertical mixing of these sediments is not sufficient to explain F14C values as low as 0.7 (Figure 2). Instead, these low F14C values imply inputs of old carbon that has been laterally transported to this location. The major water flow direction on the shelf is north-south, controlled by the Benguela Current and the Angola undercurrent (Figure 1), neither of which is influenced by a large proximal riverine input. In addition, the BUS is dominated by marine productivity [δ13C values −19.7–22.3‰ (Robinson et al., 2002), C:N 6.6-14 (Neumann et al., 2016)], and the adjacent arid landscape of inland Namibia and northern South Africa does not allow for significant land-based plant or soil contributions. While eolian inputs of potentially old OC are possible, these would be most important on a mineralogical level at the proximal (coastal) stations and not the offshore depocenters. Excluding the supply of pre-aged terrestrial organic matter, and consistent with prior interpretations (Inthorn, 2006; Mollenhauer et al., 2003, 2007), we attribute the cause of the observed old ages (low F14C values) of OC in BUS surficial sediments in the offshore depocenters to the advection of pre-aged marine organic carbon derived from sediment redistribution processes.
3.1.1 The Role of Oxygen on Organic Carbon Transport in an Oxygen-Deficient Water Column
The timescale of exposure to dissolved oxygen and aerobic decomposition during transport and deposition is considered one of the key controls on sedimentary organic matter preservation (Hartnett et al., 1998; Keil et al., 2004). Given that particulate organic matter arriving at the seafloor is prone to resuspension and lateral redistribution, the degree of oxygen exposure depends not only on the amount of time OM resides in the oxygenated sedimentary (mixed) layer but also on the time it is exposed to oxygen during sediment transport (Keil et al., 1994b). The cumulative oxygen exposure is hypothesized to counterbalance physical protection on millennial timescales, and thus represents an ultimate control on organic matter burial (Hedges and Keil, 1995; Hartnett et al., 1998; Hedges et al., 1999; Keil et al., 2004; Arnarson and Keil, 2007). High OET typically results in the intense degradation of labile organic matter and an accumulation of refractory organic compounds in the residual carbon pool (Middelburg, 1989; Hedges et al., 1999; Hwang et al., 2011). Under these conditions, most of the residual organic matter is present in microaggregates and closely associated with fine-grained mineral surfaces (Hedges et al., 1999; Mayer et al., 2004; Arnarson and Keil, 2007; Saidy et al., 2013).
In contrast, a clear shift in OM-mineral associations and sediment fabric toward large, low-density organic matter-rich particulates can be observed under low oxygen concentrations or short OET (Arnarson and Keil, 2007). Their formation requires measured water movement to cause collisions between the microaggregates but these particles would rapidly disassociate in high-energy conditions or due to mineralisation under protracted O2 exposure. Still, they may persist over much longer time scales under low-oxygen conditions by continuous rebuilding in a dynamic environment characterised by constant interaction between the suspended or temporarily deposited particles. For example, in the BUS with widespread low-oxygen bottom water, we find an abundance of intact but fragile aggregates of old age in the fluffy surface sediment (e.g., F14C ∼0.7) from the slope depocenter, a tell-tale sign of short OET but protracted resuspension-deposition cycles in a weak bottom current system. Their abundance even in sediments underlying oxygenated waters suggests that they are susceptible to mobilization and remain stable during transport, likely because the excess density of organic matter relative to seawater is smaller than that of mineral grains, typically approaching between 1.6 and 2.5 g cm−3 (Richardson and Gardner, 1985; Wakeham et al., 2009). Therefore, the loadings of organic carbon and its influence on the sediment fabric, which in turn is ultimately controlled by the degree of oxygen exposure, appears to be a key controlling factor in how natural sediment responds to shear stress.
For organic matter associated with fine-grained, high-surface-area minerals, OM redistribution is controlled by the hydrodynamic properties of the sedimentary matrix (Wakeham et al., 2009; Bao et al., 2016; Cui et al., 2016), and protracted lateral transport via entrainment in repeated resuspension-deposition loops can result in preferential transport and deposition according to grain size or density (Arnarson and Keil, 2007; Wakeham et al., 2009; Zonneveld et al., 2010; Bao et al., 2016; Wakeham and Canuel, 2016). Over long time-scales, this redistribution and winnowing of fine particles will form hotspots of sorted sediment, where specific (pre-aged) organic compounds accumulate, driven by their preferential association with the mineral grains (Kusch et al., 2010; McCave et al., 2017; Ausín et al., 2022). More importantly, however, the different pre-depositional histories of the translocated organic matter will result in age offsets between the constituents of the same sedimentary layer (Ohkouchi, 2002; Mollenhauer et al., 2005; Kusch et al., 2010; Ausín et al., 2019, 2022).
Transport-induced OM age increases may be a consequence of two factors: the timescale of lateral transport, or the selective preservation of refractory, pre-aged organic matter at the expense of fresh (young) labile organic matter (Bao et al., 2016). Both factors would be expected to play a prominent role in OM transiting or traversing oxygenated water columns, and thus should be considered in the assessment of the 14C ages of sedimentary OM constituents. However, in oxygen-depleted settings such as the Namibian margin, the lower rates of remineralisation allow for a substantial quantity of OC to accumulate in underlying sediments, even after it was subjected to repeated and extensive lateral transport. These transport pathways may exceed >100 nm (>180 km), a fact which is reflected in decreasing F14C ages (increasing age) to the offshore (Figure 2) while OC concentrations remain high. Although a trend to preferential degradation of fresh organic matter is supported by observations of pre-aged biomarkers (Mollenhauer et al., 2008) and sedimentary amino acid compositions (Nagel et al., 2016), an overall larger quantity and more heterogeneous mixture of OM reaches the offshore depocenters (Burdige, 2007; Abshire et al., 2020; LaRowe et al., 2020). These depocenters provide insights into the complex ageing processes at play during transport and burial under low-oxygen conditions. Moreover, the accumulation of OC-rich sediments offshore challenges prevailing views of sedimentological processes that have been shaped by studies of the (oxygenated) modern ocean.
3.2 Mineral Surface Area and Organic Carbon-Mineral Interactions on the Namibian Shelf
Bulk sediment organic carbon contents (OC%) are highest between 10 and 20 nm offshore (>8%), and generally decrease with increasing distance from shore and with increasing water depth. The 25 and 26°S transects, however, are a notable exception, where a large depocenter of OC-replete sediments lies on the upper slope, 70–90 nm offshore (Figure 2). It is therefore evident that organic matter accumulates both close to the shore and offshore, with a break at intermediate distances. The distribution of OC among grain size fractions is variable. The stations at 20°S indicate that mid-shelf sediments exhibit relatively uniform % OC values for all grain size fractions, while the % OC values at the inshore (2 nm) and offshore (60 nm) stations are lower in the fine sand to silt grain size fractions. At 23 and 25°S, values remain uniformly high (Supplementary Figure S2). OC contents of density fractions are highest in samples with high proportions of lower (≤1.6 g cm−3) and intermediate (1.6–2.0 g cm−3) density fractions. Even though these fractions are gravimetrically less abundant, their high OC concentrations control the bulk organic carbon content. It should be borne in mind, however, that loss of organic matter during the fractionation procedure cannot be precluded as an influence on observations.
The normalization of OC with surface area allows predictions about the OC preservation capacity of an environment (e.g., Blair and Aller, 2012). Corresponding organic carbon “loadings” in Namibian margin sediments expressed as OC contents per unit mineral surface area (OC/SA), are >1 mg OC m−2 (Figure 5) with the highest values in sediments between 2 and 20 nm from shore. This contrasts with values for continental shelf and slope sediments deposited under oxygenated water columns that generally fall in the range of 0.4–1 mg OC m−2 (Figure 5) (Bergamaschi et al., 1997; Bianchi et al., 2018; Keil et al., 1994a; Mayer, 1994; Ransom et al., 1998). Alternatively, high OC/SA ratios can reflect the presence of mineral-free OM particles, or OM-rich aggregates with embedded mineral grains, a fact that is supported by the presence of coarse-grained sediment fractions with high OC (%) contents, particularly in the inner-shelf locations (Figure 6). Irrespective, the high relative proportions of low-density fractions in the OC-rich Namibian margin sediments provide evidence for the abundance of sedimentary particles replete in organic matter and OC loadings exceeding that which can be supported through close mineral associations, hence forming secondary or even tertiary zones on the inner layer of organic matter (Figure 7) (Bock and Mayer, 2000; Sollins et al., 2006; Arnarson and Keil, 2007; Kleber et al., 2007). That outer-layer OM may be subject to greater exchange with the surrounding solution (Sollins et al., 2006; Kleber et al., 2007), and easier to access by microbes and their hydrolytic enzymes (Ransom et al., 1998; Mayer et al., 2004; Burdige, 2007; Bianchi et al., 2018).
[image: Figure 5]FIGURE 5 | Comparison of typical OC/SA of marine stations with Namibian shelf samples (this study). The high values of OC (wt%) make the Namibian shelf a prime location for studies on the effects of OC accumulation (Van Der Voort et al., 2021; primary references in Supplementary File S4).
[image: Figure 6]FIGURE 6 | Digital microscope and scanning electron microscopy (SEM) imagery of (A) an OC-rich aggregate, (B) organic carbon coating a mineral grain, and (C) SEM imagery of simultaneously occurring pure mineral grains and OM-rich particles from stations offshore 23°S. The organic matter visually coats the grains and associates with pores and other uneven surface structures.
[image: Figure 7]FIGURE 7 | Compilation of literature data along with Namibian margin density fractions (this study). (A) Stations from different continental margins plotted according to OC (wt%) per density fraction, coloured for location, with symbol size adjusted for bulk OC content (%). (B) The same stations plotted according to mass (g) per density fraction, coloured for location. Low-density fractions remain important to the organic carbon concentration in the bulk sediment—even in small quantities (Add., Arnarson and Keil, 2001, 2007; Cui et al., 2016; Schreiner et al., 2013; Wakeham et al., 2009; Wakeham and Canuel, 2016).
Taken together, the above information reveals that Namibian margin sediments are rich in organic matter, and that much of this organic matter occurs as discrete fragments or comprises organic-rich aggregates, rather than existing in close association with fine-grained mineral surfaces. Moreover, the persistence of high OC contents and OC/SA ratios in offshore depocenters suggests that these sediment properties are widespread within the BUS. These characteristics have been observed in sediments deposited in other oxygen-deficient settings on continental margins (Arnarson & Keil, 2007; Bianchi et al., 2007; Wakeham and Canuel, 2016).
3.3 Hydrodynamic Controls on Sedimentary Organic Carbon Distribution
The hydrodynamic properties of a sediment are not directly influenced by oxygen concentration in the water column, but indirectly, as it controls OC preservation. Organic matter coating on mineral grains destabilizes the surface sediment, as the low-density OM-rich particles remain suspended in a stationary nepheloid layer with a lower threshold of motion, thus increasing porosity (Moore and Keller, 1984) (Supplementary Figure S1). The diverse modes of association of organic matter with mineral surfaces—sorption, aggregation, and loose contact—depend on prevailing conditions (e.g., surface ocean productivity, dissolved oxygen concentrations, the availability and type of mineral surface area, current strength) and contribute directly to the propensity for resuspension of the sediment. When sedimentary organic matter is exposed to oxic degradation, low-density fractions become relatively scarce or ephemeral in nature and the loosely bound organic matter is remineralised rapidly. Hence, the residual organic matter is predominantly associated with the small, high-density mineral grains that follow well-known sedimentary motion criteria. In oxygen-poor conditions, the sediment remains enriched in the low-density aggregates that can carry the associated OC to locations of low energy (depocenters), thus contributing to a characteristic distribution—fine grain sizes offshore or in shielded locations together with low-density fractions coupled to high OC concentrations while shelf breaks and inshore stations are characterised by larger grain sizes. Consequently, organic carbon accumulation in oxygen-deficient conditions may result in different sedimentary dynamics than under oxygenated water columns.
On the Namibian margin, OC distribution follows sediment properties to form nearshore and offshore depocenters (23 and 25°S) where intermediate and low-density particles are abundant in surface sediments as well as fine grain size fractions (Figure 8). Since the depocenters are not directly linked to any of the seasonal surface productivity cells, their creation and preservation requires efficient, protracted lateral transport—made possible by nepheloid layer transport of low-density, OC-rich aggregates. Another feature illustrating the prevalence of lateral transport caused by alongshore currents and their offshore deflection are the distinct sedimentation bands parallel to the shelf break and coast (e.g., a diatomaceous mud-belt in low-energy water depths) (Bremner, 1983; Monteiro et al., 2005). The formation of differential energy regimes due to the interaction of the shelf topography, the internal tides and waves, and the alongshore trade wind stress resulting in the coastal upwelling gives rise to a lower overall grain size at 20 nm offshore and a sharp increase in grain size to the offshore stations, where the turbulent wave energy at the shelf break resuspends small grain sizes and low-density particulate matter into nepheloid layers for lateral redistribution over the slope.
[image: Figure 8]FIGURE 8 | (A) Grain size and (B) density fraction distribution on the Namibian shelf along three shore-perpendicular lines from inshore to offshore (in nautical miles), colour-coded for grain size fractions and density fractions, respectively. (A) The sediment is distributed evenly over the shelf with highest bulk sediment sizes offshore 23°S between 50 and 60 nm and inshore 25°S at 5 nm distance from shore. At the inshore and offshore depocenters (23°S 20 and 25°S 80 nm), mostly silty surface sediment is deposited. (B) Density fraction distribution of the same samples is variable, with a notable increase in low-density fractions offshore 20°S and 25°S, while 23°S, the lowest density fraction remains at ∼40% of the total sample.
The hydrodynamic controls acting on the Namibian Shelf may apply to other low-oxygen shelf settings dominated by organic matter input from surface ocean productivity, where grain size is limited to clay-silt fractions and only limited terrestrial input is recorded. However, settings where terrestrial organic matter represents a significant part of sedimentary OC such as in river deltas and estuaries often contain sandy, nearshore sediments with high concentrations of fresh, plant debris (e.g., lignin-rich wood, leaves; Bianchi et al., 2007; Wakeham and Canuel, 2016). On their own, these low-density particles may behave similarly to the large organic aggregates found on the Namibian shelf when subjected to shear stress, but there is very little information present about interparticle interaction of either—cohesion forces are of minor importance in this grain size spectrum (Passow and De La Rocha, 2006; e.g., Simon et al., 2002). However, since aggregates exist in a dynamic state (i.e., they break apart, are reassembled and restructured constantly) whereas individual woody particles remain more or less intact due to their coarser, more rigid structure, it remains an open question if a direct comparison is possible. The presence of the low-density woody materials near-shore raises the possibility that grain size overrides particle density when it comes to controlling particle hydrodynamic properties even at the low-density spectrum (cf., Thomsen and Gust, 2000).
3.3.1 Perspectives on Sediment Resuspension and Transport
Lateral sediment transport results from a sequence of resuspension and resedimentation processes, the duration and scale of which depends on the transport agent and a range of other external factors including gravity and friction effects, as well as sediment-intrinsic properties (Miller et al., 1977; Cheel, 2005; Southard, 2006; Righetti and Lucarelli, 2007). The transport of sediment in a fluid is often described as a two-phase flow under turbulent or laminar conditions, whose onset of motion depends on the properties of the fluid and the sediment, including physicochemical interactions between individual grains that result in viscous boundary layers (Thomsen and Gust, 2000; Black et al., 2002; Kleeberg and Herzog, 2014). Recent studies refine the physical concepts of sediment transport by focusing on the influence of biological activity on sediment cohesiveness and stability (Gerbersdorf et al., 2008; Tolhurst et al., 2008; Lubarsky et al., 2010; Righetti and Lucarelli, 2010; Fang et al., 2014; Chen et al., 2017c).
Several approaches exist to determine the critical shear stress for incipient motion of non-cohesive sediments. The Shields curve, which represents the probably most well-known entrainment criterion (Shields, 1936) (Figure 9), predicts the conditions under which sediment starts to move using the dimensionless Shields parameter and the particle Reynolds number. Modifications of the initial curve resulted in the extended Shields diagram, a graphical reproduction of the curve, and also considered the influence of bulk density (Mantz, 1977; Miller et al., 1977; Yalin and Karahan, 1979; Israelachvili, 2011). More recently, research has focused on empirical equations that describe the threshold shear stress of sediment movement (Dey, 1999; Miederma, 2010; le Roux, 1991; Soulsby, 1998), as well as recognized importance of biological activity on both sediment stabilization and sediment motion patterns (Tolhurst et al., 2002; Gerbersdorf et al., 2008; Fang et al., 2014; Chen et al., 2017b). Still, the parametrisation and dynamics of cohesive sediments remain a challenge (Mehta, 1988; Berlamont et al., 1993; Yang et al., 2014) and studies that quantify critical shear stress for organic-rich particles and aggregates remain rare (i.e., Beaulieu, 2003; Dzuy and Boger, 1983; Fettweis and Baeye, 2015; Fisher et al., 1983). Most approaches have thus far been based on studies of mineral-dominated sediments in shallow coastal settings or riverine and estuarine environments.
[image: Figure 9]FIGURE 9 | Conceptualised Shields diagram modified from Miller et al. (1977) and Thomsen and Gust (2000) showing bed shear stress (τ0) and the Shields criterion (θt) as a function of particle diameter (D50). In green, experiments are reported with low grain densities (ρS = 1.54 g cm−3), in black, Unsöld’s (1984) modification of Shields’ diagram with uncertainty limits (Miller et al., 1977). Both fluid and grain density variation results in a measurable difference in the threshold of motion, with pure quartz grains showing the onset of the particle cohesion effect at ∼30 μm. None of the experiments deal with the effects of organic matter on sediment cohesion and critical shear stress.
According to hydrodynamic principles, coarse (“sortable”) silt and fine sand grain size fractions are the most susceptible to resuspension as their threshold of motion under a given shear stress is relatively low (Shields, 1936; Yalin and Karahan, 1979; Unsöld, 1984). Above this size range, shear stresses required to mobilize coarse-grained sediments are only achieved in highly energetic environments (e.g., wave-influenced settings) (Green, 2016; de Vries et al., 2020), and at lower grain sizes (especially for clay-sized particles), cohesive forces limit the propensity for resuspension (Teisson et al., 1993; Black et al., 2002). Interacting with the grain size control is the overall particle density, a parameter often standardized by using pure mineral samples. However, particles of lower density (e.g., organic matter fragments and organic-rich aggregates) do not necessarily follow the same general rules (Ward, 1969; Fisher et al., 1979; Beheshti and Ataie-Ashtiani, 2008; Righetti and Lucarelli, 2010). High proportions of organic matter-replete particles and aggregates accumulating at the seafloor under low-oxygen bottom water conditions likely influence how the sediment reacts to shear stress given the influence of density on sediment resuspension (Stokes’ Law). Specifically, sediment enriched in organic matter may lower the sediment threshold of motion and facilitate lateral transport, implying that hydrodynamic processes in oxygen-depleted marine settings may be more active than previously considered—potentially resulting in widespread sediment dispersal and the formation of both local and distal depocenters.
Benthic biological activity also influences sediment properties, including response to changes in fluid flow (i.e., bottom shear stress). Bioturbational processes resulting from labile organic matter supply and rapid carbon turnover by benthic epifauna and infauna (e.g., feeding and burrowing by macrofauna) can promote mixing of uppermost sediment layers and the formation of a ventilated upper sediment mixed layer. In contrast, the development of microbial mats can impart cohesion to coarser sediments through excretion of extracellular polymeric substances (EPS) (Tolhurst et al., 2002; Gerbersdorf et al., 2004; Fang et al., 2015), that stabilize the sediment surface to varying degrees (Munn, 2011; Keil and Mayer, 2013). Bioturbation prevents the formation and stability of microbial mats by physically changing the environment and introducing oxygen to a system that would otherwise be devoid of it (Deng et al., 2020). Also, different microbial community structures may impart different physical properties to the sediment through their lifestyle, independent of redox conditions. For example, at locations on the Namibian shelf where bottom water O2 < 0.1 ml L-1 that are characterized by no or at most minimal bioturbation (Levin, 2003; Arning et al., 2008), extensive microbial mats comprised of the single-celled, immotile sulfur-oxidising bacteria, Thiomargarita namibiensis, exhibit relatively little cohesive structure (Schulz et al., 1999; Salman et al., 2013). In contrast, Peruvian margin sediments deposited under similarly oxygen-deficient conditions contain Thioploca, a cellular organism building large filamentous structures that reinforce sediment cohesion (Levin, 2003). These examples serve to show that surficial sediments in oxygen-deficient settings host very dynamic biological communities with different stabilizing effects (Chen X. et al., 2017), whose impact on sediment hydrodynamic behaviour is difficult to parameterize, but may be significant.
3.3.2 Lateral Sediment Transport on Continental Margins
Sediment resuspension and redistribution processes are prevalent on continental margins where energetic conditions induced by wave action, tidal motion and local current systems interact to mobilize and translocate sediments. As a consequence of the interplay between different processes, water columns on continental margins often contain layers of enhanced particle abundance, so-called nepheloid layers (Ziervogel et al., 2016; Gardner et al., 2017). Nepheloid layers may be either ephemeral or perennial features and are particularly common in high-productivity or turbulent water masses. They may be relatively stagnant in a stratified water column or serve as conveyor belts for lateral displacement of particulate matter (McCave, 2009; Henrich and Hüneke, 2011). It has been shown that the water chemistry in these particle-rich layers may fluctuate laterally between oxygenated and suboxic conditions depending on the reactivity of the entrained organic matter and resulting microbial activity (Sloth et al., 1996; Blees et al., 2014; Moriarty et al., 2018; Thiele et al., 2018). As such, nepheloid layers contribute significantly to the global flux of biogenic particulate matter to deep depositional sites, augmenting the vertical supply of particulate matter as part of hemipelagic sedimentation (Inthorn et al., 2006c; Honjo et al., 2008; Levin and Sibuet, 2012; Gardner et al., 2018b).
Studies of water column suspended particulate matter and settling particles (via sediment-trap deployments) in oxygenated water columns show that nepheloid layers mostly contain fine-silt to clay-sized particles eroded from the seafloor by bottom currents (Gardner et al., 2017). The cyclic nature of associated resuspension-deposition processes, with repeated exposure to oxygenated bottom waters, leads to significant attenuation in organic matter contents and a highly degraded state of the entrained organic matter (Keil et al., 2004; Inthorn et al., 2006b; McCave, 2009; Bao et al., 2018). Moreover, the extensive time-scales of the along- and across-margin transport lead to temporally aliased organic proxy signatures (e.g., Benthien and Müller, 2000; Ohkouchi et al., 2002), of which the BUS remains an exemplary study site (Mollenhauer et al., 2005; Ausín et al., 2022). Current measurements from Namibian slope bottom waters reveal mean flow velocities high enough to maintain the fine particles in stationary or moving suspension (25 cm s−1) (Mollenhauer et al., 2003; Inthorn et al., 2006a). Although transported organic matter loads in oxygenated water columns may remain significant due to the intrinsic recalcitrance of residual organic matter and physical protection via close mineral associations (Inthorn et al., 2006b; Gardner et al., 2018a; Gardner et al., 2018c), particulate OC concentration generally decreases with transport distance (McCave, 1984; Gardner et al., 2017; Bao et al., 2018, 2019b; Bröder et al., 2018). In this context, the high OC contents (up to ∼10%) yet low corresponding F14C values (∼0.7) of surface sediments in Namibian slope offshore depocenters stand in sharp contrast, highlighting the importance of transport pathways in (partially) oxygen-deficient conditions (Figure 2).
4 A “SEMI-LIQUID OCEAN BOTTOM” HYPOTHESIS
The “Semi-Liquid (or sloppy) Ocean Bottom” (SLOB) hypothesis argues that conventional models are poor analogues for predicting sediment hydrodynamic properties under oxygen-deficient conditions, resulting in impacts on organic matter distribution and burial for two key reasons: First, the abundance of low-density organic matter-replete aggregates results in a depression of the sediment threshold of motion and a higher propensity for resuspension; Second, the resuspended organic matter may be subjected to less degradation during lateral transport under low-oxygen conditions. Both may result in a more efficient and widespread redistribution (and ageing) of organic matter and associated sedimentary matter to distal depositional loci (depocenters) than would be predicted from first principles. Figure 10 depicts the proposed interrelationships between three key sedimentary characteristics—OC loadings (OC/SA), OET, particle density and resuspension propensity—that are linked through the SLOB hypothesis.
[image: Figure 10]FIGURE 10 | Conceptual schematic illustrating the different factors interacting with each other to result in flocculent (fluffy) ocean surface sediment and its preferential lateral transport. (A) With increasing oxygen exposure time, the absolute amount of OC in sediment decreases. In addition, the type of association between the OC and the mineral surfaces will change, from free organic debris to aggregates to sorbed OC due to the preferential degradation of less strongly bound/protected OC (cf., Arnarson and Keil, 2007; Bergamaschi et al., 1997; Burdige, 2007). (B) With increasing particulate density, we find that the absolute amount of OC in sediment decreases. On top of that, the type of association changes as well, from free organic matter (low density/high OC/SA) to sorption (high density, low OC/SA) (cf., Arnarson and Keil, 2001; Blair and Aller, 2012). (C) An increase in a sediment’s propensity for resuspension requires high OC/SA ratios, and low-density aggregates, fluffy sediment, or organic debris. Compacted, high-density sediment with little OC%, possibly sorbed to mineral surfaces, will have a lower propensity for resuspension (cf., Jepsen et al., 1997; Mayer, 1994).
Most studies on benthic sediment and carbon dynamics in the modern ocean focus on continental shelf settings overlain by oxygenated waters and existing models that describe sediment resuspension thresholds and hydrodynamic behaviour are developed for similar settings. In these depositional environments, mineral surfaces offer protection of organic matter from degradation, and the hydrodynamic properties of the fine-grained clastic sediments exert primary control on the (re)distribution of organic materials that they host. In contrast, under oxygen-poor conditions, less efficient remineralization leads to an abundance of organic matter in underlying suboxic or anoxic sediment, much of which resides within discrete OM fragments or organic-rich aggregates. This results in the formation of low-density particulate matter characterized by high OC loadings with respect to available mineral surface area. As a result, the surface sediment is highly unconsolidated, exhibiting a flocculent or fluffy consistency, which reduces the governing threshold shear stress of motion and increases the propensity for resuspension and lateral displacement. As the low-density particulate matter and discrete organic particles require lower bottom shear stress for remobilization, the hydrodynamic behaviour of organic matter-rich sedimentary particles may be quite different compared to their lower OC-higher density equivalents deposited under more oxygenated conditions (Supplementary Figure S5).
Although low-density, fluffy, surface layers of marine sediments that exhibit increased propensity for resuspension are not unique to low-oxygen environments, and bottom nepheloid layers occur widely (Thomsen and Gust, 2000; Gerbersdorf et al., 2004; Kleeberg and Herzog, 2014), particle-associated organic matter is usually subject to degradation during protracted lateral transport in oxic water columns, limiting its broader-scale influence. In contrast, low-density organic-rich particulate matter entrained in oxygen-deficient waters may remain buoyant and subject to large-scale displacement with minimal OM attenuation during translocation (Dang and Lovell, 2016), leading to accumulation of OC-rich sediments in distal depocenters (e.g., Namibian Shelf).
5 IMPLICATIONS OF THIS NEW UNDERSTANDING ON THREE KEY DOMAINS
5.1 Resuspension, Lateral Transport, and Deposition
The SLOB-hypothesis implies that we cannot directly apply our understanding of the impact of hydrodynamic processes on sedimentary organic matter deposited under oxygenated conditions to those accumulating under anoxic or suboxic conditions. This is especially true where oxic sediments lack a fluffy (sloppy) sediment-water interface enriched in low-density particulate matter. Furthermore, SLOB sediments may not adhere to the general two-layered critical shear stress model, which differentiates between the fluffy surface and more consolidated sediment layers below (Beier et al., 1991; Thomsen and Gust, 2000; Beaulieu, 2003; Kleeberg and Herzog, 2014) owing to its greater propensity for mobilization and translocation at lower shear stresses. Consequently, lateral transport of organic matter on sub-oxic continental shelves or in fully anoxic ocean basins may be more widespread, and may be induced under less energetic conditions, than previously assumed. As surficial sediments are most enriched in organic matter, their mobilization may play a key role in the re-supply of nutrients to the overlying water column, impacting benthic communities, and benthic-pelagic coupling.
We suggest new approaches are needed to assess the role of surface sediment texture and consequently, the resuspension of propensity of fluffy, unconsolidated sediments in oxygen deficient settings on organic matter burial. Moreover, the effects of sediment properties on organic matter redistribution and preservation potential need to be examined, including but not limited to the structural changes imparted by biofilms and their resistance to disruption, the effective protection potential of surface area sorption for labile compounds, the importance of varying sedimentation rates on sediment texture, and the function and mechanism of repeated resuspension/deposition cycles in lateral transport of OC.
5.2 Bioactivity and Microbial Community Structure
As oxygen deficient zones are predicted to spread and intensify with climate change (e.g., Diaz and Rosenberg, 2008; Breitburg et al., 2018), the effect of the accompanying increase of sedimentary OC and its subsequent resuspension is yet unknown but possibly significant due to its varied impact on biota, and the biological carbon pump on continental margins and in the deep ocean (Keil, 2017). Will planktic communities shift in response to intensified stratification and diminishing oxygen concentrations? How will benthic communities respond to low oxygen concentrations? A strong decrease in bioturbation intensity and shift in dominant bioturbating fauna has been predicted for upcoming decades (Bianchi et al., 2021). Because macrofaunal reworking and ventilation is a key driver of microbial community structure in continental shelf sediments (Chen X. et al., 2017; Deng et al., 2020), this decrease in bioturbation intensity will likely cause major shifts in surface sedimentary microbial communities, including changes in dominance from aerobic and O2-tolerant to strictly anaerobic taxa. These community and physiological shifts will likely be reflected in changes in catabolic rates, metabolic pathways, and the structure of sediment microbial food webs. Yet, little is known about potential feedbacks, associated with these processes, although they may be of key importance to our understanding of marine OC burial (Jessen et al., 2017).
5.3 Paleoceanographic Reconstructions
The hypothesis that organic matter-rich sediment requires lower shear stress for resuspension and redistribution in low-oxygen or anoxic water bodies has potentially important implications for paleoceanographic interpretation of sedimentary records which generally assume direct (vertical) transport of proxy signals to the sea floor. Lateral transport and translocation of pre-aged organic matter may lead to both spatial and temporal aliasing of proxy records in sediments (Ohkouchi et al., 2002; Mollenhauer et al., 2007; Ausin et al., 2019; Ausín et al., 2022).
The phenomenon of increased sediment mobility due to organic matter-enrichment may be particularly relevant during past intervals when the oceans experienced large-scale anoxia, such as the Cretaceous Oceanic Anoxic Events (Schlanger and Jenkyns, 1976; Degens et al., 1986; Emeis, 1987; Tyson and Pearson, 1991; Jenkyns, 2010), the Mediterranean Sapropels which formed during oceanic anoxic events associated with Pleistocene glacial-interglacial cycles (Grant et al., 2016), or during much earlier in Earth’s history (i.e., Archaean, early/mid Proterozoic) when ocean basins were anoxic (Lyons et al., 2014). Even apparently quiescent depositional conditions might have been conducive to mobilization of low-density OC-rich sediments. Presently, however, we do not understand the processes well enough to apply them to past depositional environments or predict how future oceans will respond to higher temperatures and surface productivity. A combination of approaches, for example using different proxies as well as experiments, is required to account for these issues, and to assess their impact on the sedimentary OC record.
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The South China Sea (SCS) serves as an excellent case for studying “source-to-sink” sedimentary dynamics among the global marginal seas. Analysis of the grain size distribution enables reconstruction of the sediment transport processes and dynamic mechanisms. In this study, based on 232 surface sediment samples obtained from the distal margin of the northern SCS, grain size trend analysis (GSTA) and end-member analysis (EMA) were first applied to the deep-sea environment to reveal the sedimentary dynamics around isolated carbonate platforms. The Zhongsha Atoll and Xisha Archipelagos were the two main sources of gravity flows in the study area. The GSTA results indicate the dominant transport trends that sediments initially originated from the Zhongsha Atoll and Xisha Archipelagos, dispersed in surrounding areas, and eventually formed a deposition center in the Zhongsha Trough. Furthermore, the sediment transport trends in the northern, eastern, and southern boundaries of the study area bounded by the oceanic basin were driven by deep circulation with seasonal variations. The grain size distributions were unmixed into five end-members, with dominant modes of 0.62, 1.89, 3.31, 7.14, and 10.17 Ф, corresponding to coarse sand, medium sand, fine sand, fine silt, and clay, respectively. Gravity flows and deep circulation have a significant impact on the distribution of end-members in the study area. The contents of EM1, EM2, and EM3 decreased while EM4 and EM5 contents increased outward from the Zhongsha Atoll to deep-sea areas. Sediments with coarse grains are primarily retained in the Zhongsha Atoll, and sediments with fine grains can be transported by gravity flows from platforms to deep-sea areas and removed by deep currents. The sediment transport trends were consistent with the results of sediment sources, seafloor topography, and current observations. The results show that GSTA is applicable in deep-sea environments and its combination with EMA helps to better understand sedimentary dynamics.
Keywords: grain size, end-members, sedimentary dynamics, transport trends, isolated carbonate platforms, distal margin, South China Sea
INTRODUCTION
Marine sedimentary dynamics are the natural result of the comprehensive effects of sediment provenances, transport processes, and hydrodynamic conditions (Friedman, 1967; Hails, 1967). Sediment transport patterns can be determined by grain size analysis, current observations, sedimentation rates, and sedimentary textures or structures, which can greatly reflect the sedimentary dynamic processes (Gao and Collins, 1994; Venkatramanan et al., 2014; Yamashita et al., 2018; Liang et al., 2020; Zheng et al., 2021). Grain size provides abundant information regarding sedimentary dynamics and is extensively applied to identify sediment sources, recover depositional environments, illustrate sediment transport processes, and discuss dynamic mechanisms (Folk and Ward, 1957; Friedman, 1961; McCave, 1978; McLaren, 1981; McLaren and Bowles, 1985; Flemming, 1988). In general, grain size distribution is a mixture of multiple dynamic populations from different sediment sources and is associated with different transport processes (Middleton, 1976; Ashley, 1978; Weltje and Prins, 2003; Flemming, 2007). Therefore, many geoscientists have attempted to invert the sedimentary dynamics based on an analysis of the grain size distribution.
Grain size trend analysis (GSTA) aims to establish net sediment transport trends, which can illustrate sediment provenance, transport, and deposition processes (Gao and Collins, 1992; Gao and Collins, 1994; Balsinha et al., 2014; Sánchez et al., 2019; Wang et al., 2020). Likewise, end-member analysis (EMA) attempts to partition grain size distributions into geologically meaningful dynamic populations and enables the extraction of environmental information represented by irrelevant end-members (EMs) (Weltje, 1997; Prins and Weltje, 1999; Sun et al., 2002; Weltje and Prins, 2007; Dietez et al., 2012; Ha et al., 2021). However, the combination of GSTA and EMA can greatly facilitate the geological explanation of grain size distribution and reveal sedimentary dynamics (Liu et al., 2012; Yu et al., 2019). In previous studies, the GSTA has been successfully applied in nearshore environments (Gao et al., 1994; Plomaritis et al., 2008; Ma et al., 2010; Liang et al., 2020; Wang et al., 2020) but has never been used in deep-sea environments. Thus, the applicability of the GSTA in deep-sea environments is yet to be evaluated.
The study area is located in the distal margin of the northern South China Sea (SCS), which ranges from shallow carbonate platforms to deep-sea basins (Figure 1A). The Zhongsha Atoll (ZA) is the largest single atoll system of the SCS, forming a unique isolated carbonate platform situated in the study area. Many studies have focused on the stratigraphic evolution of the ZA and the crustal structure of the Zhongsha Block (Huang et al., 2019; Huang et al., 2021; Huang et al., 2020; Li et al., 2021; Chen et al., 2022). However, an understanding of sediment transport processes and dynamic mechanisms from carbonate platforms along slopes to deep-sea basins requires further improvement.
[image: Figure 1]FIGURE 1 | Location, oceanography, and topography of the study area. (A) Bathymetric map of the SCS revealing the location of the study area. Purple arrows indicate the western Pacific waters entering the SCS through the Luzon Strait (Fang et al., 1998; Lüdmann et al., 2005). The surface circulation is indicated by orange arrows (winter) and pink arrows (summer) (Yang et al., 2002; Wang et al., 2018). The deep circulation is indicated by yellow arrows (Lan et al., 2015; Wang et al., 2018). (B) Multibeam bathymetric map showing the submarine topography of the study area. Green patches indicate the reefs. Red dots and yellow stars mark the 232 samples and 4 ADCP stations analyzed in this study, respectively. The blue diamond indicates a sampling location of Liu et al. (2018). Red dashed lines indicate the profile position displayed in Panel (C). (C) Bathymetric profiles show the geometry of seafloor topography in the study area. ZA, Zhongsha Atoll; XA, Xisha Archipelagos; NA, Nansha Archipelagos. DA, Dongdao Atoll; LR, Langhua Reef; ZT, Zhongsha Trough; ZSB: Zhongsha South Basin; ZNR, Zhongsha North Ridge; ZSR, Zhongsha South Ridge; SWSB, Southwest Sub-basin.
In this study, the grain size distributions of 232 surface sediment samples collected around isolated carbonate platforms in the study area were studied using the GSTA and EMA. The main objectives were to 1) clarify the characteristics of the grain size distribution of surface sediments in the study area, 2) combine newly acquired current observation and multibeam bathymetric data to examine the applicability of the GSTA in the deep-sea environment, and 3) explore the sediment transport patterns and dynamic processes and their interactions with modern topography, hydrodynamics, and other environmental factors.
REGIONAL SETTING
Geological and Topographic Settings
The SCS is the largest and deepest marginal sea in the western Pacific Ocean, with an area of approximately 3.5 × 106 km2. The SCS was formed by episodes of rifting and subsequent seafloor spreading from the Late Cretaceous to Early Miocene (Taylor and Hayes, 1983; Franke et al., 2014; Li et al., 2014). The oceanic basin opened first in the north and moved south, forming the Northwest Sub-basin, East Sub-basin, and Southwest Sub-basin (SWSB). The Zhongsha Block is a microcontinent rifted from the South China continental margin (Li et al., 2021). The study area is located between the lower continental slope and the oceanic basin of the northern SCS, spanning from shallow carbonate platforms with a water depth of tens of meters to deep-sea basins thousands of meters deep, which is bounded to the north by the Northwest Sub-basin, to the east by the East Sub-basin, and to the south by the SWSB (Figures 1A,B). This special transition zone is of great significance to research on the geological evolution, sedimentary structure, and paleoceanography of the SCS.
The topography and geomorphology of the study area vary with water depth exceeding 4,300 m. The ZA is one of the largest drowned atolls globally and is composed of a series of shoals and reefs surrounding a lagoon with a water depth of 75–85 m (Huang, 1987; Huang et al., 2020). The most unique feature of the ZA bordered by a terrace in the north is the development of the ring-shaped submarine canyons around its periphery. Only part of the Dongdao Atoll (DA) and Langhua Reef of the Xisha Archipelagos (XA) are involved in the study area, which also developed many submarine canyons extending to the Zhongsha Trough (ZT). The ZT is located at the intersection of the ZA and XA, stretching to the northeast by the Northwest Sub-basin and to the southwest by the Zhongsha South Basin (ZSB). The west of the ZT has a gentle slope with a height difference of more than 500 m, whereas the east of the ZT has a steeper slope with a height difference of up to 2,200 m.
Oceanographic Setting
The SCS has a deep oceanic basin surrounded by a steep continental slope and links to the Pacific Ocean through the Luzon Strait, whose largest sill depth is approximately 2,400 m (Figure 1A). The western Pacific waters flowing into the SCS via the Luzon Strait are estimated to have an annual mean transport volume of 3.09 Sv (1 Sv = 106 m3/s) (Qu, 2000; Fang et al., 2009). SCS circulation is endowed with a distinctive three-dimensional structure “cyclonic-anticyclonic-cyclonic” as a result of an “inflow-outflow-inflow” pattern in the surface, middle, and deep layers of the Luzon Strait (Shu et al., 2014; Gan et al., 2016; Zhu et al., 2019). The surface circulation is overwhelmingly dominated by the seasonally reversing Southeast Asian monsoon, where the northeast monsoon prevails in winter and the southwest monsoon prevails in summer (Wyrtki, 1961; Yang et al., 2002; Lüdmann et al., 2005; Wang et al., 2018). Furthermore, the Kuroshio intrusion has a vital effect on surface circulation (Wyrtki, 1961; Hu et al., 2000; Xue et al., 2004). Moreover, deep circulation is associated with the persistent overflow of deep water through the Luzon Strait because of the density and salinity variations of water (Qu et al., 2006; Wang et al., 2011; Zhu et al., 2019). The Luzon Strait deep-water overflow can upwell and affect the surface circulation (Chao et al., 1996; Shu et al., 2014). The SCS possesses complex circulation patterns and hydrodynamic environments under the comprehensive influence of multilayer circulation and seafloor topography.
DATA AND METHODS
Data Collection
A total of 232 surface sediment samples were collected using gravity samplers during seven cruises from July to November 2020 in the study area that was operated by the Haikou Marine Geological Survey Center, China Geological Survey. The position was determined by using the HYPACE-integrated navigation system. Among the 232 surface sediment samples, most were distributed along slopes and deep-sea areas, and only 37 were distributed on the platforms, including 36 on the ZA and one on the DA (Figure 1B). In the meantime, the current observation stations (C1–C4) were equipped with the RDI 300K ADCP fixed on the mooring system during the cruises at about 120 m above the seafloor in the study area (Figure 1B).
Grain Size Analysis Experiments
In this study, all surface sediment samples were processed using a laser particle size analyzer, owing to the absence of gravel grains. First, each surface sediment sample was immersed in 0.5 mol/L (NaPO3)6 for 24 h and stirred every 8 h to disperse the particles. Subsequently, each sample was poured into a laser sample tank and fully dispersed by ultrasonic vibration and high-speed centrifugation. The grain size analysis experiments were performed using a Beckman Coulter LS13 320 laser particle size analyzer, which has a measuring range of −1.8 to 16.6 Ф, repeatability error of ≤±0.5%, and an accuracy error of ≤±0.5%. Each sample was tested three times, and the average result was calculated. The grain size analysis results were primarily distributed in the range of −1 to 11.4 Ф. Moreover, the grain size standard adopts the Udden–Wentworth standard (Wentworth, 1922), and the grain size parameters of each sample were calculated using the statistical moment method (McManus, 1988), including the mean grain size (µ), sorting coefficient (σ), and skewness (Sk).
Grain Size Trend Analysis
McLaren (1981) was the first to relate the spatial variations in grain size parameters (μ, σ, and Sk) to sediment transport trends. The basic principle assumes that the grain size may become coarser, better sorted, and more positively skewed or finer, better sorted, and more negatively skewed along the sediment transport direction, indicating a high- or low-energy environment, respectively (McLaren and Bowles, 1985). Subsequently, Gao and Collins (1992) proposed a two-dimensional GSTA model to identify net sediment transport trends that have proven to be effective in different sedimentary environments such as estuaries (Gao and Collins, 1994; Venkatramanan et al., 2014; Su et al., 2016), nearshore (Plomaritis et al., 2008; Liang et al., 2020; Wang et al., 2020), continental shelves (Gao et al., 1994; Cheng et al., 2004; Balsinha et al., 2014), and submarine canyons (Liu et al., 2002; Zhang et al., 2013).
The Fortran program for the GSTA introduced by Gao (1996) was used to establish net sediment transport trends in this study. First, the GSTA defined trend vectors by comparing the distributions of the grain size parameters (μ, σ, and Sk) of each sampling station with its adjacent stations within the characteristic distance. In addition, all defined vectors were aggregated to produce a single vector for each sampling station with more than one trend vector. Furthermore, a filtering operation was performed to eliminate background noise by averaging the resultant vectors of each sampling station and its neighboring stations. The residual vectors formed a general pattern that reflects the net sediment transport trends. The vectors are dimensionless and have unit length, but the length of the vector only suggests the significance of grain size trends and has no significance in depositional rates (Gao and Collins, 1992).
End-Member Analysis
Weltje (1997) introduced a numerical-statistical algorithm end-member modeling analysis to solve the explicit mixing problem that has been successfully applied to the study of sediment dispersal and depositional processes (Hamann et al., 2008; Dietze et al., 2014; Li and Li., 2018) and paleoclimate changes (Moreno et al., 2002; Weltje and Prins, 2003). In recent years, a range of new algorithms have become available, especially for unmixing grain size distributions (Heslop et al., 2007; Dietze et al., 2012; Yu et al., 2016). EMA is a newly improved approach that includes both non-parametric and parametric methods for partitioning grain size distributions into subpopulations related to dynamic processes. The non-parametric end-member analysis (NEMA) was based on hierarchical alternating least squares for non-negative matrix factorization, and the parametric end-member analysis (PEMA) was based on the Gen. Weibull distributions (Paterson and Heslop, 2015). In this study, we performed the EMA to unmix the grain size distributions and select the best number of EMs by MATLAB-based software AnalySize designed by Paterson and Heslop (2015).
RESULTS
Grain Size Trend Analysis Model
We divided the sediments in the study area into three grain size groups: sand, silt, and clay. Sand grains are coarser and harder to move great distances than silt and clay grains. Sand grains were primarily distributed in the ZA, where the sand percentage exceeded 50%, and their outward extension showed a gradual reduction (Figure 2A). Silt grains were primarily found in deep-sea areas, with a silt percentage of more than 40% (Figure 2B). The distribution of the silt content was therefore negatively correlated with that of sand content. Clay grains were mostly distributed in deep-sea areas where the silt percentage surpassed 25% (Figure 2C), and the clay content was positively associated with silt content in the distribution. In general, sand grains comprised the largest fraction of the platforms, whereas silt and clay grains constituted the majority in deep-sea areas.
[image: Figure 2]FIGURE 2 | Spatial distribution of sediment contents in the study area, including (A) sand, (B) silt, and (C) clay.
The mean grain size of surface sediments in the study area varies from 0.62 to 7.81 Ф, with an average of 6.21 Ф. Sediments with the coarsest mean grain size were located in the ZA, ranging from 0.50 to 4.50 Ф, and sediments with the finest mean grain size were distributed in the northern part of the study area, most of which were larger than 7.00 Ф. The mean grain size of the sediments decreased outward from the ZA to deep-sea areas (Figure 3A). The sorting coefficient of surface sediments in the study area ranging from 0.58 to 3.16 with an average of 2.07 indicates poor sorting. The sorting coefficient in the ZA was between 0.50 and 2.10, ranging from good to poor sorting. The sorting coefficient in the northern part of the study area was relatively poor, ranging from 1.70 to 2.10, and other deep-sea areas were poorly sorted with a sorting coefficient of over 2.10 (Figure 3B). The skewness of surface sediments in the study area varies from −1.32 to 2.71 with an average of 0.09. The skewness in the ZA primarily ranges from 0.40 to 2.50, indicating positive skewness (Sk > 0.33). Similarly, the northwestern region of the study area exhibited a positive skewness. Furthermore, the skewness of the other areas is between −1.40 and 1.00, most of which are dominated by negative skewness (Sk <−0.33) with a speckled distribution of positive skewness (Figure 3C).
[image: Figure 3]FIGURE 3 | Spatial distribution of grain size parameters in the study area, including (A) μ, (B) σ, and (C) Sk.
The sampling stations in the study area are spaced at irregular and unequal intervals, especially those on carbonate platforms, which are scattered and may affect the accuracy of the sediment transport trends. As a result, the GSTA was performed for 195 surface sediment samples, excluding those from the ZA and DA, to create sediment transport pathways from platforms to slopes and deep-sea basins. Owing to the variations in hydrodynamic and sedimentary environments, the GSTA was conducted in the slope, trough-ridge, and deep-sea basin areas. The net sediment transport trends revealed by the GSTA took the maximum sampling interval of 0.3 decimal degrees as the characteristic distance, and the edge effects were removed.
According to the different groups of vector directions and the changes in water depth and topography, the sediment transport trends were divided into eight zones (Zone A–H) (Figure 4; Table 1). Zone A was located on the northeastern slope of the DA, with a water depth of 1,000–2,500 m. The vector directions of Zone A are nearly southwestward, which is opposite to the extension direction of the submarine canyon. Zone B was situated on the southeastern slope of the DA at a water depth of 900–2,700 m. The vector directions were primarily southeastward, which is consistent with the extension direction of the submarine canyons and landslides. Although both Zones A and B were located on the southeastern slope of the XA, the sediment transport trends were significantly different. Zone C was distributed on the western slope of the ZA, extending to the ZT at a water depth of 500–2,700 m. The vector directions were northwestward in the north and southwestward in the south. Zones B and C were located at the intersection between the ZA and XA. The ZT area formed a deposition center, receiving sediments transported from the ZA and XA. Controlled by the height difference in the topography of the ZT (Figure 1C), the sediments were transported northeastward and southwestward. Zone D was located on the southern slope of the ZA, with a water depth of 1,000–3,600 m, and the vector directions were primarily southwestward. Zone E was located north of the ZA with a water depth of 500–3,000 m, and the vector directions were primarily northward and northeastward. Zone F was situated north and east of the ZNR, with a water depth of 500–4,200 m, and the vector direction was southwestward. The vector directions of Zones E and F presented opposite trends because the sediment transport pathways were separated by the high topography of the ZNR. Zone G was distributed in the ZSB and west of the SESB at a water depth of 2,500–4,200 m, and the vector direction was nearly northward. Zone H was located on the eastern slope of the ZA, extending to the SWSB at a water depth of 500–4,300 m. The vector directions were eastward on the slope and northward in deep-sea areas, displaying a counterclockwise trend. Zones C, D, E, and H around the peripheral slope of the ZA indicate that the vector directions are consistent with the extension direction of the submarine canyon.
[image: Figure 4]FIGURE 4 | Net sediment transport trends were revealed by the GSTA in the study area. Vector directions were divided into eight zones (Zone A–H) by red dashed lines. Black vector arrows indicate the sediment transport directions. The vector length suggests the significance of grain size trends and has no significance in depositional rates. Yellow stars indicate the position of four ADCP stations.
TABLE 1 | Classification and characteristics of sediment transport trends.
[image: Table 1]End-Member Analysis Model
The grain size distribution of 232 surface sediment samples in the study area was unmixed between the NEMA and PEMA. The optimal number of EMs was selected by comparing the fitting effects of different EMs from 2 to 10. The results indicated that the PEMA and NEMA had little difference between the linear correlation and angular deviation; however, the EM correlation of the PEMA was better than that of the NEMA, and the PEMA displayed a better EM correlation with an increase in the EM number (Figure 5). The linear correlation increased and the angular deviation decreased, with an increase in EMs, but the EM correlation initially decreased and then increased. Therefore, the EMA presented the best fitting effect when the EM correlation decreased to the lowest value. The EM correlation was reduced to 0.05 with a linear correlation of 0.93 when unmixed into four EMs using the NEMA (Figure 5A), and the EM correlation reached 0.02 with a linear correlation of 0.92 when unmixed into five EMs by the PEMA (Figure 5C). Consequently, when unmixed into four EMs by the NEMA and five EMs by the PEMA, the EMA provided a better fitting effect to the original dataset and yielded a model closer to the true unmixing regime. In general, the fitting effect was better for smaller angle deviations. However, the angular deviation of the EMA was large overall because of the large sampling interval of surface sediments and rapidly changing topography with deep water depth in the study area (Figures 5B,D), but it exhibited little influence on selecting the number of EMs.
[image: Figure 5]FIGURE 5 | Fitting effect of the end-member analysis of surface sediments in the study area. (A) Linear and EM correlation of the NEMA. (B) Angular deviation of the NEMA. (C) Linear and EM correlation of the PEMA. (D) Angular deviation of the PEMA.
Based on the distribution of the four EMs unmixed by the NEMA, each EM showed a multimodal distribution, and even the modes of one EM were similar to those of the other EMs (Figure 6A); however, in light of the distribution of the five EMs unmixed by the PEMA, each EM displayed only one mode, and the modes of each EM were sufficiently irrelevant (Figure 6B). Additionally, EM4 of the PEMA exhibited two dominant modes in the fine-grained portion, and these two modes can be unmixed by the PEMA into two independent EMs (EM4 and EM5). Although the calculation speed of the NEMA was faster, the unmixing efficiency of the PEMA was better than that of the NEMA for highly mixed datasets. Therefore, the PEMA exhibited a better EM fitting quality through the combination and comparison of the PEMA and NEMA. The EMA results indicated that the PEMA had the best fitting effect on surface sediments in the study area, with grain size distributions unmixed into five EMs, which explained the related sedimentary dynamics represented by EMs. The dominant modes of these five EMs were 0.62, 1.89, 3.31, 7.14, and 10.17 Ф, corresponding to coarse sand, medium sand, fine sand, fine silt, and clay, respectively (Figure 6B).
[image: Figure 6]FIGURE 6 | End-member analysis results of surface sediments in the study area. (A) Distribution of four end-members unmixed by the NEMA. (B) Distribution of five end-members unmixed by the PEMA.
Among the 232 surface sediment samples, 59, 78, 216, 227, and 223 sediment samples contained EM1, EM2, EM3, EM4, and EM5 components, respectively. The characteristics and compositions of the five EMs are listed in Table 2. EM1, EM2, and EM3 were practically absent in the clay component, while EM4 and EM5 contained little sand. EM1 had a grain size varying from −1 to 5.06 Ф with a maximum sand content of 99.83%, primarily representing the coarse sand component. EM2 had a grain size range of 0.35–5.86 Ф with a sand content of 98.50%, suggesting medium to fine sand components. EM3 had a grain size ranging from 0.88 to 8.28 Ф with a sand content of 66.92% and silt content of 33.06%, indicating very fine sand to coarse silt components. EM4 had a grain size varying from 1.15 to 9.36 Ф with a silt content of 79.79% and clay content of 18.22%, representing medium to fine silt components. EM5 had a grain size ranging between 5.86 and 11.36 Ф with a maximum clay content of 97.81%, indicating the clay components.
TABLE 2 | Characteristics and components of five end-members.
[image: Table 2]EM1 was primarily distributed in the ZA and largely absent in deep-sea areas, with an average percentage of 21.55% (Figure 7A). EM2 was primarily located in the ZA and scattered in deep-sea areas, with an average percentage of 17.82% (Figure 7B). EM3 was universally distributed throughout the study area, with an average of 17.16%. The highest percentage (>30%) of EM3 was located in the ZA and XA with the maximum percentage on the terrace (Figure 7C). EM1, EM2, and EM3 had a common feature in that the ZA was an obviously high percentage center in the study area, and the farther away from the ZA, the lower was the percentage. EM4 showed a relatively high percentage between 40% and 70% in the study area, with an average of 55.78% (Figure 7D). There was a low EM4 percentage center (<30%) in the ZA. The greater the distance from the ZA, the higher was the percentage. EM5 mainly displayed a gentle percentage between 10% and 30%, with an average of 18.70%. Similar to EM4, there was a low percentage center (<10%) of EM5 in the ZA (Figure 7E). EM4 and EM5 were primarily concentrated in deep-sea areas north and west of the ZA, and the greater the distance between the ZA and XA, the higher was the percentage. In general, the spatial distributions of EM4 and EM5 displayed trends opposite to those of EM1, EM2, and EM3.
[image: Figure 7]FIGURE 7 | Spatial distribution of five end-members in the study area, including (A) EM1, (B) EM2, (C) EM3, (D) EM4, and (E) EM5.
Deep Current Observations
The flow velocity and direction of the deep currents were recorded by the ADCP in the study area (Figure 8; Table 3). C1 was situated southeast of the Langhua Reef at a water depth of 2,424 m. The flow velocity of C1 ranged from 0.01 to 0.11 m/s with an average of approximately 0.06 m/s, and the flow direction changed strongly from northeast to the southeast (Figure 8A). C2 was located northeast of the ZT, with a water depth of 2,653 m. The flow velocity was primarily between 0.03 and 0.23 m/s with an average of approximately 0.15 m/s, and the flow direction began eastward and rotated clockwise with a relatively large flow velocity during the observation period (Figure 8B). C3 was located northwest of the ZA at a water depth of 2,709 m. The flow velocity of C3 ranged from 0.01 to 0.15 m/s with an average of 0.07 m/s, and the flow direction was stable in northwestward to northeastward direction (Figure 8C). C4 was situated in the deep-sea basin east of ZNR, with a water depth of 3,733 m. The flow velocity of C4 varied from 0.01 to 0.08 m/s with an average of approximately 0.04 m/s, and the flow direction was primarily southwestward to northeastward (Figure 8D).
[image: Figure 8]FIGURE 8 | Flow velocity and direction of the bottom currents recorded by the ADCP, including the stations of (A) C1, (B) C2, (C) C3, and (D) C4. Yellow stars indicate the ADCP stations depicted in Figure 4.
TABLE 3 | Flow velocity and direction of deep currents and the associated sediment transport trends.
[image: Table 3]DISCUSSION
Sediment Transport Pattern Affected by Gravity Flows
Numerous submarine canyons developed around the platforms, and sediments can be transported from the platform top to deep-sea areas. The ZA and XA were the two main sediment sources of gravity flows in the study area. As a result, gravity flows had a crucial influence on the transport trends of sediments. The sediment transport trends surrounding the platforms indicated that sediments were primarily transported from platforms along platform slopes to deep-sea areas, and the transport pathways were in the same direction as the extension of the submarine canyons around the platforms (Figure 9).
[image: Figure 9]FIGURE 9 | Sediment transport pattern in the study area. Blue circles indicate the sources of gravity flows. Yellow and purple arrows represent the sediment transport trends driven by gravity flows and bottom currents, respectively. Orange lines indicate the submarine canyons. Brown lines mark the traces of submarine landslides.
EM1, EM2, and EM3 are sand-dominated components. The contents of EM1, EM2, and EM3 were higher in the ZA and lower in the deep-sea areas (Figures 7A–C). They were the coarser EMs of the analyzed samples and were difficult to transport by deep currents. The presence of EM1, EM2, and EM3 in deep-sea areas indicated that gravity flows were essential for the transport of sediments from platforms to deep-sea areas. However, the outward decreasing trend of the contents of EM1, EM2, and EM3 suggested that coarse-grained sediments were primarily retained on the ZA, and fine-grained sediments can be transported by gravity flows from platforms to deep-sea areas. The ZA had the coarsest mean grain size ranging from 0.50 to 4.00 Ф (sand grains) with good sorting, indicating a high-energy environment.
EM4 and EM5 are the finer EMs of the analyzed samples with a dominance of silt to clay components, which are easily suspended and transported by gravity flows. The contents of EM4 and EM5 were higher in the deep-sea areas and lower in the ZA, in contrast to EM1, EM2, and EM3 (Figures 7D,E). Therefore, the outward increasing trend of EM4 and EM5 indicated that fine-grained sediments were capable of being transported by gravity flows from platforms to deep-sea areas.
Sediment Transport Pattern Affected by Deep Circulation
The SCS deep circulation driven by the Luzon overflow is characterized by a basin-scale cyclonic circulation with seasonal variations (Figure 1A), which is prominent in summer, corresponding to a higher volume transport of the deep-water overflow but is insignificant in winter, as suggested by the lower volume transport of the deep-water overflow (Lan et al., 2015; Gan et al., 2016). Large-scale deep circulation observations in the northeast of the study area found that the southwestward and northeastward currents constitute the cyclonic circulation, and the annual averaged current exhibited a maximum velocity of 2.25–2.52 cm/s (Zheng et al., 2021). The deep circulation flowed southwestward with an average velocity of 0.02 m/s and volume transport of 1.65 Sv (Zhou et al., 2017). However, the interaction between multilayer circulation and the detailed interior structures and seasonal variations of deep circulation remains vague. The four current observations in this study supplement the data gaps of deep circulation in the distal margin of northern SCS. Among the four observation stations, station C4 was located in the deep oceanic basin area. The flow direction observed here indicates southwestward dominance, which is consistent with the deep cyclonic circulation pattern established for the SCS. The flow velocity suggests an average of 0.04 m/s higher than that observed in previous studies, which might be influenced by the short period of observation and variable hydrodynamic environment.
Geochemical studies have manifested that sinking particles at the SCS-W station with high Eu* values originate from the Philippine Arc (Liu et al., 2018) (Figure 1B). The winter samples have a broader range than the summer samples; thus, the sediment sources and hydrodynamic conditions are more variable in winter than summer (Liu et al., 2018). Therefore, surface sediments in the study area can be transported by deep circulation with seasonality in the SCS. The northern and western regions of the sediment transport trends were primarily driven by the southwestward cyclonic deep circulation, and the deep circulation was then blocked by the high topography of the XA and ZNR (Figure 9). The sediment transport trends were northward in the south of the study area, including the ZSB and south of the SWSB, which may be controlled by seasonal changes in deep circulation, eddies, or other hydrodynamic conditions. EM3, EM4, and EM5 were broadly dispersed in the deep-sea areas and dominated by fine-grained components (Figures 7C–E). Fine-grained sediments transported from platforms to deep-sea areas can be removed by deep currents. As a result, deep circulation had a significant influence on the transport trend of sediments in the study area.
The sediment transport trends defined by the GSTA were compared to the flow direction and velocity obtained by the ADCP (Table 3). The sediment transport trends around C1 were southeastward, which were consistent with the flow direction changing from northeast to southeast. The sediment transport trends near C2 point in the southeastward and northwestward directions, and the flow direction revolved clockwise with a higher flow velocity, implying that C2 is located at the intersection of numerous currents with diverse flow directions. The sediment transport trends next to C3 were primarily northwestward, which agreed with the flow direction switching from northeastward to southeastward. The sediment transport trends around C4 show southwestward dominance, which corresponded to the flow direction shifting from southwestward to northwestward. To summarize, the transport trends revealed by the GSTA are consistent with the results of the deep current observations.
Applicability of Grain Size Trend Analysis
The GSTA has proven to be an effective tool in the study of shallow water environments with water depths of tens to hundreds of meters, such as the Gulf of California (Sánchez et al., 2019), Gulf of Thailand (Wang et al., 2020; Feng et al., 2022), East China Sea (Cheng et al., 2004; Liu et al., 2012; Liang et al., 2020), and northern SCS (Zhang et al., 2013; Li and Li., 2018). For the first time, we applied the GSTA to deep-sea areas in the distal margin of the northern SCS, where the water depth ranged from shallow platforms to deep-sea basins with complex topography, and the greatest depth exceeded 4,300 m. Moreover, owing to the variations in hydrodynamic and sedimentary environments, the GSTA was conducted in the slope, trough-ridge, and deep-sea basin areas. With the separation method, the sediment transport trends obtained by the GSTA appeared to be more pronounced and consistent with the actual conditions in the study area. The sediment transport trends defined by the GSTA were consistent with the results of gravity flows and deep circulation in the study area, indicating that the GSTA can be applied in deep-sea areas.
Factors that may affect the applicability of the GSTA were not significant in the study area, such as sediment sources, sampling intervals, and edge effects (Gao, 2009). For example, when sediments from different sources are physically mixed, the grain size composition and distribution of sediments must be changed, but its effect on sediment transport trends remains unclear (Flemming, 2007; Moore et al., 2007). In this study, the sediment transport trends revealed multiple sediment sources, which were consistent with previous studies. Moreover, sampling stations with regular intervals were beneficial for obtaining accurate sediment transport trends. The sampling interval in the study area was not regular; however, the sediment transport trends can be better presented and were in accordance with the results of the current observations. Additionally, each sampling station has eight adjacent sampling stations inside the square sampling grid, whereas the sampling stations on the edge do not have more than five adjacent sampling stations. This limitation may lead to inaccurate results; therefore, the vectors of the sampling stations on the edge were precluded in this study.
In deep-sea environments, different mechanisms of sediment transport and deposition can reverse the vectors and affect the formation and distribution of sediment transport trends under the influence of numerous current activities, such as gravity flows, deep currents, or a combination of multiple dynamics. Therefore, when interpreting the results of the GSTA, in addition to the regional geological background and hydrodynamic conditions, the comparison with transport evidence should be considered, such as current observations, sedimentation rates, and sedimentary textures or structures, etc.
CONCLUSION
The sediment transport trends revealed by the GSTA reflected the dominant circulation patterns, which were primarily controlled by gravity flows and deep circulation in the study area. The ZA and XA regions were the main sediment sources of gravity flows in the study area. Gravity flows can transport from platforms along platform slopes to deep-sea areas, and the transport pathways followed the same direction as the submarine canyons surrounding platforms. Sediments formed a deposition center in the ZT and were transported northeastward and southwestward, affected by the height difference in topography. In addition, the sediment transport trends on the northern, eastern, and southern boundaries adjacent to the oceanic basin were significantly driven by deep circulation with seasonal variations. Sediment transport trends were the comprehensive responses of the sediment sources, seafloor topography, and current activities in the study area.
Five grain-sized EMs were identified using the EMA. The distribution of EMs was significantly influenced by gravity flows and deep circulation. EM1, EM2, and EM3 were dominated by sand components, and the contents of these EMs decreased outward from the ZA to deep-sea areas. In contrast, EM4 and EM5 were dominated by silt and clay components, and their contents increased outward from the ZA to deep-sea areas. As a result, sediments with coarse grains were primarily retained in the ZA, and sediments with fine grains can be transported by gravity flows from platforms to deep-sea areas and carried by deep currents.
The sediment transport trends defined by the GSTA agreed with the study results of sediment sources, seafloor topography, and current observations in the study area, demonstrating the applicability of the GSTA in deep-sea environments. To strengthen the accuracy of the GSTA, we should comprehensively consider the regional geological background and hydrodynamic conditions and compare the GSTA model results with other sediment transport evidence. The combination of the GSTA and EMA better illustrated the sedimentary dynamics in the present study.
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Provenance identification of the clastic sediments is critical for paleoenvironmental and morphological reconstruction on the estuarine coast. The North Bohai Coast (NBC) receives tremendous sediments mainly from the Liaohe and Daling fluvial systems. However, the detailed morphological evolution is still unclear due to the lack of precise discrimination of the sediment provenance. In this study, the clay mineralogy of the coastal sediments in the NBC was investigated to determine variation of the fine-grained sediment sources in the last century. The clay mineral content in the modern riverine sediments in the NBC was used to model sedimentary contribution from different fluvial systems. 210Pb and 137Cs radioactivity was measured to constrain the timing of centennial marine–terrestrial sedimentation. The migration of coastline and river channels in the NBC during the last hundred years was reconstructed by digitalizing the historical charts and satellite image. 210Pb following the CIC model and 137Cs dating are considered not applicable for the dated cores, whilst 210Pb using the CRS model yields acceptable chronologic results. Non-linear modeling results of the clay mineral composition are consistent with the lithological and coastal geomorphologic constraints. The outcome of provenance discrimination indicates that clay minerals in western and eastern NBC are mainly derived from the Daling and Liaohe rivers, respectively. In the middle NBC, the Daling River input was relatively major during the 1910s, 1940s, 1980s, and 2000s. The increase of Daling River input in the first two periods resulted from progradation and river channel migration, respectively. The fluvial contribution from the Liaohe River was major in the middle NBC during 1920–1940 and 1950–1970 AD, which attributes to rapid progradation of the Liaohe River and channel migration of the Daling River, respectively.
Keywords: clay mineralogy, provenance, historical charts, non-linear programming modeling, paleoenvironmental change, North Bohai Coast
INTRODUCTION
The estuarine coast is a critical area due to its ecological significance, environmental vulnerability, and socio-economic importance (IPCC, 2014). Paleoenvironment and morphology in the estuarine coast have changed significantly in different timescales due to the natural and anthropogenetic impacts. It is necessary to reconstruct the history of coastal environmental evolution to improve our understanding of regional response in the estuary to global change and for better protection of the estuarine coast.
River channel migration and sediment flux alternation are the two crucial controlling factors in shaping the estuarine morphology, which could be revealed by the provenance variation of the estuarine coastal sediments, especially for those controlled by multiple rivers. Physical, chemical, and mineralogical characteristics of the sediments have been used to trace sediment sources (e.g., Biscay, 1965; Jacobsen and Wasserburg, 1980; Chamley, 1989; Liu et al., 2003; Colin et al., 2006; Kissel et al., 2016; Gray et al., 2019). Among them, clay mineralogy is thought to be applicable in tracing the sediment provenance for the marine sediments, which has been widely used in the east margin of the Asian Continent (e.g., Hu et al., 2014; Cho et al., 2015; Liu et al., 2018; Cai et al., 2020). The previous studies have mainly focused on the provenance of multiple sediment sources in the marginal seas. Nevertheless, the estuarine coast has been rarely investigated, which largely limits us in reconstructing the history of coastal geomorphology evolution precisely and/or understanding the natural and anthropogenic control on the estuarine coasts over different timescales.
The northern coast of the Bohai Sea is one of the largest coastal estuaries in eastern China, with considerable sediments deriving from the Liaohe and Daling rivers (IOCAS, 1985). Owing to the paleoenvironmental and ecological significance, the sediments in the North Bohai Coast (NBC) and the adjacent area have been widely explored (e.g., Chen et al., 2010; Dou et al., 2014; He et al., 2018; Li J. et al., 2018; Li H. et al., 2019; Liu et al., 2019; Liu et al., 2020; Wang et al., 2020). Coastal geomorphology has significantly changed with frequent river channel migration and decreasing fluvial sediment flux in the NBC over the last century (Chen et al., 2010; Li Y. et al., 2018). Consequently, as one of the largest estuarine wetlands in eastern China, the NBC is facing the threats of wetland degradation and ecological destruction (Zhou et al., 2016). However, the influence of the Daling and Liaohe fluvial systems on the morphological change in the aspect of sedimentation supply is still unclear. The detailed morphological evolution caused by river channel migration has not been well investigated either. Since the sediments have recorded the information of provenance, it is meaningful to reconstruct the coastal morphology by discriminating the sediment provenance precisely in the NBC over the last century. It is also significant for a better understanding of the natural-anthropogenic influences on the coastal sedimentary processes.
The outcome of our previous investigation showed that the clay mineral assemblage in the modern Liaohe and Daling riverine sediments is illite and smectite dominated, respectively (Liu et al., 2019). This implies that clay mineralogy is potentially useful to trace the sources of sediments deposited in the NBC. Moreover, frequent river channel migration and continuous coastline retreats over the last century have been well documented in the historical archives. Therefore, the reliability of the discriminated provenance of the sediments in the NBC over the last century using clay mineralogy could be possibly assessed by the information on fluvial and coastline migration documented in the historical archives.
In this study, the shallow core sediments collected from the NBC were used for clay mineralogy, chronology, and stratigraphy studies. 210Pb and 137Cs activities for the sediments from four cores were measured to quantify the sedimentation rate. X-ray diffraction (XRD) analysis was carried out to determine the composition of the four main clay minerals, i.e. smectite, illite, kaolinite, and chlorite, for the sediments from ten representative cores. The historical maps were digitalized to extract information on the coastline and river channel migration in the last century. The main objectives of this study are as follows. First, we aim to construct a model to quantify the sediment contributions from the Liaohe and Daling rivers based on the clay mineralogy of modern riverine sediments (Liu et al., 2019). The reliability of the model was assessed by comparing the modeling result of the core sediments and the historical river channel migration. Our second aim is to reconstruct sediment transport and morphological evolution in the NBC over the last century combining the clay mineralogy and historical coastline-river channel migration.
STUDY AREA
The NBC is the marine-terrestrial interacted area in the Liaodong Bay, northern Bohai Sea (Figure 1). The NBC receives tremendous terrigenous sediments transported mainly by the Liaohe and Daling rivers. The mean tidal range in the NBC is 2.6 m. The annual mean temperature and precipitation in the study area are 8.9°C and 667.4 mm, respectively.
[image: Figure 1]FIGURE 1 | (A) Study area of the North Bohai Coast and bedrock types of the Liaohe and Daling rivers’ drainage basins. (B) Fluvial system, sampling sites of the sediment cores, and the modern fluvial sediments.
The Liaohe River is one of the largest rivers in China, originating from the southwest end of the Greater Khingan Mountains and the Changbai Mountain (Figure 1A). The drainage basin of the Liaohe River covers 2.20 × 105 km2, including the local rivers, such as the Daliao and Raoyang rivers. The annual runoff of the Liaohe River is ca. 3.19 × 109 m3. The main bedrock type in the upper Liaohe River Basin contains Mesozoic sedimentary rock and granite, Precambrian volcanic, and sedimentary rock. The middle-lower Liaohe River Basin is covered by the thick Quaternary sediments (Figure 1A. Liaoning Geology Bureau, 1983; IOCAS, 1985).
The Daling River originates from northern Yanshan Mountain. The area of the drainage basin is 2.32 × 104 km2. With a sediment flux of 13.53 Mt/a and a mean suspended sediment concentration of 17.0 kg/m3, the Daling River is regarded as one of the muddiest rivers worldwide (Milliman and Syvitski, 1992). Bedrock types in the upper-middle Daling River Basin mainly include Mesozoic volcanic and sedimentary rocks, as well as Precambrian and Paleozoic volcanic rocks. The lower Daling River Basin is mainly covered by quaternary sediments (Figure 1A).
Due to Early-Middle Holocene sea-level rise, the lower Liaohe—Daling River Basin was submerged under seawater. The created accommodation space was infilled by terrigenous sediments afterward. In this study, the investigated area of the modern NBC was divided into the west, middle and east sub-zones by the Liaohe and Daling river channels (Figure 1B).
MATERIALS AND METHODS
Sample Collection
Nineteen cores were collected in the modern NBC using the portable power coring system in 2017. The lengths of the cores range from 274 to 400 cm. All the cores were photographed and lithologically described in the field. The cores are shown in five cross sections (AA′—DD′) in Figure 1 and Figure 2. The sediment cores can generally be vertically divided into two parts, including the lower dark-gray clayey silt and the upper brownish silty clay. The lower part contains mollusk shell fragments, whilst vegetation fragments were generally found in the upper part. A transitional layer of brownish-gray clayey silt with a length of 10–30 cm generally exists, which indicates that the environment gradually changed from intertidal flat to delta plain in the NBC. In total, 702 samples from ten cores were sampled and measured for clay mineralogical X-ray diffraction (XRD) analysis with an interval of 4 cm (red filled circles in Figure 1B). 210Pb and 137Cs dating were conducted using sediments with sampling interval of 10 cm from four representative cores LH34, LH40, LH49, and LH56 (Figure 3).
[image: Figure 2]FIGURE 2 | Lithology of the core sediments from the four cross sections AA′, BB′, CC′, and DD′ shown in Figure 1.
[image: Figure 3]FIGURE 3 | Results of 210Pbex, 226Ra, 210Pbtotal, and 137Cs activities for the four representative cores LH34, LH40, LH49, and LH56 (A–D). Dating results of the cores LH40 and LH49 using CIC and CRS models are compared in (E) and (F).
Experiments, Instrumentation, and Data Processing
The materials for 210Pb and 137Cs measurement were first homogenized and grinded. 5–9 g of dried sediments were sealed for 4 weeks to secure equilibrium between radon and its daughters prior to measurement. The activity of total 210Pb, 226Ra, and 137Cs was detected using the high-resolution gamma spectrometer (High purity Ge. EG&G Ortec, the United States) at Nanjing Institute of Geography and Limnology, China Academy of Sciences. As 226Ra activity was assumed to be the same as the supported 210Pb, the concentration of the excess 210Pb (210Pbex) was determined by subtracting the total 210Pb activity by 226Ra activity. Two models with assumptions of the constant rate of supply (CRS) and the constant initial concentration (CIC) were used to establish the 210Pb chronology (Krishnaswamy et al., 1971; Appleby and Oldfield, 1978; Robbins, 1978). The 210Pb disintegration constant of 0.03118/a was employed for the calculation of the sedimentation rate. For the CIC model, the uppermost dots characterized as raised 210Pbex activity with the increased depth were excluded for the reconstruction of the age-depth model. For the CRS model, the bulk density of 1.8 g/cm3 was used for all the dried samples.
XRD analysis of clay mineralogy was conducted on a Bruker D2 Phaser X-ray diffractometer equipped with CuKα radiation unit. Chemical treatment was first performed to remove the carbonate and organic matter. The fraction of <2 µm was separated by setting following Stocks’ law. After being concentrated using a centrifuge, the material was smeared on two aliquots, one of which was air-dried, and the other one was mixed with saturated ethylene-glycol over 1 day. XRD measurements were performed with a scanning range of 3–30° 2θ. The step is 0.02° 2θ with the associated residence time of 0.035 s. Semi-quantitative estimation of peak areas of the basal reflections was conducted for the clay mineral groups of smectite (15–17 Å), illite (10 Å), and kaolinite/chlorite (7 Å) on the ethylene glycolate curves (Figure 4B). The relative content of kaolinite and chlorite was calculated using the ratio of 3.57/3.54 Å peak area.
[image: Figure 4]FIGURE 4 | (A) Relative content of the four clay minerals: kaolinite, chlorite, illite, and smectite in the core sediments. (B) Glycolate curves for two representative samples LH45-128 and LH55-176.
Non-linear modeling of the clay mineral assemblage in the modern riverine sediments (gray-filled circles in Figure 1B. Liu et al., 2019) was conducted following Yu and Zhang (1998) and Fan et al. (2002). The principle of mass balance of each index was applied in this model to constrain the parameters in the model and to calculate the riverine contributions according to the relative content of the clay minerals in the modern fluvial sediments from the Daling and Liaohe Rivers (Liu et al., 2019). A discriminant was established to distinguish the sediment sources (i.e., the Liaohe or Daling Rivers). The details of the non-linear model are shown as follows.
Supposing there are n source zones, while each source zone has m minerals. The nth source zone sediment concentration percentage is xn, and the percentage of the mth mineral in the nth source region is anm. The mth clay mineral content in the core sediments is bm. According to the sediment balance principle, the relationship could be listed as
[image: image]
In addition, the supply amount [image: image] of each source area should also satisfy the following equations [image: image].
The objective function is expressed as follows:
[image: image]
The restrictions are listed as follows:
[image: image]
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In this study, the sources were Liaohe River [image: image] and Daling River [image: image], and the minerals were smectite (m1), illite (m2), kaolinite (m3), and chlorite (m4). The abovementioned model can be simplified to
[image: image]
while
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The calculation accuracy of the contribution rate of each source area is evaluated. Eq. 1 is written as a matrix, which is AX+ε = B. The variance of B can be written as
[image: image]
where E is the unit matrix and [image: image] is the unit weight variance. The covariance matrix of X is
[image: image]
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It can be concluded from the above equation that the estimate of the covariance matrix ([image: image]) of the contribution rate of the source region is
[image: image]
[image: image] is an n-order symmetric square matrix whose square root is the estimated value of the standard deviations σx1, σx2, ..., σxn of the contribution ratios x1, x2, ..., xn (Yu and Zhang, 1998; Fan et al., 2002). The average value of clay minerals in the surface samples of Daling and Liaohe rivers in this study represents the clay mineral characteristics of the two rivers, which is a11 = 28.27%, a12 = 58.98%, a13 = 6.53%, a14 = 6.17%; a21 = 58.79%, a22 = 34. 81%, a23 = 3.35%, a24 = 3.05%. The discriminant was further used to quantify sediment contributions from the Liaohe and Daling rivers in the shallow cores.
Five historical maps and the present satellite image of the NBC were collected to extract information about the paleo-coastlines and river channels in the years 1909 AD, 1926 AD, 1933 AD, 1945 AD, 1956 AD, and the present (Figure 5). All the historical maps were converted to the 1980 Xi’an coordinate system and geo-rectified using the locations of historical towns. The paleo-coastline and river channel were subsequently digitalized and compared with those extracted from the modern imagery (Figure 5).
[image: Figure 5]FIGURE 5 | Reconstructed coastline and river channels using the historical charts of 1909 (A), 1926 (B), 1933 (C), 1945 (D), and 1956 (E) AD. The present coastline and river channels are extracted from the ASTER digital elevation model (https://lpdaac.usgs.gov/).
RESULTS
210Pb and 137Cs Dating Results
210Pbex and 137Cs activities of the sediments in cores LH34, LH40, LH49, and LH56 are shown in Figure 3. 210Pbex activities overall vary between 100 and 200 Bq/kg. 226Ra activities are generally constant for the sediments in each core. 210Pbex and 210Pbtotal activities in cores LH40 and LH49 show a common decay with an increase in depth, which is yet not observed in cores LH34 and LH56 (Figures 3A–D). The upper layer with increased 210Pbex activity downward in cores LH40 and LH49 is regarded as a disturbed layer, which is thus excluded for age determination. Two models were applied for curve fitting and sedimentation rate (SR) calculation. For the CIC model, the 210Pbex activity-depth plot was fitted following logarithmic decay (Krishnaswamy et al., 1971). The mean SRs of 7.37 and 5.95 cm/a were determined for cores LH40 and LH49, for which the coefficient-of-determination (r2) are 0.688 and 0.633, respectively. According to the fitting results using the CIC model, the sediments for cores LH40 and LH49 dated back to the 1980s and 1970s, respectively. For the CRS model, the initial concentration for each core was first calculated. Timing and SR of each layer were then determined (Appleby and Oldfield, 1978; Robbins, 1978). The timing of the sedimentation for cores LH40 and LH49 is ∼100 years (Figures 3E,F).
Compared to 210Pbex, 137Cs peaks were observed in cores LH34 and LH40 with much lower activity of <ca. 4 Bq/kg, while it was too low to be detected for the core sediments in LH49 and LH56. The low activity of 137Cs might induce large uncertainty, so that attempt of constraining the timing of sedimentation in the NBC using the 137Cs dating approach was abandoned in this study.
Clay Mineral Compositions of the Core Sediments
Clay mineral compositions for the sediments in the ten representative cores are shown in Figure 4A. Illite (18.6–85.3%, average 51.5%) and smectite (4.3–76.3, average 41.0%) are the major clay minerals in the NBC, while the content of kaolinite (0–19.7%, average 3.8%) and chlorite (0–25.9%, average 3.7%) is minor. It agrees with the outcome of Liu et al. (2019), as illite and smectite are the dominant fractions for the modern riverine sediments in the NBC, while the content of chlorite and kaolinite is generally lower than that of ca. 10%. The relative content of illite and smectite shows a negative linear relationship (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between the content of the two major clay minerals, illite and smectite.
The content of smectite overall decreases from west to east (Figure 4). In vertical, it shows a decreasing upward in the lower part and an increasing upward in the upper part of the cores in the west sub-zone, whilst it demonstrates a gradual increasing upward in the lower part and a decreasing upward in the upper part of the cores to the east. The content of smectite in the eastmost core LH55, at a relatively low level, generally increases upwards. According to the negative linear relationship between assemblages of smectite and illite (Figure 6), the composition of illite varies oppositely in spatial and vertical to the smectite composition. Compared to smectite and illite, relatively minor kaolinite and chlorite are contained in all the core sediments, which do not show obvious variation tendency spatially and vertically (Figure 4).
The Daling riverine sediments tend to contain more smectite than illite, whilst illite is the dominant fraction in the Liaohe originated sediments (Liu et al., 2019). The amounts of the clay mineral groups kaolinite + chlorite, illite, and smectite for the riverine and core sediments are thus plotted in the ternary diagram for preliminary sediment provenance discrimination (Dou et al., 2014; Liu et al., 2019. Figure 7). The clay mineral assemblages for the core sediments in the three sub-zones were plotted in Figures 7B–D. It clearly demonstrates that sediments in the west and east sub-zones provide similar clay mineral compositions to the Daling and Liaohe modern riverine sediments, respectively, whilst in the middle sub-zone mixture of the sediments of different sources is revealed, attributing to contribution from both the two rivers. Clay mineral assemblages show that some sediments in the west sub-zone are characterized as the Liaohe River input, which is likely related to river channel migration and transportation by the longshore current.
[image: Figure 7]FIGURE 7 | Ternary diagrams of the major clay mineral groups: kaolinite + chlorite, illite, and smectite for the (A) modern riverine sediments, and core sediments from the west (B), middle (C), and east (D) of the study area.
Quantification of River Input by Non-Linear Modeling
The content of the four clay minerals in the modern riverine sediments was used for non-linear discriminant analysis of sediment provenance. The assumption is that the Daling and Liaohe rivers are the two sources of the sediments in the NBC over the last century. The constructed discriminant was then applied to quantify the contribution from the Liaohe and Daling rivers for the core sediments. The contribution ratios of the two rivers are shown in Figure 8. It shows that over 90% of the sediments deposited in the eastern area of the NBC were derived from the Liaohe River, and the rest sediments were transported by the Daling River. The sediments deposited in the western area were mainly derived from the Daling River with a small amount of Liaohe fluvial input (Figure 8) and those in the middle area of the NBC were supplied from both, which are regarded as the major and secondary sediment provenances, respectively. In the upper section of the three cores in CC′, sediments of Daling River origin, varying from 0.01 to 98.92%, tend to increase seawards. It is noticed that sediments in core LH41, close to the modern Liaohe River channel, are discriminated to be supplied mainly by the Daling River (Figure 8).
[image: Figure 8]FIGURE 8 | Contribution of the Daling and Liaohe rivers to the fine-grained sediments in the NBC determined by the non-linear model.
Coastline and River Channel Migrations in the NBC Since the Last Century
The information on the coastline and river channel migration was extracted from six images (Figure 5). The so-called ‘Panjin Bay’ was infilled gradually due to progradation during the last century. The Liaohe River and local tributaries generally flow south- and southwest-wards to the Panjin Bay, whilst the channel of the Daling River changed significantly in the last century. Before 1933 AD, the Daling River channel flew eastwards, while the tributary of the Daling River joined those of the Liaohe River and flew into the Panjin Bay westwards. After 1956 AD, the Daling River flows into the Liaodong Bay southwards (Figure 5).
DISCUSSION
Sedimentation Rate (SR) in the North Bohai Coast
The CIC and CRS modeling results for the sediments in cores LH40 and LH49 show a clear discrepancy, as the mean, SRs determined using the CIC model are much larger than those by CRS modeling (Figures 3E,F). Reliability of the SR by 210Pb dating for the two cores could be assessed by down-core lithological variation and historical coastline migration. It demonstrates that sediment color transition from brownish-gray to light brown upwards in vertical resulted from sedimentary environment change (Figure 2), which was directly induced by the seaward retreat of the coastline. Core LH40 is located between the coastlines of the years 1909 and 1926 AD (Figures 5A,B), for which the boundary of sediment color change is at depth of 205 cm (Figure 2). The mean SR of ca. 1.9 cm/a is thus determined for the upper succession of core LH40 accordingly. The depth of color variation boundary is 180 cm for core LH49 (Figure 2), for which the location is between the coastlines of 1933 and 1945 AD (Figures 5C,D). The mean SR is ca. 2.0–2.3 cm/a. Based on the constraints from lithologic characteristics and coastline migrations, the CIC model yielded SRs larger than 5 cm/a are proven unreliable.
With the mean SRs close to 2.0 cm/a, the results after CRS modeling are more satisfactory compared to that using the CIC model. The timing of the marine-terrestrial transition is 1955 AD for core LH40 and 1970 AD for core LH49 when using the CRS chronological framework for each layer. It implies that the SRs for the upper succession under the terrestrial environment is still overestimated. However, if the mean SR for the whole core was used, the timings of marine-terrestrial transition are 1927 and 1934 AD for cores LH40 and LH49, respectively, which are in general consistent with the age constraints by lithology and geomorphology.
SR overestimation for 210Pb dating is also evidenced by the previously published dating results using optically stimulated luminescence (OSL) and accelerator mass spectrometry radiocarbon-14 (AMS14C) dating approaches. Numerical ages and depths of the uppermost chronological samples in the cores in the NBC were used to calculate the mean SRs in the last few centuries (Li et al., 2014; Ma et al., 2016; He et al., 2018; Li Y. et al., 2018). It shows that the SRs were generally smaller than 2 cm/a in the NBC in the late Holocene. Furthermore, 210Pb and 137Cs dating approaches have been successfully conducted on the sediments in the NBC by Li H. et al. (2019), which suggested that the SR was ca. 1.6–2.7 cm/a for the studied cores sediments. SR overestimation of 210Pb chronology is likely attributed to the un-negligible external input of 210Pb due to the complex hydrodynamics in the coastal area (Wang et al., 2016). It results in either an unclear decay trend of 210Pbex activity (i.e. cores LH34 and LH56) or overestimated SRs using inappropriate age model (i.e. cores LH40 and LH49) in this study (Figure 3).
Overall, by comparing the 210Pb dating results with the lithological constraints and other results by numerical dating, 210Pb dating using the CIC model failed to constrain the timing of the sedimentation in the NBC over the last century in this study. This is probably due to the unstable sedimentary environment and complex marine-terrestrial exchange in the coastal area. CRS model seems to yield slightly overestimated SR, as the SR increased over the last century, which is in contradiction with the declined fluvial sediment flux. However, the mean SR appears to be reliable, for which the timing of the marine-terrestrial transitional boundary agrees with that constrained by the history of coastline retreats.
Clay Mineral Sources and Its Morphological Implication
The NBC receives sediments from the Liaohe and Daling rivers, which stretch across the monsoon and non-monsoon regions in northern China, where the climate condition of the drainage basins possibly induces physical erosion of the bedrocks. Smectite and illite are the two major clay minerals contained in the sediments in the NBC, which correlate to the Daling and Liaohe rivers as the two end-members of the sediment sources (Liu et al., 2019). Limited by the range of the drainage basin, it is clear that the core sediments collected from the east NBC correspond to major contribution of the Liaohe River, while those from the west NBC are mainly derived from the Daling River (Figures 7B,D). In contrast, the clay minerals in the core sediments were derived from both the two rivers in the middle zone of the study area (Figure 7C), which were induced by fluvial and coastal morphologic evolution over the last century.
The coastal morphological evolution in the NBC over the last century was reconstructed using the two dated cores and the adjacent cores, in conjunction with the information on the historical coastline and river channel migration. Based on the 210Pb chronology after CRS modeling, variation of the river input is shown in Figure 9. It demonstrates that clay minerals in the two cores have documented consistent variation of the fluvial contribution. The Panjin Bay was infilled by the sediments from the two rivers since 1909 AD, which resulted in significant coastal morphological change. During this period, the Daling River flew eastward, while the Liaohe and its local tributaries flew into the Panjin Bay south- and westwards (Figure 5). Transported by fluvial input and the coastal current in the Panjin Bay, clay minerals from the offshore cores LH40, LH41, and LH49 showed a mixture of the Daling and Liaohe River sources. With further infilling of the Panjin Bay, the coastline in the west Panjin Bay retreated seawards significantly, resulting in an increase of the Daling River input during 1909–1926 AD (Figure 9). It is also noticed that sediments in the cores closer to the Daling estuary responded earlier. From 1926 to 1933 AD, the north coast of the Panjin Bay was rapidly filled mainly by sediments of Liaohe origin after comparing the coastline migration during the period (Figures 5B,C). Consistently, the relative contribution of the Daling River declined in cores LH40 and LH49 according to the non-linear modeling. The river channel of the Daling River migrated during 1933–1945 AD southeastward, which induced increasing river input to the area where cores LH40 and LH49 were located. Based on the outcome of provenance discrimination, the migration was relatively rapid, as the response in the two cores was possibly simultaneous (Figure 9). Since the Daling River further flew to the Liaodong Bay southward, the influence on the area of cores LH40 and LH49 from the Daling River became weaker, which correlates to an increase in Liaohe contribution as revealed by the modeled provenance quantification. In summary, with a comparison between the historical morphological change and the outcome of provenance discrimination, the Daling River input was major in the 1910s and 1940s, which attributed to the rapid progradation and river channel migration, respectively. Although the tendency of fluvial contribution in different cores is in agreement, it is shown that the fluvial contribution of clay minerals is related to the relative position between the estuary and the cores. During 1909–1945 AD, the Daling estuary was close to the location of core LH40, leading to more fluvial contribution in core LH40 from the Daling river. On the contrary, the Daling estuary migrated southward after 1945 AD, which was closer to core LH49. This resulted in more Daling River input in core LH49 compared to core LH40.
[image: Figure 9]FIGURE 9 | Reconstruction of the Daling River contribution in the last century using the two dated cores LH40 and LH49. The solid lines in blue and red demonstrate a 3-point running average.
The consistency between the non-linear modeling results, the river channel, and coastal migration has been also reflected by the adjacent cores without direct dating results. For instance, non-linear modeling of the provenance discrimination shows that the fine-grained sediments in core LH41, that is close to the modern Liaohe River channel (Figure 1), originated mainly from the Daling River (Figure 8). Based on the information on the historical river channel, the Daling River flew into the Panjin Bay southeastwards before 1956 AD, resulting in progradation southeastward and infillling of the Panjin Bay between 1909–1956 AD (Figure 5). The majority of sediments in core LH41 of the Daling riverine contribution attributes to its location in the estuary of the Daling River during 1909–1956 AD. It is also noticed that the tributary of the Daling River joined those of the Liaohe River and flew into the Panjin Bay westwards revealed by the historical map in 1945 AD (Figure 5D). It resulted in minor input from the Daling River on the east coast of Panjin Bay (LH24 and LH56. Figure 8). After 1956 AD, the relative contribution of the Daling River increased at least twice. i.e., in the 1980s and 2000s (Figure 9). It might be related to flood events, e.g., the flood in the year of 1984, or anthropogenic impact, which needs more detailed investigation. Overall, it indicates that the determination of the riverine input for the two rivers after non-linear modeling is consistent with the reconstructed historical river channel and coastline migration.
Potential Applicability for Paleoenvironmental Studies in the North Bohai Coast
The NBC is one of the depocenters in the Bohai Sea. The thick sediments contain rich paleoenvironmental information (Liaoning Geological Bureau, 1983; IOCAS, 1985). According to the discussion abovementioned, clay mineralogy is useful to discriminate the provenance and reconstruct morphological evolution. Meanwhile, clay minerals as one of the applicable environmental proxies could be also used to investigate the paleoclimate change and sediment transportation process (e.g., Liu et al., 2003; Li J. et al., 2018; Yu et al., 2019), which is, however, has not been used to interpret paleoenvironment change in the NBC.
The variation of the clay mineral assemblages is not correlated to paleoclimatic change/chemical weathering conditions straightforwardly (Thiry, 2000; Liu et al., 2003). For the purpose of paleoenvironmental investigation using clay mineralogy in the NBC, it is essential to separate the sediments with a single origin from those with mixed sources. To simplify the non-linear model in this study, the contributions of Daling and Liaohe rivers were presented as the content ratio of smectite/illite. The ratio was plotted against the determined contribution of the two rivers (Figure 10). Sediments most likely derive from the Liaohe River when the smectite/illite ratio is lower than 0.5, while those are solely associated with Daling River input when the ratio is higher than 1.7. A logarithm correlation of smectite/illite ratio with the percentage of river input for both the rivers is observed for the ratio range between 0.5–1.7. The correlation with fitting equations shown in Figure 10 can be potentially applied to quantitatively discriminate the contributions of fluvial inputs for the quaternary provenance-unknown sediments in the NBC, and further extract the clay mineral content derived from the signal provenance.
[image: Figure 10]FIGURE 10 | Quantification of the contribution of the river input using the ratio of smectite content over illite content.
CONCLUSION
In this study, the clay mineralogy of the coastal sediments in the North Bohai Coast (NBC) was investigated to determine the variation of the fine-grained sediment sources over the last century. Clay mineral content in the modern riverine sediments in the NBC was used to discriminate the sediment provenance and to quantify the sedimentary contribution from different fluvial systems. 210Pb and 137Cs radioactivity was measured for the dating attempt. The migration of coastline and river channel in the North Bohai Coast during the last hundred year was reconstructed by digitalizing the historical charts and satellite images. The main conclusions are drawn as follows:
• 210Pb chronology after CIC modeling overestimates the sedimentation rate, but the CRS model results in an acceptable sedimentation rate for two dated cores. 137Cs dating approach is not applicable due to the low activity of the nuclide.
• Contribution of the Daling and Liaohe Rivers has been quantified using non-linear modeling of the clay mineral contents. The modeling results demonstrate a satisfactory relationship with the smectite/illite content ratio, which is also consistent with the lithological and coastal geomorphologic constraints.
• Clay minerals in western and eastern NBC are mainly derived from the Daling and Liaohe Rivers, respectively. In the middle NBC, the Daling River input was relatively major during the 1910s, 1940s, 1980s, and 2000s. The increase of Daling River input in the first two periods resulted from progradation and river channel migration, respectively.
• Increasing fluvial contribution from the Daling River in 1980s and 2000s might be related to flooding events and/or anthropogenic impact, which needs more investigations. The fluvial contribution from the Liaohe River was major in the middle NBC during 1920–1940 AD, likely attributing to rapid progradation. River channel migration of the Daling River after 1956 AD likely resulted in a relative increase of Liaohe River input during 1950–1970 AD, as the influence on the middle NBC from the Daling River was weaker.
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Archaeal ammonia oxidation is the most important intermediate pathway in regulating the oceanic nitrogen cycle; however, the study of its specific role on a geological time scale is restricted to a specific part of marginal seas; thus far, only in the southern South China Sea (SCS). To explore the spatial pattern of the role of archaeal ammonia oxidation in the SCS, the GDGT-[2]/[3] ratio (Glycerol Dialkyl Glycerol Tetraether), an indicator of the archaeal ammonia oxidation rate, was analyzed and examined from the collected data profiles since the last glacial period in the northern SCS. The results showed that the GDGT-[2]/[3] ratio in the northern SCS was opposite to that in the southern SCS, with higher GDGT-[2]/[3] values during the Holocene compared to the last glacial period. Based on existing published depths of thermocline (DOT) data in the northern SCS since 30 ka, we believe that hydrological structural variations induced by mesoscale eddies caused this difference. Therefore, physical processes are very important factors that control the nitrogen cycle over a long-time scale. This study may provide new insights into the understanding of the role of archaeal ammonia oxidation within the marine nitrogen cycle over geological time scale.
Keywords: archaeal ammonia oxidation, nitrogen fixation, GDGTs, the last glacial period, mesoscale eddies, northern South China Sea
INTRODUCTION
Nitrogen is a key limiting nutrient of primary productivity, and changes in the total amount of fixed nitrogen in the ocean will lead to changes in primary productivity and thus affect atmospheric CO2 levels, which in turn will have a significant impact on global climate changes (Beatty-Desana et al., 1975; McElroy, 1983; Altabet et al., 2002). The understanding of the interrelationships between the main processes of the marine nitrogen cycle and their regulators is still very limited (Zehr & Capone, 2020).
N isotopes in marine sediment record key information of oceanic biogeochemical information, and indicate the corresponding processes of the marine nitrogen cycle, and also can track the evolution of the marine environment and biogeochemical cycle in the marine system during geological periods (Altabet, 2006). Specifically, the sedimentary nitrogen isotope ratio (δ15N) reflects a signal of processes of nitrogen input (i.e., nitrogen fixation) and nitrogen loss to the atmosphere (i.e., anaerobic denitrification and anaerobic ammonium oxidation (anammox) (Sigman & Fripiat, 2019). In general, the process of nitrogen fixation from the atmosphere can result in a lower δ15N value of nitrate in the seawater with an isotope discrimination of ∼-1‰ (Wada & Hattori, 1976; Liu et al., 1996), while water column denitrification will enrich the 15N of nitrate with isotope fractionation up to 20–30‰ (Cline & Kaplan, 1975; Brandes et al., 1981).
As one of the largest marginal seas in the world, the SCS is surrounded by densely populated islands, which brings a large input of terrigenous nutrients, resulting in high deposition rates and sensitivity to environmental changes, and is thus an ideal area for studying biogeochemical cycles under both natural and anthropogenic influences (Wang and Li, 2009). Previous studies have investigated the sedimentary nitrogen isotope characteristics in the northern and southern SCS during geological periods. Dong et al. (2019) reconstructed the variation in nitrogen isotopes in the southern SCS based on the nitrogen isotopes of organic matter (δ15Norg). Their results showed that δ15Norg values increased during the last glaciation (MIS 2) which is in accord with the trend of the δ15Nforam reconstructed from planktonic foraminifera observed in core MD97-2142 (Ren et al., 2017) and in MD12-3433 (Wang et al., 2018) retrieved from the northern SCS. Nitrogen isotope ratios based on planktonic foraminifera G. scacculifer and G. ruber showed the same trend, indicating that nitrogen fixation has been enhanced since the last glacial period throughout the whole SCS. In short, nitrogen isotope indices are the key for better understanding nitrogen fixation in the SCS and reconstructing nitrogen fixation in the paleo-nitrogen cycle.
However, δ15N incorporates a mixing signal but cannot fully reflect other details within the complex nitrogen cycle (Robinson, 2001; Dong et al., 2019). Therefore, other proxies, such as organic biomarkers, become a potential tool for tracking more refined marine nitrogen cycle processes (Rush and Sinninghe Damsté, 2017), such as nitrification, which act as a tie line between the nitrogen input and nitrogen loss (Canfield et al., 2010; Rush and Sinninghe Damsté, 2017). Previously, the archaeal ammonia oxidation in the southern SCS since 180 ka was reconstructed by Dong et al. (2019) based on the proxy of the relative abundance between shallow-water clade and deep-water clade Thaumarchaeota, the ratio of glycerol dialkyl glycerol tetraethers (GDGT) with 2 and 3 cyclopentyl moieties (GDGT-2 to GDGT-3 ratio, here after referred to as [2]/[3]) (Dong et al., 2019). Ammonia oxidizing archaea (AOA), affiliated with Thaumarchaeota, are distributed throughout the water column but have maximum abundance at the bottom of the deep chlorophyll maximum (DCM). A higher [2]/[3] indicates a higher contribution of deep-water clade Thaumarchaeota with low ammonia-oxidizing activity, while a lower [2]/[3] indicates a higher contribution of shallow-water clade AOA with high ammonia-oxidizing activity (Jia et al., 2017; Dong et al., 2019). However, whether this conclusion pattern is consistent in other seas remains to be verified.
Here, by collecting and analyzing the [2]/[3] data from sediment cores retrieved from the SCS combined with δ15N data, we found that unlike the scenario observed in the southern SCS, the ammonia oxidation and nitrogen fixation have decoupled in the northern SCS since 30 ka. Different hydrodynamics between the northern and southern SCS have been examined to explore the mechanisms of the different relationships between ammonia oxidation and nitrogen fixation, thus improving the understanding of the mechanisms underlying the nitrogen cycle in the SCS since the last glacial period (MIS 1–2).
Oceanographic Settings in the South China Sea
The SCS is located between the tropical western Pacific Ocean and the Asian continent, and it is under the control of the East Asian monsoon (EAM) system. In the boreal winter, the interaction between the low-pressure system over the western Pacific warm pool and the Siberian high-pressure system triggers the formation of a strong East Asian winter monsoon (EAWM) (Figure 1). The cyclonic circulation is driven by the EAWM in the entire basin. While in boreal summer, the prevailing southwesterly monsoon (i.e., East Asian summer monsoon, EASM) drives anticyclonic circulation formation in the whole basin (Xiu et al., 2010) (Figure 1). Therefore, different surface circulation patterns in the winter and summer seasons are driven by the EAM system in the SCS. Modern physical oceanographic observations have shown that anticyclonic eddies dominate the northern part of the SCS in summer (Xiu et al., 2010; Guo et al., 2015), which drives the thermocline and halocline to deepen and become thicker (Chen et al., 2011).
[image: Figure 1]FIGURE 1 | Location of MD01-2392, MD05-2897, and MD97-2142 sites in the southern SCS and MD12-3428, ODP1147, MD12-3433, and MD01-2904 in the northern SCS.
The effect of the EAM system on the water hydrodynamics in the SCS in the geological periods has been investigated. Dong et al. (2015) reconstructed the thermocline depth of the southern SCS since 180 ka using the temperature difference (ΔT) between the reconstructed surface seawater temperature by utilizing [image: image] and the reconstructed subsurface seawater temperature by using [image: image]. This indicated that the thermocline depth was shallower during the glacial period and deeper during the interglacial period due to the effect of the EAWM. The strength of the EAWM varied within a glacial-interglacial timescale, which could be indicated by loess grain size (>32 μM) from the Xifeng of China and the vertical sea surface water temperature difference in the northern and southern SCS (Guo et al., 2009). Dong et al. (2015) also found that the EAWM had significantly strengthened during the glacial period and weakened during the interglacial period since 175 ka. They also believed that the positive wind stress curl provided by the enhanced EAWM during the glacial period enhanced cyclonic circulation and strengthened upwelling, thus lifting the depth of the thermocline in the southern SCS (Dong et al., 2015). The same process has also been confirmed in modern observations (Qu et al., 2007).
Mesoscale eddies influence the marine carbon and nitrogen cycle by regulating the distribution of nutrients, in turn affecting the biota (Zehr & Kudela, 2011). As a key player in marine nitrogen cycle, the abundance and activity of AOA are affected by temperature, light, availability of ammonia, and its competition (McElroy, 1983) with phytoplankton, especially in shallow coastal waters (Herfort et al., 2007; Q. Liu et al., 2018; Urakawa et al., 2014). Some of these factors can be altered by mesoscale processes, e.g., upwelling (Molina et al., 2010), water mass mixing (Müller et al., 2018) (Haas et al., 2021), and in turn, modify the AOA community. In geological time, the physical and hydrological properties of the surface waters in the SCS have been proposed to influence the growth of shallow AOA (Dong et al., 2019), thus impacting the marine nitrogen cycle.
MATERIALS AND METHODS
Membrane lipid biomarkers [2]/[3] of two cores which from the northern SCS were analyzed: one core MD12-3428: (20°08.48′N, 115°49.80′E; core length 10.15 m, water depth 903 m) (Dong et al., 2018), and core ODP 1147 (Figure 1) (18°50.11′N, 116°33.28′E; water depth: 3246 m) (Li et al., 2013). The age model of core MD12-3428 was established based on both accelerator mass spectrometry (AMS) radiocarbon dates of planktonic foraminifera (Globigerinoides ruber) and the oxygen isotopes aligning with existing oxygen isotopes, covering the past 30 ka (H. Zhang H et al., 2016; Y. G. Zhang Y G et al., 2016). The total lipids of MD12-3428 were extracted following Sturt et al. (2004) and GDGT-2, GDGT-3 and other lipids used to calculate the [image: image] were detected and analyzed by using high-performance liquid chromatography-mass spectrometry (HPLC/MS) (Sturt et al., 2004; Dong et al., 2018). The alkenones used to calculate the [image: image] were measured on Trace GC 2000 chromatograph (Finnigan, Thermo Electron) equipped with a flame ionization detector (FID) and HP-1 capillary column (50 m × 0.32 mm × 0.17 μM, J&W) (Dong et al., 2018).
Additionally, the age model of core ODP 1147 was established by using benthic foraminifera oxygen isotope data. The GDGTs were detected and analyzed by using an Agilent 1200 HPLC coupled to a Waters Micromass-Quattro Ultima™ Pt mass spectrometer with an APCI probe (Li et al., 2013).
[image: image] value correlates better with subsurface temperatures at 30–125 m (r 0.89) water depth compared to the upper mixed-layer temperature. We calculate the sea subsurface temperature (SSST) by following the calibration established by Kim et al. (2010) and modified by Jia et al. (2012):
[image: image]
where [image: image], and the [image: image] proxy is defined as
[image: image]
according to Schouten et al. (2002).
The sea surface temperature indicator [image: image] derived from haptophyte-produced alkenones is defined as
[image: image]
according to (Prahl & Wakeham, 1987). We calculate the sea surface temperature (SST) by following the calibration:
SST = [image: image] (r2, 0.86, n = 31, 0–30 m) (Pelejero & Grimalt, 1997).
The ΔT is defined as:
ΔT = SST-SSST
which has been used to indicate the stratification of the ocean in the south China Sea (Dong et al., 2015) (Li et al., 2013). The δ15N isotopic data for the northern SCS since 30 ka were from core MD12-3433 (19°16.88′N, 116°14.52′E; water depth 2125 m) (Wang et al., 2018), and productivity data were from core MD05-2904 (19°27.32′N, 116°15.15′E, water depth 2066 m) (He et al., 2008).
The biomarker [2]/[3] ratio of the southern SCS was also obtained from core MD05-2897 (Figure 1) (08°49.05′N, 111°26.469′E; water depth 1,657 m; column length 11.03 m) (Dong et al., 2015). Ultrasonic extraction was used for total lipid extraction. Detail extraction and analytical methods were described in (Hopmans et al., 2004; Huguet, 2007; Dong et al., 2015). The δ15N isotopic data were from the core MD97-2142 (12°41′N, 119°27′E; water depth: 1,557 m) (Ren et al., 2017) based on the planktonic foraminifera G. ruber and the core MD01-2392 (09°51.13′N, 110°12.64′E; water depth: 1966 m) (Dong et al., 2019) based on sedimentary particulate organic nitrogen.
RESULTS AND DISCUSSION
The Inconsistency of [2]/[3] in Cores Retrieved From the Northern and Southern South China Sea
The [2]/[3] ratio was investigated in both the northern and southern SCS and showed a distinct variation pattern since 30 ka. In the southern SCS (Figure 2A), [2]/[3] ranged from 7.0–9.4 with a mean value of 7.9 and progressively increased in MIS 2. In MIS 1, [2]/[3] ranged from 5.9–10.6 with an average of 7.3 and showed a decreasing trend. However, it had a different pattern in the northern SCS (Figure 2B). In core MD12-3428, the [2]/[3] ranged from 5.3–6.3 with an average of 5.8 in MIS 2, while in MIS 1, [2]/[3] ranged from 6.1–7.2 with a mean value of 6.6. Similarly, in core ODP 1147 retrieved from the northern SCS, [2]/[3] ranged from 4.69 to 6.42 with a mean value of 5.75 in MIS 2, and ranged from 5.67 to 6.42 with 6.16 on average in MIS 1. Both cores in the northern SCS showed increasing trends of [2]/[3] since 30 ka, indicating that they have unique and identical regional implications under which the controlling mechanisms were different from those of the southern SCS.
[image: Figure 2]FIGURE 2 | Comparison of the relationship between nitrogen fixation and archaeal ammoxidation in the northern and southern SCS since 30 ka. (A) δ15Norg values of southern cores MD01-2392 (Dong et al., 2019) and MD97-2142 (Ren et al., 2017). (B) Nitrogen isotope FB-δ15N of planktic foraminifers in northern core MD12-3433 (Wang et al., 2018). (C) GDGT-[2]/[3] ratio of southern core MD05-2897 (Dong et al., 2015); (D) GDGT-[2]/[3] ratio of northern cores MD12-3428 (Dong et al., 2018) and ODP 1147 (Li et al., 2013).
The mechanisms that control the [2]/[3] and its implications had been interpreted in the southern SCS by Dong et al. (2019). The biomarker [2]/[3] reflects the abundance of Shallow-water clade Thaumarchaeota which determines the ammonia oxidation. Specifically, shallow-water clade Thaumarchaeota, with lower [2]/[3], have better ammonia concentration adaptation due to their phylogenetic distinction compared to their deep-water clade relatives (Dong et al., 2019) and take part in relatively active ammonia oxidation (Xu et al., 2018). Therefore, a lower [2]/[3] indicates higher shallow-water clade AOA abundance and a higher ammonia oxidation rate (Dong et al., 2019). In core MD05-2897, a similar variation trend between [2]/[3] and δ15N since 30 ka indicates that the coupling of ammonia oxidation and nitrogen fixation in the southern SCS (Figures 2A,C). δ15N decreased from MIS 2 to MIS 1. This indicates an enhancement of nitrogen fixation which, to some extent, is probably contributed by the consumption of oxygen due to the enhancement of ammonia oxidation indicated by the decreasing trend of [2]/[3] since the last glacial period (Figure 2C).
Considering the depth segregation of ammonia oxidation and nitrogen fixation, i.e., ammonia oxidation in the nutricline and nitrogen fixation mainly in the nutrient-depleted layer above the nutricline (Michael Beman et al., 2012; Du et al., 2017), Dong et al. (2019) concluded that the two pathways were not directly but indirectly coupled. Global marine nitrogen data-based investigation showed that sea surface temperature and subsurface minimum O2 are two main factors that influence nitrogen fixation variations on a global scale (Luo et al., 2014). Nitrogen fixation was enhanced during anoxic events in deep geological time (Kuypers et al., 2004). The exuberant growth of ammonia-oxidizing bacteria consumes oxygen in the water column, which would facilitate the N2-fixing enzyme activity (Zehr & Kudela, 2011; Luo et al., 2014; Dong et al., 2019). Similarly, in the northern SCS, the nitrogen fixation has increased since 30 ka indicated by decreasing δ15N value of foraminifera from core MD 12–3433 (Figure 2D). A consistent nitrogen fixation variation trend has occurred throughout the SCS since 30 ka, which might be controlled by similar physical and chemical factors, e.g., stratification. However, the increasing [2]/[3] value from the glacial to the interglacial period in cores from the northern SCS indicates the weakening of ammonia oxidation during the interglacial period (Figure 2B). The decoupling of nitrogen fixation and ammonia oxidation implies that the heterogeneity of regional surroundings between the northern and southern SCS has acted on the ammonia metabolic changes of AOA communities, and resulted in this regional differentiation within the glacial-interglacial timescale (Table 1).
TABLE 1 | Core information and the relationship of [2]/[3] vs. δ15N in the southern and northern SCS.
[image: Table 1]Mechanisms for Decoupling of Ammonia Oxidation and Nitrogen Fixation in the Northern South China Sea
The hydrodynamic processes exhibit discrepancies between the southern and northern SCS under the effect of the EAWM system. In the southern SCS, the surface circulation exhibits a cyclonic structure in winter, driven by the winter monsoon, and Coriolis force and combined with surrounding topographic constraints, causing the upwelling in the southern SCS, which brings nitrogen-limited and phosphorus-rich deep water to the upper layers (Tan & Shi, 2006; Wong et al., 2007; Ren et al., 2017). During glacial periods, the enhanced EAWM provided a positive wind stress curl that built up the cyclonic circulation and strengthened the upwelling, thus lifting the depth of the thermocline and halocline, and leading to a thinner thermocline and halocline (Chen et al., 2011; Dong et al., 2015). During the interglacial periods, the weakening of the EAWM weakened the upwelling, therefore enhancing surface stratification and shifting thermocline and DCM layer downward.
In the northern SCS, however, no significant seasonal upwelling region has been observed. Similar to that in the southern SCS, thermocline depth was deeper during the interglacial period than that in the last glacial period, but this was not because of the weakening of upwelling driven by a weaker EAWM (Figure 3A). Instead, the anticyclonic current loop, which was driven by the EASM dominating this region, drove the thermocline and halocline deeper (Xiu et al., 2010; Guo et al., 2015). Therefore, monsoon-triggered water mixing controls the surface circulation in the northern SCS: in the interglacial period, the strengthening of the EASM enhanced vertical mixing and deepened the thermocline, which, conversely, was thinner and shallower during the last glacial period in the northern SCS. Coincidentally, Li et al. proposed that vertical mixing driven by the EAWM dominantly determined the hydrological structure in the northern SCS over the last 356 ka (Li et al., 2013). Intensification of the EAWM drives stronger vertical mixing, resulting in deeper mixed layer depth (MLD) and a thicker thermocline and halocline, while the weakening of wind turbulence resulted in a shallower thermocline and halocline depth. The evidence indicates that the northern and southern SCS are controlled by different surface circulation systems and thus lead to a different hydrological structure.
[image: Figure 3]FIGURE 3 | Biogeochemical characteristics of the northern SCS since 30 ka; (A) ΔT of the cores ODP 1147 (Li et al., 2013) and MD12-3428 (Dong et al., 2018) in the northern SCS; and (B) the total productivity of the core MD01-2904 (He et al., 2008).
Why do different hydrological structures during the glacial and interglacial periods have diverse characteristics in regard of the nitrogen cycle? Factors that affect the growth of shallow-water AOA are considered to be complex and influenced by light and the depth of the upper water column, as well as ammonia concentration and ammonia effectiveness. The AOA prefer to live in the trophic halocline where have adequate ammonia mainly produced by remineralization of organic matter and weak light intensity (Xue et al., 2004; Herfort et al., 2007; Michael Beman et al., 2012; Liu et al., 2018). In the southern SCS, during the glacial periods, the strengthening of the EAWM drove the cyclonic eddy formation and lifted the thermocline and DCM due to the upwelling. Therefore, shallow-water clade AOA communities shrank because the light was more intense in the shallower seawater. In contrast, during the interglacial period, the weakening of the EAWM led to enhanced stratification and weakened upwelling, which shifted the DCM downward. Shallow-water clade AOA, therefore, obtained a steadier water environment and space to survive with weaker light. Additionally, the ammonia concentration was also higher in the deeper layer, which in general resulted in their vigorous growth.
However, in the northern SCS, anticyclonic eddies pushed the nutrient-poor and oxygen-rich surface water down to the deeper water column during the interglacial period. An oxygenated and turbulent water environment is unfavorable for AOA survival. This low-nutrient surface-water mixing failed to stimulate primary productivity during the intergalcial period (Fig. 3B, He et al., 2008), which thus reduced the remineralization-derived carbon dioxide and ammonia for AOA growth, (Ning et al., 2008; Xiu & Chai, 2011; Hu et al., 2014; Guo et al., 2015). Moreover, enhanced export POC flux triggered by anticyclonic eddies has been observed in modern settings (Zhou et al., 2013), which means weaker remineralization in the eddies and hence, lower ammonia and carbon dioxide available to AOA (Figure 4A). In the glacial period, reduced anticyclonic mixing combined with high productivity reinforced the remineralization of fixed organic carbon (Figure 3B), therefore increasing the NH3 and CO2 concentration that supported the shallow-water clade AOA to growth (Figure 4B). In short, reduced anticyclonic activity promoted the stratification, which stimulated the shallow-water clade AOA growth. To some extent, the [2]/[3] ratio can indirectly reflect the relative strength of remineralization in the upper water column because remineralization of organic carbon derived from primary productivity provides both energy and carbon source for AOA, e.g., NH3 and CO2. Higher remineralization, therefore, leads to a higher ammonia oxidation rate, which is embodied in a lower [2]/[3] ratio (Figure 4B).
[image: Figure 4]FIGURE 4 | Mechanisms of the relationship between ammonia oxidation and nitrogen fixation in upper waters of the northern SCS since 30 ka. (A) During the interglacial period, EASM induced the formation of anticyclonic eddies which shifted the halocline downward. (B) During the glacial period, weaker EASM reduced the anticyclonic eddies activity and lifted the halocline. PP denotes the primary productivity.
Insights Into the Nitrogen Cycle in the South China Sea
The decoupling of ammonia oxidation and nitrogen fixation in the northern SCS suggests that rather than being a determinant, ammonia oxidation can only affect the efficiency of nitrogen fixation to a certain extent. Factors that shape the nitrogen cycle can be intricate and vary between regions and timescales. The same variation trend of the glacial-interglacial nitrogen cycle in the southern and the northern of the SCS suggests that the nitrogen fixation efficiency may be controlled by the same physicochemical processes, such as thermal stratification, i.e., enhanced nitrogen fixation when the nitricline deepens, which is also consistent with modern observations (Church et al., 2009; Zehr & Kudela, 2011; Luo et al., 2014). Mesoscale physical processes (e.g., mesoscale eddies, temperature, and stratification) have an important effect on marine primary productivity and the microbial community dynamics. In addition, anticyclonic eddies have been proposed to motivate the N cycle in the ocean and enhance the N2 fixation in the subtropical Pacific (Fong et al., 2008; Church et al., 2009) and subtropical Atlantic (McGillicuddy et al., 2007), probably because of the enhancement of diazotroph growth. In the northern SCS, anticyclonic eddies inhibit the growth of shallow-water clade AOA while enhancing the N2-fixing bacteria during the interglacial period, indicating a decoupling between ammonia oxidation and nitrogen fixation. The processes within the N cycle, as well as their influencing factors, are subtle and intricate, and physical factors that shape the biotic community composition are not ignorable (Fong et al., 2008; Church et al., 2009). We proposed that mesoscale eddies might affect the inner cycle of the marine N cycle not even on a temporal and small spatial scale but on the longer geological timescale. Even though the mechanisms behind physical/biological interactions are not well defined (Zehr & Kudela, 2011), determining these physical processes is essential for understanding the primary production and biological responses to climate change and N cycling on a geological timescale.
CONCLUSION
Previous research found that the variation trend of ammonia oxidation indicated by membrane lipid ratio GDGT-[2]/[3] increased since the last glacial period which coupled with the nitrogen fixation in the southern SCS. However, inverse pattern of [2]/[3] has been found in the northern SCS. The mechanisms of the weakening of ammonia oxidation of shallow AOA in the northern SCS since 30 ka were investigated. We believe that different hydrodynamic processes between the southern and northern SCS triggered by EAM system lead to this difference. From MIS 2 to MIS 1, the strengthening of EASM formed a strong anticyclone, and thus enhanced vertical mixing and deepened the thermocline during the interglacial period in the northern SCS. On one hand, the oxygenated and turbulent water environment is unfavorable for shallow-water AOA growth, and on the other hand, the low primary productivity and enhanced export productivity were also unable to provide sufficient carbon dioxide and ammonia for AOA growth, therefore lead to the decrease of ammonia oxidation since the last glacial period. We proposed that mesoscale eddies might affect the inner cycle of the marine N cycle not even on a temporal and small spatial scale but on the longer geological timescale.
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During the late Paleozoic ice age, tropical coastal depositions have been widely linked to high-frequency sea-level variations, but their linkage with the associated climate change was not fully understood. In the early Permian, two deglaciations occurred in the late Sakmarian and late Artinskian, respectively. During the late Artinskian deglacial warming and transgression, coal-bearing siliciclastic successions of the Liangshan Formation were developed in South China. Three facies associations were recognized from the Liangshan Formation successions in western South China and ascribed to coastal alluvial plain, estuarine, and deltaic environments. Detailed analysis of sedimentology, paleosol morphology, and sandstone petrology suggest a relatively dry-to-wet climate shift and estuarine to deltaic facies transition in the lower Liangshan Formation. This climate shift and facies transition can be temporally correlated based on regional stratigraphic correlations, although precise age constraints are needed to test this correlation. The estuarine interval of the lowest Liangshan Formation signified a rapid transgression during the late Artinskian deglaciation and likely formed during a relatively arid climate with locally small fluvial systems, which provided limited sediment supply. The subsequent transition to and initiation of deltaic deposition was broadly associated with the inferred climate shift and could be primarily resulted from a climate wetting-induced great increase in sediment supply, irrespective of the deglacial sea-level rise.
Keywords: early Permian, coastal deposition, Liangshan Formation, climate change, western South China
INTRODUCTION
The late Paleozoic ice age (LPIA) is the longest icehouse climate period, with glaciations developed in the Gondwana continents and lasted more than 70 Myr from the Carboniferous to the Permian (Crowell, 1999; Isbell et al., 2003; Wopfner, 2013). This icehouse climate reached its acme glaciation in the earliest Permian and then gradually demised through the Permian before completely transferring into the Triassic greenhouse (Fielding et al., 2008; Montañez and Poulsen, 2013). There were well-developed distinctive, repetitive stratal stacking successions in the palaeotropical regions during the Pennsylvanian to early Permian (e.g., Wanless and Shepard, 1936; Montañez and Poulsen, 2013; Fielding, 2021). Detailed studies on these tropical cyclical strata revealed high-frequency eustatic sea-level variations driven by the glacial–interglacial cycles in the high latitudes (Wanless and Shepard, 1936; Ross and Ross, 1985; Heckel, 1986; Smith and Read, 2000; Rygel et al., 2008; Belt et al., 2011; Fielding and Frank, 2015, 2020). These cyclic sequences record changes in paleosols and palaeofloras, reflecting associated climate fluctuations in tropical regions (Tandon and Gibling, 1994; Miller et al., 1996; Cecil et al., 2003; Olszewski and Patzkowsky, 2003; Falcon-Lang, 2004; Dolby et al., 2011; Eros et al., 2012; Rosenau et al., 2013).
The control of sea-level variations on the LPIA coastal sedimentation has been widely documented (e.g., Wanless and Shepard, 1936; Fielding, 2021). However, the role played by climate on the sedimentary patterns has not been well distinguished from those of sea-level fluctuations during the LPIA (Fieldman et al., 2005), although long-term, intermediate, and short-term dry-to-wet climate shifts have been increasingly recognized (e.g., Miller et al., 1996; Cecil et al., 2003; Olszewski and Patzkowsky, 2003; Falcon-Lang, 2004; Tabor and Poulsen, 2008; Eros et al., 2012). Cecil et al. (2003) highlighted the potential primary control of short-term climate changes on Pennsylvanian–early Permian cyclic lithostratigraphy (e.g., Cecil, 1990; Miller et al., 1996). Fieldman et al. (2005) advocated a dominant control of intermediate climate changes on the fluvial sediment supply and sequence architecture of the Pennsylvanian glacio-eustatic sequences based on pedogenic fabrics and low-stand depositions. All these studies focused on the Permo-Carboniferous records in tropical Pangea but with few or no data coming from tropical Tethys regions where the continuous marine successions are well developed during the Permian icehouse-to-greenhouse transition (e.g., Liu and Xu, 1994; Wang et al., 2013; Shen et al., 2019).
During the late early Permian main deglaciation (e.g., Fielding et al., 2008), coal-bearing siliciclastic depositions were widely developed in South China, named as the Liangshan Formation, in association with the late Artinskian transgression (Wang et al., 2013; Shen et al., 2019). To further understand the importance of climate effects relative to that of sea-level changes on tropical coastal sedimentation, we here conducted a detailed study on the Liangshan Formation in western South China in terms of sedimentology, mineralogy, and geochemistry. This study reveals a significant control of the dry-to-wet climate shift on the coastal strata architecture during the deglacial sea-level rise.
GEOLOGICAL SETTINGS AND STUDIED SECTIONS
The South China Block is bounded by the Qinling–Dabie–Sulu orogenic belt to the north (Meng, 2017) and by the Jinshajiang–Ailaoshan orogenic belt to the west (Wu, 1998; Zhang et al., 2013). It was formed by the Proterozoic collisional assembly between the Yangtze and Cathaysia blocks along the Jiangnan orogenic belt (Li et al., 2002; Wang and Li, 2003; Li et al., 2009; Shu et al., 2011). In South China, there were mainly marine carbonate and shale sequences through the late Neoproterozoic to early Paleozoic, and a regional unconformity separates the early Paleozoic limestones and shales from the overlying late Paleozoic marine carbonate-dominated successions (Liu and Xu, 1994). During the late Paleozoic, South China was located in tropical regions and achieved relatively continuous sedimentary successions in stable cratonic settings (Liu and Xu, 1994; Wang et al., 2018). For the Pennsylvanian–early Permian interval, sequence stratigraphy, lithofacies and carbon–oxygen isotopic analysis exhibited high-frequency sea-level fluctuations and climate changes related to the late Paleozoic glaciations (Buggisch et al., 2011; Wang et al., 2013; Liu et al., 2017; Huang et al., 2018). In South China, the late Pennsylvanian–early Permian strata are mainly composed of carbonates with abundant benthic faunas, including the Maping Formation in the western part and the Chuanshan Formation in the eastern part (e.g., Shen et al., 2019). A major seal-level fall occurred in the early Permian (possibly in the Sakmarian) and produced an extensive sedimentary hiatus through South China ((Liu and Xu, 1994; Wang et al., 2013; Shen et al., 2019). Subsequently, a coal-bearing siliciclastic sedimentary sequence of the Liangshan Formation was developed, especially in the surrounding areas of paleo-uplifts, and represents the basal part of the Yangsingian series of South China (Shen et al., 2019). It grades upward into the thick Kungurian limestones of the Chihsia Formation, the most widely distributed carbonate deposits in South China (Liu and Xu, 1994).
The Liangshan Formation is mainly composed of bauxites, massive mudrocks, quartzose sandstones, shales, and coal measures with or without a limestone interbed (Zhao and Huang, 1931; Jin and Fang, 1985). Relative to the abundant marine fossils in the carbonates of Chihsia and Maping formations, the Liangshan Formation is characterized by containing terrestrial sporo-pollens and plant fragments (e.g., Jin and Fang, 1985; Shi et al., 2014). Brachiopods are the most abundant marine fauna in the Liangshan Formation (Lv, 1982; Jin and Fang, 1985; Campi and Shi, 2007). The brachiopod assemblages are of the Artinskian in age based on their associated conodonts and thus provide an age constraint for the Liangshan Formation (Campi and Shi, 2007; Shen et al., 2019).
We carefully logged and sampled the successions of the Liangshan Formation from four sections in Weining and Pingtang regions in Guizhou province of western South China (Figures 1, 2). The Xiuhe section is located in the northeast of Weining city (Figure 1B) and contains a siliciclastic succession of the Liangshan Formation with a thickness of ∼85 m (Figure 2A). The Caohai section is located southwest of Weining city (Figure 1B) and contains a ∼26-m-thick succession of the Liangshan Formation (Figure 2B). The Houpo section is located in the south of Pingtang city (Figure 1C) and has a ∼25-m-thick succession of the Liangshan Formation (Figure 2C). The Mapojiao section is located in the east of Pingtang city (Figure 1C) and contains a coal-bearing succession of the Liangshan Formation of about 21 m in thickness (Figure 2D). The measured successions of the Liangshan Formation were all formed in an overall coastal marine environment (Figure 1A; Liu and Xu, 1994).
[image: Figure 1]FIGURE 1 | Locations of the studied sections (XS: Xiuhe section, CS: Caohai section, HS, Houpo section, and MS: Mapojiao section) in the paleogeographic reconstruction for the deposition of early Permian Liangshan Formation in western South China (A, revised from Liu and Xu, 1994) and geologic maps in Weining and Pingtang regions (B,C, after GZBGMR, 1987).
[image: Figure 2]FIGURE 2 | Lithological columns of the logged successions from the top Maping through Liangshan to the basal Chihsia formations in the Xiuhe, Caohai, Houpo, and Mapojiao sections, showing the sedimentary structures of the strata, and stratigraphic positions of each sample analyzed during this study.
SAMPLES AND ANALYTICAL METHODS
Sampling was conducted at intervals with good exposure and little alterations by present-day weathering. So, our sampling was not even through the logged successions, especially for the Houpo section where modern weathering is heavy. A total of 22 samples were collected from the Liangshan Formation, including three sandstone samples from the Xiuhe section, four sandstone samples and two mudrock samples from the Caohai section, and two mudrock samples from the Houpo section, and six sandstone and five mudrock samples from the Mapojiao section.
The sandstone samples were thin-sectioned and observed under a microscope. Their modal composition was determined by Gazzi–Dickinson point-counting method (Dickinson, 1970; Ingersoll et al., 1984). Detrital modes were characterized by the types and proportions of framework grains such as quartz and feldspar grains and lithic fragments (Dickinson, 1970). The mudrock samples were analyzed using X-ray diffraction (XRD) for mineralogical compositions and X-ray fluorescence (XRF) for major element contents. Mineralogical analyses by X-ray diffraction were performed with a PANalytical X’Pert Pro model instrument at the State Key Laboratory of Geological Process and Mineral Resources (GPMR), China University of Geosciences (Wuhan). The analytical error reported is 5% for clay minerals and 2% for non-clay minerals. The major elements were measured using a PANalytical Axios X-ray fluorescence spectrometer at ALS Chemex (Guangzhou, China). The analytical uncertainty is 5% for LOI (loss on ignition) and 2% for SiO2, Al2O3, CaO, Fe2O3T, Na2O, K2O, MgO, MnO, and P2O5. The determination limit is 0.01% for the major elements.
SEDIMENTOLOGY AND FACIES INTERPRETATIONS FOR THE SAMPLED SUCCESSIONS
Three facies associations were recognized, following Fielding and Frank (2015), based on the relative abundances of mudrocks and sandstones, sedimentary structures, thicknesses of sandstone bodies and their vertical grain-size trends, and pedogenic characters. These are attributed to coastal alluvial plain (CAP), estuarine (EST), and deltaic (DEL) environments. The lithofacies and interpreted facies are briefly outlined in the following.
Coastal Alluvial Plain Facies Association
The CAP facies association comprised three facies: coastal plain channel, coastal plain floodplain, and coastal mire. These facies were recognized in the lower part of the Xiuhe section.
The coastal plain channel comprised erosionally based, fine- to coarse-grained sandstones (Figures 3B,D,E). Two sandstone beds were observed from the lower Liangshan Formation in Xiuhe section. The lower one was reddish in color with a thickness of about 2.5 m and showed fining upward trends from the basal coarse-grained sandstones to medium-grained sandstones at the top. Its bottom contained angular mudrock gravels, which tend to be diminished to the southwest, and had an erosional contact with the underlying red mudrocks. Parallel bedding, horizontal laminations, and cross-stratifications were observed. The upper one was medium- to fine-grained quartzose sandstone of about 1 m thickness. It had a distinct undulate erosional base. There developed pervasively trough cross-bedding and minor parallel bedding. This lithofacies was interpreted as the product of coarse-grained deposition in river channels in a coastal lowland plain. Considering their thickness, these sandstones might not represent major distributary channels. The lower coarse-grained sandstones might form in a weakly confined channel related to abrupt floods, and the upper sandstones likely represented a crevasse channel linked to a major tributary channel (e.g., Fielding, 2021).
[image: Figure 3]FIGURE 3 | Outcrop photographs of the Liangshan Formation in the Xiuhe section and the facies interpretations. (A) Unconformable contact (red dotted line) of the Liangshan Formation between the underlying Maping Formation (Hammer of ∼30 cm, circled, for scale). (B) CAP facies associations at the lower Liangshan Formation, showing reddish mudrocks of the coastal floodplain, erosionally based sandstone bodies of the coastal plain channel, mottled mudrocks, and dark gray mudrocks. A remarkable color change from purplish red to dark gray was noted. (C) Close-up view of the blocky to prismatic ped structures, plant root traces, and calcareous nodules of reddish mudrocks. (D) Close-up view of the reddish coarse-grained sandstone bed of the coastal plain channel, showing fining upward trend. (E) Mottled mudrocks of coastal floodplain in arid climate covered by sandstones of the coastal plain channel and interbedded black mudrocks and sandstones of coastal floodplain in a more humid climate (Hammer of ∼30 cm, circled, for scale). (F) EST facies associations above the coastal plain mudrocks, and sandstones. The mudrocks, sandstones, and carbonaceous shales of estuarine flat, tidal rhythmite, and estuarine mire are interbedded, and some intervals preserved estuarine channel sandstones.
The coastal plain floodplain consisted of massive mudrock and interbedded mudrocks and sandstones. The variety of colors of mudrocks in these lithofacies was noted. Mudrocks at the bottom with up to 10 m thickness displayed strong reddening and were characterized by intense pedogenesis. There developed obvious blocky to prismatic ped structures, calcareous nodules, vertical cracks filled with pale gray sandstones, and extensive disruption by in situ plant roots. The second mudrock unit in the Xiuhe section was dominated by pale red colors with drab gray mottling grading upward to the pale gray horizon at the top. Vertical structures and large-scale slickensides developed in these mottled mudrocks with carbonate nodules present in the lower part. Further upward, there occurred gray mudrock beds of about 0.5 m thickness, which were interbedded with the overlying medium-bedded, fine-grained sandstones. They show blocky ped structures and mottling in the lower part. There was no evidence of any grain-size trends, and tidal or storm surges were observed in this lithofacies. The sandstone layers were only about 0.1–0.4 m thick and were somewhat lenticular (Figure 3B). Mud-graded sediments probably fell from suspensions derived from overbank flows in nearby channels and were subsequently altered by pedogenic processes. Tabular sandstones were likely delivered in gentle currents probably from the same source and represented distal crevasse splay sheet-lite deposits.
The coastal mire comprised beds of carbonaceous shale and impure coal of <0.5 m thickness, and abundant carbonized plant fragments can be observed in coal. This facies was interpreted as the deposition of the coastal mire that occupied floodplain surfaces once sediment had filled open standing water areas. The mire was obviously short-lived and immature according to the thin and impure nature of these beds (Fielding and Frank, 2015).
Estuarine Facies Association
The EST Facies Association comprised five facies: estuarine channel, estuarine bay fill, estuarine flat, tidal rhythmite, and estuarine mire. These facies were recognized in the upper Xiuhe section and the basal parts of the other three sections. In these intervals, the estuarine lithofacies were closely associated and can be distinguished from the underlying coastal alluvial plain or overlying deltaic depositions.
The estuarine channel consisted of erosionally based sandstone bodies of up to <2 m thickness (Figure 4A). These bodies somewhat resembled the CAP channel bodies but were thinner bedded with much finer, better sorted grains. They commonly had siltstone partings and tough cross-bedding sets. This lithofacies was interpreted as the product of the estuarine channel, within the lower reaches of the fluvial–tidal transition zone (Martinius and Gowland, 2011; Fielding and Frank, 2015).
[image: Figure 4]FIGURE 4 | Outcrop photographs of the Liangshan Formation in the Caohai, Houpo, and Mapojiao sections and the facies interpretations. (A) EST facies association at the basal part of Caohai succession, showing a coarsening upward sequence from estuarine bay mudrocks and sandstones to cross-laminated sandstones of the estuarine channel (Pen of 15 cm for scale). (B) Delta distributary channel sandstones in the Caohai section showing lateral accretion macroform overlying on planar bedded fine-grained quartzose sandstones of proximal delta front and mudrocks and siltstones of prodelta to distal delta front. (C) Close-up view of trough cross-stratified sandstones of delta distributary channel in the Caohai section. (D) Typical coarsening upward sequence of delta progradation in the Houpo section. (E) DEL and EST facies associations at the lower parts of the Mapojiao section. The distinctive interlamination mudrock and sandstone of tidal rhythmite facies are overlain by interbedded mudrocks and sandstones of prodelta to distal front facies (notebook of ∼20 cm, circled, for scale). (F) Close-up view of cross-stratified fine-grained sandstones of proximal delta front and delta distributary channel facies in the Mapojiao section.
The estuarine bay fill comprised a coarsening upward mudrock-dominated succession, with a thickness <1 m, passing from laminated mudrocks upward to fine-grained sandstones (Figure 4A). The coarsening upward nature suggested the filling of standing water by a prograding clastic system. This lithofacies was interpreted as a record filling shallow water estuarine bays. The estuarine flat comprised interlaminated and interbedded mudrocks and fine-grained sandstones of up to 3 m thickness, associated with other EST lithofacies (Figures 3F, 4A,E). The mudrocks of this facies displayed dark gray to black color. There was no evidence of channel forms observed for the sandstone beds, which may have scour surfaces. It suggested a formation in relatively flat-lying surfaces at times exposed and others submerged. This lithofacies was interpreted as a product of estuarine flats ranging from subtidal to supratidal, where a relatively flat-lying surface was intermittently exposed or drown (Fielding and Frank, 2015).
The tidal rhythmite comprised rhythmically laminated, alternating mudrock and very-fine to fine-grained sandstone of up to 2 m thickness (Figures 3F, 4E). The interlamination-signified rhythmic character made it the most distinctive facies. Abundant plant fragments and marine fossils (mainly brachiopods) were observed in mudrocks. This lithofacies was very similar to the so-called “tidal rhythmites” documented from modern and ancient tidal settings (Nio and Yang, 1991; Fielding and Frank, 2015). Therefore, it was interpreted as a subtidal to intertidal deposition dominated by tidal dynamics. Changes in current strength and direction were associated with the diurnal or semidiurnal tide. The estuarine mire comprised carbonaceous shales and impure coal beds of about 1 m thickness (Figures 3F, 4E). Abundant plant fragments were present. This lithofacies was interpreted as a product of estuarine mire, forming within estuarine basins.
Deltaic Facies Association
The DEL Facies Association comprised four facies of prodelta to distal delta front, proximal delta front, distributary channel, and delta plain mire. These facies were mainly observed in Caohai, Houpo, and Mapojiao sections.
The prodelta to distal delta front facies comprised laminated mudrocks and thinly interbedded mudrocks and fine-grained sandstone (Figures 4B,D,E). Sandstones were generally thinly bedded and lenticular. Bioturbations were noted in some mudrocks and are generally sporadic though locally abundant. Current and wave-generated sedimentary structures were noted in some sandstone bodies in Mapojiao section. This lithofacies was interpreted as having formed on the distal delta front and the prodelta environments, at or under a fair weather wave base. The prodelta to distal delta front facies showed coarsening upward trends grading upward into the proximal delta front sandstone facies and formed as the initial phase of delta progradational cycles.
The proximal delta front comprised typical coarsening upward bodies of sharp fine-grained sandstones in a <5m-thick succession. They were overlying prodelta to distal delta front facies (Figures 4B,D,E). The currently generated sedimentary structures dominated with a subordinate component of combined flow and wave-generated structures. There was considerable lateral facies variability with erosionally based channel bodies inset into this lithofacies in places (Figure 4B). The distributary channel consisted of erosionally based, fine-grained sandstone bodies. They commonly preserved tough cross-stratigraphy and wedge-shaped geometry with lateral accretion macroform cross-sets (Figure 4B). Coarsening upward sequences were noted in some bodies. Most part of cross-stratigraphy showed unimodal paleocurrents directed southwestward, and wave marks were observed on some sandstone body’s surface. This facies was interpreted as the deposits of the delta distributary channel, dominated by fluvial currents with little wave influences. The river dispersed sediments southwestward to the coastal settings. The delta plain mire consisted of carbonaceous shale and impure coal beds of up to ∼1 m thickness in Mapojiao section. This facies was associated with distributary channel sandstones and interpreted to record the peat deposition on the filled interdistributaries of the delta plain (Fielding and Frank, 2015).
SANDSTONE COMPONENTS AND MUDROCK MINERALOGY AND GEOCHEMISTRY
Coarse sandstone samples from the lower channel sandstones of the coastal alluvial plain in the lower Xiuhe section were rich in matrix (22.4–29.5%) and contained framework components of monocrystalline quartz (Q) grains (43.1–55.7%) and lithic fragments (L, 21.9–27.4%). They were generally matrix-supported in texture with quartz granules, and mud drapes occasionally observed and quartz grains were subangular to subrounded in shape. The lithic fragments were dominant of sedimentary origin with a few of metamorphic origin (quartz schist, 0–4.9%), including cherts (2.8–5.7%), mudrock (7.8–10.6%), and siltstone/very fine sandstone (7.7–12.4%) (Supplementary Table S1). Specific components observed, though in a very low concentration, were altered limestone fragments and ooid-like concretions with concentric laminae distinguished by different coloration (Figure 5). The upper alluvial plain channel sandstones were primarily composed of subangular to subrounded quartz grains. They were generally well sorted, but outsized quartz grains were occasionally present (Figure 5). The sampled deltaic sandstones were fine- to medium-grained in size and show grain-supported structure. Their framework components were dominated by quartz grains (>95%; Figure 5) with a few cherty fragments. The quartz grains were subrounded in shape and had a quite homogeneous grain size. Also there were stable accessory mineral grains like zircon and rutile. For both the alluvial channel and deltaic sandstones, there were no feldspar (F) grains observed. According to the Q-F-L petrographic classification of Garzanti (2019), lower alluvial channel sandstone samples were litho-quartzose sandstones, and upper alluvial plain channel and deltaic sandstones were quartzose sandstones (Figure 6).
[image: Figure 5]FIGURE 5 | Micrographs of sandstone samples from the Liangshan Formation. (A,B) Photomicrograph (cross-polarized light) of coarse-grained coastal plain channel sandstones from lower Xiuhe section, presenting high contents of silt-grained matrix, generally matrix-supported texture, and poorly sorted subangular to subrounded quartz grains (Q) and sedimentary lithic fragments (L, carbonate, mudrock, and siltstone) as framework components. (C) Photomicrograph (plane-polarized light) of coarse-grained coastal plain sandstones from Xiuhe section, showing a specific ooid-like lithic fragment with different-colored concentric laminae (arrowed). (D) Photomicrograph (cross-polarized light) of fine-grained coastal plain channel sandstones in lower Xiuhe section, showing well-sorted, subangular to subrounded quartz grains and outsized quartz grains, which range from coarse-grained sand to granules in size. (E) Photomicrograph (cross-polarized light) of fine-grained deltaic sandstones from the upper Caohai section. (F) Photomicrograph (cross-polarized light) of the fine-grained deltaic sandstones in the middle Mapojiao section. The deltaic sandstones are dominated by generally well-sorted, subrounded quartz grains, which are sometimes coalesced together by diagenesis.
[image: Figure 6]FIGURE 6 | Q-F-L (quartz–feldspar–lithic fragment) petrographic classification (Dickinson, 1970; Garzanti, 2016, 2019) of the sandstone samples from the Liangshan Formation, noting the coastal plain coarse sandstones with more lithic fragments.
XRD analysis shows that the mudrock samples primarily consisted of clay minerals and quartz grains (13–66% and 33–86%) with very few titanium bearing accessory minerals like anatase (Figures 7A,B; Supplementary Table S2). No feldspars were detected in the samples. Illite and kaolinite dominated the detected clay minerals and have a broadly negative correlation (r2 = 0.32). The analyzed mudrock samples exhibited high and variable contents in SiO2 (51.84–75.72%) and Al2O3 (12.56–28.10%), and very low contents in CaO and Na2O (0.01–0.08% and 0.06–0.18%, respectively) (Supplementary Table S3). Relative to CaO and Na2O, K2O had a high content of 2.35–5.84%, with K2O/Na2O ratios of 16.8–53.1 much higher than those of the post-Archean average shale (3.08, Taylor and McLennan, 1985). The contents of Fe2O3, MgO, and TiO2 were in the ranges of 1.39–6.03%, 0.65–1.48%, and 0.88–1.54%, respectively. The two mudrock samples from the estuarine facies had Al2O3/TiO2 ratios of 24.1–26.5 higher than the corresponding ratios (12.2–18.2) of samples from the overlying deltaic facies (Figure 7C).
[image: Figure 7]FIGURE 7 | XRD spectra of mudrock samples of the Liangshan Formation from (A) estuarine and (B) deltaic environments. (C) Al2O3-TiO2 cross-plot for mudrock samples of the Liangshan Formation. Noting the positive correlation (R2 = 0.77) of Al2O3 and TiO2 for the deltaic mudrock samples. Data for PAAS (post-Archean average Australian shale) and UCC (upper continental crust) from Taylor and McLennan (1985) are also shown for comparison. Abbreviations: Il, illite; K, kaolinite; Q, quartz; A, anatase.
DISCUSSIONS
Climate Shift in the Lower Liangshan Formation
There were distinct stratigraphic trends in pedogenic features, sandstone petrography, and lithofacies through the coastal alluvial plain intervals in the lower Liangshan Formation. The reddened interval near the basal Liangshan Formation of the Xiuhe section was interpreted as having formed during a period of drier climate, which led to better drainage of the alluvial landscape. The reddening, which appeared to be predominantly primary, rather than diagenetic, and the development of desiccation cracks and the pedogenic fabrics all suggested that the water table was lowered some distance below the ground surface for a significant time (e.g., Fielding and Frank, 2015). Wedge-shaped peds, carbonate nodules of different sizes, and coalesced nodule beds formed within the red mudrock matrix. These characters indicated a polygenic paleosol, described as vertic calcisol (Mack et al., 1993). The mottled mudrocks overlying the flood channel coarse-medium sandstones also showed pedogenic characters with mottled horizons, suggesting waterlogging conditions during periodic water table rise. This paleosol was described as gleyed calcic vertisol (Mack et al., 1993). The associated reddish flood coarse sandstones were rich in the silty matrix. They contain high contents of mudrock and siltstone fragments, sometimes in stretched shapes, in addition to subangular, poorly sorted quartzes. Such petrographic characters along with the tabular geometry indicate a rapid deposition and short-distance transportation from proximal sources. The occasional occurrences of carbonate fragments and ooid-like lithic fragments are consistent with this interpretation. Considering the erosional contact of the coarse flood sandstones with the coastal plain paleosols, these fragments are likely derived from the previously formed paleosols with carbonate nodules and ooid-like concretions (Mujal et al., 2018). The gray mudrocks above or below crevasse channel sandstones showed gleysol characters with irregular patches of brown or red in a gray matrix, indicative of pedogenic alteration in a consistently low redox condition (Mack et al., 1993). The associated crevasse channel sandstones showed lateral accretion features with a distinct erosional base and a lenticular geometry. Their model compositions were dominated by well-sorted, subrounded quartz grains. These characters likely indicate relatively long-distance transportation from a distal source by a large fluvial system (Fieldman et al., 2005; Fielding and Frank, 2015).
This stratigraphic upward transition from a thick, high-chroma paleosol to a thinner, low-chroma paleosol in the lower Xiuhe section could indicate more poorly drained conditions (e.g., Fieldman et al., 2005; Mack et al., 1993; Mujal et al., 2018; Miller et al., 1996). Such changes in the pedogenic drainage would indicate rising water tables relative to the ground surfaces and can be ascribed to sea-level rising, climate humidity, or both two (e.g., Fieldman et al., 2005; Miller et al., 1996; Joeckel, 1995). Although successions of the Liangshan Formation were considered to form during an overall transgressive event (e.g., Shen et al., 2019), which tends to raise water tables in the coastal landscapes, relative sea-level variation is complex with multiple rise and fall fluctuations (Wu et al., 2016) and cannot directly be applied to the coastal alluvial plain environments. On the other hand, an arid–semiarid climate is indicated by the pedogenic carbonate nodules and calcic paleosol characters and subsequently changed to more humid or wet conditions as suggested by the low-chroma paleosols without pedogenic carbonate and mire deposition (Figures 3B,E,F). A relatively dry climate for the lower part of the CAP interval is consistent with the rapid deposition of flood-induced weakly confined channel sandstones, which contain abundant locally derived detritus and indicate that only small local drainage networks developed over the shelf (Fieldman et al., 2005). Also for the upper part of the CAP interval, a more humid or relatively wet climate was supported by the well-confined crevasse channel sandstones, which were dominated by well-sorted quartzes transported by relatively large drainage networks from distal source areas (Cecil et al., 2003; Fieldman et al., 2005). Therefore, a relatively arid to seasonally humid climate shift likely occurred during the deposition of the lower Liangshan Formation (Figures 8C,D).
[image: Figure 8]FIGURE 8 | Evolution and interpretation of the estuarine to deltaic facies transition in the lower Liangshan Formation. (A) Estuary to delta evolution model revised from Boyd et al. (1992), and the black arrow indicates the inferred estuarine to deltaic facies transition in the lower Liangshan Formation. (B) Sedimentary facies architecture of the lower Liangshan Formation based on the Caohai, Houpo, and Mapojiao successions. (C) Sedimentary facies architecture of the lower Liangshan Formation based on the Xiuhe succession. (D) Assumed relatively arid-to-humid climate shift recorded in the lower Liangshan Formation of the Xiuhe section.
Potential Climate Controls on the Coastal Sedimentary Architecture
Facies analysis of the lower Liangshan Formation of Caohai, Houpo, and Mapojiao sections showed a consistently distinct transition from estuarine to deltaic depositions (Figure 2). Both deltaic and estuarine sandstones are well-sorted and quartzose. The associated mudrocks are dominated by clay minerals and quartz in mineral composition. These petrological and geochemical characteristics suggested high textural and compositional maturities for these sediments and denoted effective hydraulic sorting and possibly long-term sedimentary recycling. It was noted that the estuarine mudrocks tend to have much higher Al2O3/TiO2 ratios than the deltaic mudrocks (Figure 7C). Different Al2O3/TiO2 ratios might suggest different source rocks as both Al and Ti are immobile elements during chemical weathering and can be used to track sedimentary provenance (e.g., Young and Nesbitt, 1998; Yang et al., 2012). Considering the stable tectonic background and rapid facies transition, the higher Al2O3/TiO2 ratios of estuarine mudrocks might plausibly result from the enrichment of marine-derived Al-bearing clay materials relative to the deltaic mudrocks, which are primarily of fluvial origin, supporting the facies interpretation. It is interesting to note that both this estuarine-to-deltaic facies transition and the relatively dry-to-wet climate shift occurred during the deposition of the lower Liangshan Formation. Despite the poor age constraints on these two events, they can be temporally correlated in terms of regional stratigraphic correlations (GZBGMR, 1987; Liu and Xu, 1994) and probably have a genetic linkage.
The coastal sedimentations were largely controlled by sediment supply and sea-level variation, which determine the shoreline migration. Estuaries are common transgressive depositional systems developed when the rise in sea level overtakes the sediment supply (Boyd et al., 1992). The development of estuarine facies at the bottom of the Liangshan Formation, as recorded in the Caohai, Houpo, and Mapojiao sections, supports the view that the Liang Formation represents an overall transgressive sequence (e.g., Shen et al., 2019). The evolution from estuarine to the deltaic environment can be determined by the sediment supply and relative sea-level variation (Boyd et al., 1992; Figure 8A). Deltaic sequences of the Holocene age began to accumulate within a restricted time range (Stanley and Warne, 1994), from 8,500–6500 BP (before present), and are generally underlain by estuaries, especially in the river mouth depositional systems of Changjiang, Song Hong, and the Kiso River (Hori and Saito, 2007). These estuarine depositions have been ascribed to the early Holocene rapid deglacial sea-level rise (Hori and Saito, 2007). The subsequent deltaic progradations likely initiated as the rate of fluvial sediment input overtook the sea-level rise along the coasts (Stanley and Warne, 1994). Following the calculations of Hori and Saito (2007), the delta initiation was associated with accelerated sediment accumulation, suggesting the enhancement of sediment supply. For the Ganges and the Brahmaputra River, however, their initial delta growth began 2000–3000 years earlier than the global average because of immense sediment discharge (Goodbred and Kuehl, 2000). With sufficient sediment supply, it maintained relative shoreline stability on the coasts of the Ganges and the Brahmaputra River during the early Holocene rapid sea-level rise. However, during the current sea-level rise, the Mississippi Delta was inevitably drowning because of insufficient sediment supply, as demonstrated by Blum and Roberts (2009). From this point of view, a large sediment supply is critical to promoting delta progradation during a sea-level rise (e.g., Blum and Roberts, 2009). For the Pennsylvanian to early Permian period, it has been proposed that tropical coastal successions are genetically related to climate changes in addition to the eustatic sea level (e.g., Cecil, 1990; Miller et al., 1996; Fieldman et al., 2005). Especially, the deposition of siliciclastic intervals was interpreted as resulting from seasonally humid climate conditions, which tend to promote fluvial transportation (e.g., Allen et al., 2011). According to the studied successions of the lower Liangshan Formation, the estuarine to deltaic transition is characterized by an increase in sandstone proportion and possibly an increase in the sediment accumulation rate. Therefore, this increased sediment supply could be likely related to the enlarged fluvial networks in a more seasonally humid climate relative to the subarid conditions, which tend to limit sediment supply for the estuarine deposition period.
CONCLUSION
Four successions of the late Artinskian Liangshan Formation were studied in Xiuhe, Caohai, Houpo, and Mapojiao sections in western South China. Three facies associations were recognized and are corresponding to coastal alluvial plain, estuarine, and deltaic environments, respectively. The lower Liangshan Formation of the Xiuhe section was interpreted to be deposited in coastal alluvial plain facies association. Paleosols changed stratigraphically upward from calcic to gleyed morphologies throughout this interval. Associated channel sandstones changed from poorly sorted, coarse-grained lithic–quartzose sandstones to relatively well-sorted, fine-/medium-grained quartzose sandstones. Sandstone petrography and paleosol morphology suggest a relatively dry-to-wet climate shift during the deposition of the lower Liangshan Formation. In the lower Liangshan Formation of Mapojiao, Houpo, and Caohai sections, there archived estuarine and overlying deltaic successions. Sandstone bodies of both these two facies associations were highly quartzose and displayed high textural and compositional maturities, denoting effective hydraulic sorting and extremely weathered source landscapes. Estuarine mudrocks had relatively higher Al2O3/TiO2 ratios than those of deltaic facies, indicating important incorporation of marine clay materials. The estuaries were formed corresponding to the rapid transgression related to the late Artinskian deglaciation and contained marine-derived clay materials with insufficient fluvial sediment supply. The deficiency in sediment supply likely resulted from the arid climate and associated locally small fluvial networks in the coastal plain. The subsequent initiation of deltaic deposition can be primarily interpreted in terms of increased sediment supply, which is sufficient to undertake the sea-level rise-induced accommodation. The increase in sediment supply could be promoted by the climate shift to relatively humid conditions with expanded fluvial systems. This climate control on the coastal sedimentary architecture can be tested in the future by high-resolution stratigraphic correlation and high-precision dating works.
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Late Pleistocene Labrador Sea depositional systems developed in front of ice streams and glacier outlets from the Laurentide Ice Sheet (LIS) are documented by Huntec and 3.5 kHz seismic profiles and piston cores. Due to efficient grinding by the LIS, massive amounts of fine-grained sediments and meltwater in addition to the icebergs linked to the Heinrich events (H events) of the last glaciation were delivered to the neighboring Labrador Sea. The position of the Hudson Strait ice stream during the periodic expansion and contraction on the Labrador margin allowed fine-grained sediments and meltwater direct delivery on the lower shelf and upper slope. These discharges were then transported southward by the Labrador Current and western boundary current. In contrast to the lower shelf and upper slope, sediments delivered on the mid to the lower Labrador Slope were transported by the Northwest Atlantic Mid-Ocean Channel to distal sites. The nepheloid flow layer at or near the sea bottom or at mid-water depths developed from meltwater loaded with an excessive charge of fine-grained sediments. Contrastingly, the non-discriminatory ice rafting process delivered detritus of all sizes, but its total contribution to the sediment column was only minor, notwithstanding its paleoclimatic significance during H events. Heinrich H1, H2, and H4 layers were identified by their characteristic nepheloid flow layer deposits, that is, alternating coarse silt and clay-sized laminae with thin ice-rafted debris interspersed by coarse- to fine-grained dropstone. Furthermore, the progressive thinning and eventual disappearance of the fine-laminae (i.e., coarse and fine silt/clay) in H layers at the distal sites suggest the exhaustion and raining out of fines due to long-distance transport. However, the H3 layer was identified by a combination of nepheloid flow layer deposits (upper slope) and finely laminated mud turbidites (lower slope and deep basin) at proximal sites. In the lower Labrador Slope and Basin, the H3 stratigraphic equivalent layer was identified by exorbitantly thick finely laminated carbonate-rich mud turbidites. The divergent sedimentation style (i.e., reflected by the sediment facies) and the thickness of the H3 layer compared to other H events suggest that the Hudson Strait ice stream position was different from other H events. Therefore, our data imply that the divergence in the H3 layer between the eastern and western North Atlantic might lie with the position of the Hudson Strait ice stream on the Labrador continental margin.
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1 INTRODUCTION
Continental shelves of the eastern Canadian margin are >100 km wide and underlain by a wedge of Mesozoic and Cenozoic clastic sedimentary rocks. Almost the entire continental shelf off eastern Canada has been glaciated numerous times in the mid to late Pleistocene, resulting in transverse troughs and intervening banks. A powerful south-flowing surface Labrador Current, most vigorous at times of high freshwater input to the Labrador Sea (Lazier and Wright, 1993), sweeping the continental shelf break along the southeastern Canadian margin. Deepwater circulation forms the western boundary current (WBC) flows at >2.5 km water depth on the Labrador Rise, more vigorous at times of greater deepwater production, for example, during interglacials. Seaward of Hudson Strait, detailed studies by earlier researchers, has made this a type area for understanding discharges seaward of ice streams (Andrews and Tedesco, 1992; Maclean, 2001; Andrews and MacLean, 2003; Rashid and Piper, 2007). The discharge is rich in detrital carbonates, known as the Heinrich iceberg rafting events (H events) or detrital carbonate events (DC events), making it easy to trace in the adjacent ocean. The continental slope off Hudson Strait is underlain by glacigenic debris flows, the youngest dating from about 30 cal. ka (Rashid and Piper, 2007; Rashid et al., 2019a). The dynamics of fine sediment deposition on the continental slope and rise from meltwater discharge have been elucidated (Hesse et al., 2004). Sediment lofting from turbidity currents shows a vital process in proximal slope areas (Hesse and Khodabakhsh, 2006); hypopycnal plumes associated with meltwater discharge from the Hudson Strait ice stream must be responsible for deposition on the continental shelf, and icebergs rafting is important (Dowdeswell et al., 1995; Rashid et al., 2003a; Rashid et al., 2017). Fine-grained carbonate-rich turbidites overlie many H layers in the Labrador Sea, most notably in H3 (Rashid et al., 2003a; Rashid et al., 2003b; Rashid et al., 2019a).
One of the notable sediment events that captured the imagination of marine geoscientists and paleo-climatologists over the last three decades is the H events and their direct relationship to the dynamics of ice sheets surrounding the North Atlantic during the last glacial cycle (Bond et al., 1993; Hillaire-Marcel et al., 1994; Dalton et al., 2022; and references therein). The rich literature on H events (Cf. Dalton et al., 2022; Andrews and Voelker, 2018; and references therein) state that Heinrich (1988) provided the first account of six iceberg rafting events (H events) during the last glaciation from the Dreizac seamounts of the NE Atlantic. Subsequently, Bond et al. (1993) correlated H events to broad atmospheric and sea surface temperature changes in the North Atlantic and the surrounding regions and connected H events to global climate changes. However, the recent uptick of interest in H events (e.g., Velay-Vitow et al., 2020; Condron and Hill, 2021; Zhou et al., 2021) and their link to the sediment delivery mechanisms, especially from the NW Atlantic, including the Labrador Sea deserve further detailing and clarification. For example, using a high-resolution seafloor mapping from Cape Hatteras (∼35°N) and Florida Keys (∼24°N) and piston cores from North Carolina Slope, Condron and Hill (2021) reported Hudson Strait sourced icebergs for the H3 layer. In addition, the authors used a dynamic–thermodynamic iceberg and Massachusetts Institute of Technology general circulation models results to propose the transport of icebergs and meltwater along the entire eastern seaboard of the United States as far south as Florida Keys (∼24°N). It is unclear what mechanisms would have impeded iceberg melting, given the high temperature at ∼24°N of the subtropical North Atlantic. Using a suite of sediment cores in conjunction with the multibeam bathymetry and Huntec and 3.5 kHz seismic profiles, Rashid et al. (2017); Rashid et al. (2019b) documented H events including the H3 layer and other fast sediment events on the SE Grand Banks and Newfoundland Basin. The authors further delineated sediment deposits along the slope (i.e., long-distance transport) vs. downslope transport. In a rather dramatic finding, Dalton et al. (2019) proposed that the Hudson Strait ice stream retreated landward from its position on the Hatton Basin during H4 time to immediately H3 time, implying an ice-free Hudson Strait, which was contradicted by Miller et al. (2019). Yet the past records from the Hudson Strait and surrounding regions suggest an extension of the Hudson Strait ice stream as far offshore as the Hatton Basin (Andrews and MacLean, 2003; Rashid and Piper, 2007). Moreover, using a global ocean model in which tidal forcing was used to assess the instability of the ice sheets surrounding the North Atlantic, Velay-Vitow et al. (2020) proposed that the Laurentide ice sheet was rendered unstable by the high-amplitude M2 tide at the time of H3. Despite the recent findings for H3 and H4 layers, the sedimentological aspects (i.e., sediment transport and meltwater discharge) in and around the Hudson Strait ice stream are inadequately understood. Therefore, this study is designed to 1) re-assess the dynamics of the Hudson Strait ice stream during the past 40 ka using new high-resolution (Huntec) seismic profiles and sediment cores and partially published records, 2) attempt to reconcile the conflicting interpretation between along slope and downslope sedimentation style during H3 and H4 events, and 3) assess the mode of sediment transport during the Holocene and last glaciation on the Labrador continental margin.
2 MATERIALS AND METHODS
2.1 Sediment Cores From the NW Labrador Sea off Hudson Strait
Calypso piston core MD99-2233 (hereafter 33) was retrieved from the lower Labrador Slope (Figure 1A), immediately south of the Hudson Strait ice stream, during the IMAGES MD1999 cruise. It was collected at 2350 m water depth, and it is 2462 cm long. Some of the data from core 33 were published in Rashid et al. (2003b) and Rashid and Piper (2007); however, new findings are brought to light incorporating sediment physical properties and deep-tow Huntec seismic profile in addition to the sediment geochemistry and 14C-AMS dates.
[image: Figure 1]FIGURE 1 | (A) Map shows a general overview of the Labrador Sea and surrounding areas. (B) General outline and flow path of the Northwest Atlantic Mid-Ocean Channel (NAMOC) are drawn based on the side-scan sonar mosaic from the deep Labrador Sea (Klaucke et al., 1998). The location of cores used in the study is shown by filled (white) and red dots (published). Furthermore, the location of two giant calypso cores, MD99-2226 and MD99-2229, on the right levee of the NAMOC, were chosen to capture any overspilling fine-grained mass transport deposits. The general outline of the Labrador Current and western boundary current (WBC) is shown by solid blue and discontinuous yellow lines, respectively. (C) Generalized map of the North Atlantic in which the mid-ocean ridges are used as a divider between the eastern and western sectors. Note, IMOC, Imarssuak Mid-Ocean Channel.
Piston core Hu2006040-47 (hereafter 47) was collected on the Saglek Bank from the Labrador Slope at 2049 m water depth, and it is 20 km south and ∼300 m shallower water than core 33. The smooth sea bottom surface that appeared in the deep-tow Huntec seismic profile (Campbell, 2007) suggests a lack of apparent surface disturbance. Core 47 is 883 cm long, and its records are reported here for the first time.
2.2 Nain Bank and Hamilton Bank Sediment Cores
Piston core Hu2006040-58 (hereafter 58) was collected from the Nain Bank on the lower Labrador Slope at 1999 m water depth. The core was retrieved from a strategic location to assess pathways for sediment plume and iceberg discharge originating from the Hudson Strait ice stream and any sediment supply from the Okak Trough on the Labrador Shelf. It is 734 cm long, and the data from this core are reported here for the first time.
Core Hu2006040-06 (hereafter 06) was collected from the Hamilton Spur of the Hamilton Bank on the upper Labrador Slope at 736 m water depth. Deep-tow Huntec seismic profile reflects the lack of identifiable sea bottom disturbances or iceberg scouring. Core 06 is 784 cm long; however, the top 410 cm is used for this study. Core 06 is chosen to assess the extent to which sediment plumes can be traced from the Hudson Strait on the Labrador Slope.
2.3 Deep Labrador Basin Sediment Cores From the Eastern Northwest Atlantic Mid-Ocean Channel Levee
Core MD99-2226 (hereafter 26) was raised by the Calypso corer under the IMAGES program (Hillaire-Marcel et al., 1999) from the eastern levee of the Northwest Atlantic Mid-Ocean Channel (NAMOC); Figure 1B at 3,580 m water depth. Core 26 was chosen to assess whether mass transport deposits originating from deep water off the Hudson Strait ice stream can be traced to the distal site. The Holocene section of the records spanning the upper 125 cm was published in Rashid et al. (2014). However, core 26 is 3,214 cm long, and it is chosen to assess the movement of the mass transport deposit by the NAMOC (Figure 1B) in the deep Labrador Basin. Furthermore, core MD99-2229 (hereafter 29) is 3,628 cm long at 3,400 m water depth and was collected 274 km upstream of core 26. The locations of cores 26 and 29 have been placed within the side-scan sonar imagery and swath bathymetry (acquired by Hawaii Institute of Geophysics Acoustic Wide-Angle Imaging Instrument Mapping Researcher 1; HAWAII MR-1; Klaücke, 1995; Rashid et al., 2019a). The sediment records of core 29 are chosen to complement the records of core 26.
Sediment cores collected during the Hu2006040 cruise (Campbell, 2007) have Huntec or 3.5 kHz seismic profile near or through the core sites. However, the 3.5 kHz seismic profile at site 29 was lost due to technical problems during the MD1999 cruise. In any event, most of the cores used in the study have a good seismic stratigraphy; thus, the combination of seismic profile and piston core provides a window to the near-surface sea bottom geomorphology and whether the core site possesses any mass transport deposits (i.e., glacigenic debris flow and turbidites) on the Labrador margin (Rashid and Piper, 2007; Rashid et al., 2019a).
Sediment physical properties, namely, magnetic susceptibility, compressional (P) wave velocity, bulk, and density, were acquired at 2-cm intervals using the GeoTek MSCL system onboard 1999 Marion Dufresne (MD 1999) for cores 26, 29, and 33. An MSCL system was used to measure P-wave velocity, bulk density, and magnetic susceptibility for cores 06, 47, and 58 at the Geological Survey of Canada (Atlantic; GSC-A). X-radiographs of 1-cm thin sediment slabs of cores 26, 29, and 33 were used to identify sediment facies, whereas the whole-core X-ray is available for cores 06, 47, and 58. Wet sediment surface color (L, a*, and b*) was determined at 5-cm intervals on a 1-cm-diameter spot using a handheld digital spectrophotometer (Minolta CM-2002) from core splits onboard the MD1999 cruise. An identical digital spectrophotometer and setup were used to obtain sediment color at 1-cm intervals of cores 06, 47, and 58 on the wet sediment surface using a Saran wrap at the GSC-A.
Bulk sediment carbonate concentration (expressed as % CaCO3) of core 33 was determined using a LECO WR-112 carbon analyzer at the GSC-A (Rashid and Piper, 2007). Contrastingly, the bulk sediment geochemistry of cores 26 and 47 was inferred using an Innov-X DELTA Premium (DP-6000) portable X-ray fluorescence (pXRF) core scanner at 1-cm intervals. The semiquantitative concentration of 25 elements was determined; however, the Ca/Ti, Zr/Ti, and Rb/Ti ratios in conjunction with sediment physical properties were used to identify sediment sources, Heinrich (H) layers, and other stratigraphic markers in this study (Rashid et al., 2019a). The Ca/Ti ratios are successfully correlated to the detrital carbonate (i.e., % CaCO3) concentration of the bulk sediments, whereas the Zr/Ti and Rb/Ti ratios are often used as proxies for sand (Cuven et al., 2010) and terrestrial output to the Labrador Sea (Piper et al., 2021).
Based on the physical properties, X-radiographs, and core photographs, 24 sediment horizons were chosen to pick foraminifera for age dating. Approximately 5 mg of polar planktonic foraminifera Neogloboquadrina pachyderma were picked using a binocular microscope. A total of 24 samples (Table 1) were sent to the Keck Carbon Cycle Laboratory at the University of California in Irvine and Andre Lalonde AMS Laboratory at the University of Ottawa for 14C-AMS dating. 14C-AMS dates were calibrated using the Calib 8.10 program (Reimer et al., 2020) by applying the Marine20 reservoir (Heaton et al., 2020) curve. The Calib 8.1 incorporated 550 years for marine reservoir age (R) by the latest iteration of the IntCal20 (Reimer et al., 2020), which was applied to this study. A regional reservoir age (ΔR) of 50 years is also applied. It should be stated a priori that the choice of R or ΔR in calibrating the 14C-AMS dates for the study has no bearing on our identification of H layers.
TABLE 1 | 14C-AMS dates used in the study.
[image: Table 1]3 RESULTS AND INTERPRETATION
Identification of H layers in this study was carried out mostly following the published criteria, including sediment facies (Table 2) specific to the NW Labrador Sea detailed by Hesse and Khodabakhsh (1998) and Rashid et al. (2003a); Rashid et al. (2019a). However, differences exist in sediment facies in H layers between the proximal sites such as off Hudson Strait than those of the distal sites on the northern Flemish Pass slope and SE Grand Banks, which are detailed in the discussion. In any event, H1, H2, and H4 layers are identified in cores 33, 47, 58, and 06 (Figures 2–5) by the nepheloid flow layer sediment facies (i.e., alternating coarse silt and clay-sized laminae with thin ice-rafted debris interspersed by coarse- to fine-grained dropstones) in conjunction with high L* and a*-trace, Ca/Ti ratios, low magnetic susceptibility, high density, and P-wave velocity.
TABLE 2 | Sediment facies identified and used in the study.
[image: Table 2][image: Figure 2]FIGURE 2 | Sediment physical properties, namely, magnetic susceptibility, P-wave velocity and density, sediment color a*-trace and L*, and CaCO3 (%) in the bulk sediments, in addition to core photographs and X-radiographs, were used to assign sediment facies of core MD99-2233 shown in column (a). Six 14C-AMS dates, which were converted to calendar years using the CALIB 8.10, are shown by the black horizontal arrows. H1, H2, H3, and H4 layers are identified by their typical nepheloid flow layer facies and detrital carbonate (reflected by %CaCO3), constrained by the 14C-AMS dates.
[image: Figure 3]FIGURE 3 | Magnetic susceptibility and density of bulk sediments, sediment color L*, Ca/Ti ratios, a*-trace, X-radiographs, and core photographs were combined to assign sediment facies of core Hu2006040-47. Three 14C-AMS dates, shown by black arrows, ascertain the identification of H1 and H2 layers between 102 and 168 cm and 286 and 392 cm, respectively. Three representative X-radiographs show sedimentary structures of H2, and H3 layers (515–550 cm and 780–820 cm) are also illustrated on the right.
[image: Figure 4]FIGURE 4 | Magnetic susceptibility, P-wave velocity, and density of the bulk sediments, L* and a*-traces, X-radiographs, and core photographs were used to assign sediment facies of core Hu2006040-58. H1 and H2 layers are identified between 362 and 415 cm and 482 and 526 cm by two 14C-AMS dates. The interval between 630 and 715 cm is most likely the H3 layer. A representative X-radiograph of the H3 layer between 625 and 680 cm demonstrates the waning influence of sediment plume, ∼1,000 km distance from the Hudson Strait ice stream at site 58.
[image: Figure 5]FIGURE 5 | Three sediment physical properties, that is, magnetic susceptibility, P-wave velocity, and density, Ca/Ti ratios, and sediment color L* and a*-traces between the core top and 418 cm subsurface depth of core Hu2006040-06 are plotted. Three 14C-AMS dates were used to confirm the identification of H1, H2, and H3 layers, whereas the X-radiographs and core photographs were used to guide the identification of sedimentary structures and facies shown in column (a). A representative X-radiograph between 355 and 390 cm of H3 layer suggests a near absence of fine-grained plume laminae (suggesting that the Hudson Strait derived fines were depleted on the Hamilton Spur).
The covariation between the L*-parameters and %CaCO3 in the bulk sediments (Figure 2) in which high %CaCO3 matches with high L*values in core 33 and is considered an increase in the detrital carbonates sourced from the late Paleozoic carbonate rocks flooring the Hudson Bay and Hudson Strait (Andrews et al., 1993; MacLean, 2001; Rashid et al., 2003a). Hesse and Khodbakhsh (1998) and Rashid et al. (2003a), Rashid et al. (2019a) demonstrated that the high %CaCO3 values in the NW Labrador Sea sediment cores, often correlated to the H layers, are mostly detrital carbonates. This strong covariation between the L*-values and high %CaCO3 was used as an index for high detrital carbonates in cores, in which %CaCO3 data are lacking.
The interval representing the Holocene period is identified by their olive-green (proximal to slope) to olive-gray (deep basin) hemipelagic sediments with or without IRD sediment facies. The thickness of the Holocene interval on the Labrador Slope varies from ∼5 cm in core 33 (Figure 2) on the Saglek Bank to 20 cm in core 06 (Figure 4) on the Hamilton Spur. However, the Holocene interval in core 26 (Figure 6A) is relatively thick at 125 cm (Rashid et al., 2014), consistent with the broader Labrador Basin sedimentation pattern (Hoogakker et al., 2014).
[image: Figure 6]FIGURE 6 | (A) Physical properties (magnetic susceptibility and density) of bulk sediments, Ca/Ti ratios, and sediment color L* and a*-traces of core MD99-2226 are plotted. Five 14C-AMS dates were used to identify H3 and H4 layers. (B) Thickness of H3 and H4 layers between 930 and 2595 cm of core MD99-2229 (Cf. Rashid et al., 2019a) is shown to compare with core MD99-2226. X-radiographic images of core MD99-2229 show fine-grained climbing ripple in which coarse silt (dark) and fine silt (white) clay layers irregularly alternate and a typical nepheloid flow layer deposit.
H1, H2, H3, and H4 layers in core 33 (Figure 2) were identified from 45 to 200 cm, 400–560 cm, 812–1,480 cm, and 1,525–1,642 cm subsurface depths, respectively. Six 14C-AMS dates aided this identification (Rashid et al., 2003b; Rashid and Piper, 2007). Parallel-laminated fine-grained detrital carbonates rich mud turbidites between 260 and 320 cm separated by the hemipelagic sediments with IRD at the top and bottom are deemed to be unrelated to H layers. The deposition of this turbiditic sediment unit (i.e., 260–320 cm) is most likely related to local mass transport due to the regional absence of an equivalent sediment unit.
Core 47 contains H1, H2, and H3 layers between 105 and 168 cm, 285 and 392 cm, and 450 and 810 cm subsurface depths (Figure 3), respectively, which were confirmed by three 14C-AMS dates. Using the back counting method, the high L* and a*trace with high Ca/Ti ratios between 55 and 72 cm devoid of typical nepheloid flow layer deposits most likely represent the H0 layer (Andrews et al., 1995; Rashid et al., 2011; Rashid et al., 2019a).
On the Nain Bank in core 58, H1 and H2 layers were identified from 362 to 415 cm and 488–528 cm subsurface depths (Figure 4). Two 14C-AMS dates at 450–452 and 550–552 cm confirm the identification of H1 and H2 layers. Moreover, the interval between 630 and 720 cm with high physical properties and high L* and a*trace most likely represents the top part of the H3 layer. It is apparent that the entire H3-layer was not cored due to incomplete recovery. The interval between the core top and 142 cm most likely represents the deglacial period or early Holocene (Jennings et al., 2015), which cannot be constrained due to the lack of 14C-AMS dates at present.
H1, H2, and H3 layers in core 06 were identified between 145 and 158 cm, 248 and 269 cm, and 285 and 400 cm subsurface depths (Figure 5), respectively, which were confirmed by three 14C-AMS dates (Table 1). Using the back counting method, the high L* and a*trace with high Ca/Ti ratios between 103 and 108 cm most likely represent the H0 layer (Rashid et al., 2011; Rashid et al., 2019a; Jennings et al., 2015) on the Hamilton Spur.
H3 and H4 equivalent sediment layers were identified by the parallel-laminated detrital carbonate-rich mud turbidites in two deep Labrador Basin cores, that is, 26 and 29. The thickness of H3 and H4 equivalent layers varies from 800 to 1,500 cm, which is exorbitantly thick compared to the nepheloid flow layer deposits identified by H layers (Figures 2–5). Three 14C-AMS dates of core 29 confirm the identification of H3 equivalent layer between 220 and 1,400 cm subsurface depth (Figure 6B). Two 14C-AMS dates at 3,190–3,195 and 3,198–3,200 cm (Table 1) in core 26 suggest that the parallel-laminated mud turbidites between 2600 and 3,120 cm are most likely H5 equivalent layer. Furthermore, the interval between 930 and 2595 cm and a14C-AMS date at 2598–2600 cm in core 26 suggests that they might contain H3 and H4 equivalent layers. The sudden increase in density between 2070 and 2450 cm (Figure 6A) and the fluctuating in velocities between 1,630 and 2070 cm (Figure 6A) are similar to those flickering in velocities between 1,680 and 1720 cm, that is, toward the top of H4 equivalent layer of core 29. Therefore, it is hypothesized that the interval between 930 and 1,630 cm is most likely an H3 equivalent layer, which needs to be independently confirmed by obtaining 14C-AMS dates between 1,620 and 1,630 cm.
4 DISCUSSION
4.1 Sedimentation Style Between the Last Glaciation and Holocene on the Labrador Margin
The position in the eastern sector ice margin of the LIS and glacier outlets determined the sediment dynamics and meltwater discharge to the NW Atlantic, including the Labrador Sea, during the last glaciation (Margold et al., 2016; Dalton et al., 2022). Due to the expansion of the LIS during the last glaciation, the ice margin on the NE sector most likely crossed the continental shelf and extended to the upper Labrador Slope (MacLean, 2001; Andrews and MacLean, 2003; Rashid et al., 2019a). Furthermore, the Hudson Strait ice stream may have extended to the outer Hatton Basin, resulting in meltwater supply and fine-grained sediments discharged directly on the Labrador Slope (Rashid and Piper, 2007; Dalton et al., 2021). This physical imposition on the NE ice margin set the stage for sediment delivery and iceberg supply during the periodic collapses accompanying H events (Andrews and Tedesco, 1992; Rashid et al., 2003a; Margold et al., 2018; Bassis et al., 2017), as illustrated in Figures 2–5. Furthermore, using 3.5 kHz seismic profiles and ground-truthing piston cores, Rashid and Piper (2007) demonstrated the position of the ice margin on the Labrador Shelf and Shelf edge during H3, H2, and H1. However, the ice margin position could not be constrained during H4 or earlier periods due simply to the erosive nature of the seismic reflector labeled as “III” (see Figure 6 of Rashid and Piper, 2007). This erosional seismic marker may suggest complete erosion of earlier deposited sediments above the Tertiary unconformity. There is also evidence of ice margin advance and extensive shelf glaciation on central–western Greenland, across the Hudson Strait ice stream on the Labrador Sea during MIS4 (Seidenkrantz et al., 2019). This extensive glaciation on the central–western Greenland ice margin might imply a similar advance of the Hudson Strait ice stream. In sum, the ice margin extension of the LIS and Hudson Strait ice stream on the Shelf and Shelf edge during the last glaciation starved the vast Labrador continental Shelf stretching from Saglek Bank to the Hamilton Spur (Josenhans et al., 1986; Rashid et al., 2017; Lochte et al., 2020).
In contrast to the last glacial period in which sediment and meltwater were delivered on the lower continental Shelf and upper Slope, the stepwise retreat of the LIS ice margin during the last deglaciation and early Holocene profoundly changed the sediment and meltwater discharge to the upper Shelf (Josenhans et al., 1986). The very thin or absence of Holocene sediments in cores 33, 47, 58, and 06 (Figures 2–5) reflect such changes in the sedimentation regime. Changes in the LIS ice margin configuration also had a profound bearing on the interactions among various surface currents and meltwater supply from the Canadian Arctic Archipelago (Gibb et al., 2015; Rashid et al., 2017; Lochte et al., 2020). After the physiographic imposition of the LIS ice margin (Dalton et al., 2021; Margold et al., 2018) was gradually removed starting at ∼14 ka, the entire Labrador Shelf received sediments and meltwater due to the melting of the ice sheet, the opening of Tyrrell Sea, noble inlet advancement and retreat, and the final Lake Agassiz–Ojibway drainage (Barber et al., 1999; Matero et al., 2017). Some of these discharge events supplied an adequate amount of fine-grained sediments within the sediment plume to be transported at site 06 (Figure 4) on the Hamilton Spur. These periodic supplies of Hudson Strait and other minor sourced sediments and meltwater from the Labrador Shelf were also reported in numerous sediment records on the Saglek Bank (Rashid et al., 2017; Lochte et al., 2020), Cartwright Saddle (Hillaire-Marcel et al., 2007; Jennings et al., 2015), Notre Dame Trough (Roger et al., 2013), and northern Flemish Cap (Piper et al., 2021). These sediments appeared to be carried within the sediment plume and icebergs upstream by the Baffin Island and Labrador Currents (Rashid et al., 2019b; Piper et al., 2021). Furthermore, the intensification of the WBC during the Holocene may have also winnowed the already thin Holocene layer in deeper water cores (Figures 2–4). In other words, the sedimentation regime shifted from the Labrador Slope and Rise to entirely on the upper Labrador Shelf (i.e., along-flow transport), in which the Labrador Current was the principal driver in sediment mobilization and meltwater distribution during the Holocene.
4.2 Contrasting Sedimentation Style Between H1, H2, and H4, and H3 Layers in the Labrador Sea
Sedimentary structures and thicknesses of H layers reflect different sedimentation styles, implying close iceberg rafting, sediment transport, and plume interaction. Figures 2–7 provide documentation of such interactions on the vast Labrador Shelf, Slope, and Basin.
[image: Figure 7]FIGURE 7 | Sedimentary structures derived from the X-radiographs highlight the differences between H3 and other H layers in the Labrador Sea. (A) Core Hu97048-16 (H1) shows graded fine silt and mud layers, coarse silt with IRD lamina, and mud layers with occasional IRD or dropstones; (B) core Hu2006040-47 (H3) shows dropstones in coarse silt and clay matrix, coarse silt interspersed with IRD with the progressive disappearance of coarse silt with IRD laminae; (C) core 90–34 (H3; 255–275 cm) shows thin detrital carbonates rich mud turbidites alternating with IRD laminae, fine silt with IRD and occasional gravel-sized dropstones; and (D) core Hu2006040-06 (see also Figure 5) shows gravel to pebble-sized dropstones in fine silt and clay matrix. (E) reinterpretation of Ta division of turbidite (Hesse et al., 1987) into coarse (dark) silt with IRD, pebble-sized dropstones within the IRD laminae, and mud layer of core Hu75-11 (H2 layer) retrieved from the left levee of the NAMOC (see Figure 1).
4.2.1 Fine-Grained Sediment Exhaustion due to Long-Distance Transport
Sediment records from the Labrador and NE Newfoundland Shelf stretching >2,000 km from the Hudson Strait to the NE Newfoundland Shelf to SE Grand Banks provide a broad perspective on the sediment dynamics. H1, H2, and H4 layer thicknesses vary from 100 to 400 cm off Hudson Strait (Saglek Bank) and the surrounding region (Andrews et al., 1993; Rashid et al., 2003a; Rashid and Piper, 2007) to 40–60 cm (Figure 4; this study) on the Hopedale Saddle to 20–30 cm on the Hamilton Spur (Figure 5; this study) to 30–40 cm (Mao et al., 2018) on the northern Flemish Cap slope. Furthermore, near-identical H1, H2, and H4-layer sediment thickness from Flemish Pass (Marshall et al., 2014) and the SE Grand Banks (Rashid et al., 2017; 2019c) were also reported. The typical nepheloid flow layer deposits dominate the variable thickness of H layers (Figure 7) found off Hudson Strait and the surrounding regions (Hesse and Khodabakhsh, 1998; Rashid et al., 2003a). However, such a distinction between the nepheloid flow layer deposits and the IRD laminae progressively disappears in the distal region on the northern Flemish Cap slope (Mao et al., 2018) or SE Grand Banks (Rashid et al., 2017; Rashid et al., 2019c). As a result, H layers in these distal sites were identified mostly by the IRD layers interspersed with fine to coarse-grained dropstone (Figure 7). The disappearance of the distinction between the nepheloid flow layer deposits and the IRD laminae is most likely due to exhaustion (owing to long-distance transport and raining out) of fines in sediment plumes from its source (i.e., Hudson Strait).
In contrast to the H1, H2, and H4 layer, the H3 layer off Hudson Strait (33), southern Saglek Bank (47), Nain Bank (58), and Hamilton Bank (06) of the Labrador Shelf shows distinct sediment facies. Proximal to the Hudson Strait, H3 sediment facies is identified by a combination of fine-grained carbonate-rich mud turbidites underlain by tens of centimeters thick nepheloid flow layer deposits. However, on the Nain Bank (Figure 4) and Hamilton Bank (Figure 5), the H3 layer is only identified by the nepheloid flow layer deposits in which the distinction (demarcation) between the fine-grained turbidities is nearly absent (Figure 7). This difference in sediment facies in proximal vs. relatively distal sites for the same H3 layer most likely suggests 1) the impact of the Coriolis force in guiding sediment plume along the Labrador margin toward the equator. It is hypothesized that the Coriolis force guided the freshwater and sediment plume to flow along the Labrador coast following the shallow bathymetry. Using a numerical model, Chapman (2000) simulated the boundary layer control of buoyant Labrador coastal currents and the establishment of a shelf break front of modern freshwater transport, which we refer to as a corollary to H events. Furthermore, the difference in sediment facies suggests that 2) raining out of the relatively coarse particles (i.e., coarse silt) from sediment plumes through their journey from the Hudson Strait source. However, the deposition of IRD layers simply suggests continuous supply and transport of icebergs laden with IRD, which did not run out.
4.2.2 Nepheloid Flow Layer Deposits and Mass Transport Deposits Mix
Hudson Strait and its surrounding regions on Labrador Slope and Rise sites show two different sediment facies (Figures 2, 3, 7). H1, H2, and H4 layers are characterized by the nepheloid flow layer deposits. Contrastingly, the H3 layer shows composite sediment facies in which carbonate-rich fine-grained turbidites top the nepheloid flow layer deposits at the bottom (with or) without the interspersed dropstone (core 34). Hesse et al. (2004) proposed mechanisms by which turbidites could be deposited immediately after the nepheloid flow layer deposits by destabilizing the Labrador Slope sediments. The extent to which the destabilization of upper slope sediments would mechanistically function immediately after the deposition of H layers requires modeling results, which are currently unavailable. In any case, the distribution of sediment facies might suggest exertion of Coriolis force in limiting the dispersal of the sediment plume and icebergs rafting as modeled by Chapman (2000) for the modern NW Labrador Sea.
On the lower Labrador Slope and Basin in front of the Hudson Strait, stratigraphically H3 equivalent sediment layer lacks nepheloid flow layer deposits (Figure 7), IRD laminae, or dropstones. Rather, the H3 equivalent sediment layer in most of the deepwater cores is identified by thinly laminated carbonate-rich mud turbidites with characteristically laminated silt packages (Rashid et al., 2019a). These H3 mud turbidites are enormously thick and vary from 800 to 1,500 cm (core 08; Figure 6), which could be easily traced from off Hudson Strait to >1,800 km distance at site MD95-2023 (core 23) due to their high detrital carbonate (i.e., %CaCO3) content (Hillaire-Marcel et al., 1999; Rashid, 2002). It could be argued that numerous discrete mass transport events all along the Labrador Shelf which evolved into turbidites contributed sediments to site 23 and the adjoining region. The contribution of the Labrador Shelf sediments to site 23 by such a process cannot be completely ruled out; however, the lack of known carbonate sediments or rocks on the Labrador Shelf makes such a proposition unlikely (see Figure 1 of Piper et al., 2021). In any case, the great thickness of turbidites and long-distance transport of the Hudson Strait sourced detrital carbonate-rich sediments suggests: 1) Hudson Strait ice stream had different dynamics compared to the periods of H4 or H2/H1; and 2) sediment destabilization on the Labrador Slope that may have triggered mass transport and deposition on both levees guided by the NAMOC as far distant as site 23 and perhaps beyond (Piper and Hundert, 2002; Rashid et al., 2014). We speculate that there must have been great energy and nature of mud transport deposits due simply to changes in the ice margin in the NE sector of the LIS, as proposed by Dalton et al. (2019).
4.2.3 Deepwater H Event Sedimentation
Sediment remobilization from the NW Labrador Slope and Rise and ensuing mass transport in the deep Labrador Basin during H events have been proposed by Hillaire-Marcel et al. (1994) and Clarke et al. (1999). High-resolution (centimeter-scale intervals) coarse-fraction data from one of the iconic Orphan Knoll cores Hu91045-94 (hereafter 94) show that both H1 and H2 layers have two IRD peaks (Hillaire-Marcel et al., 1994; Stoner et al., 1998; Clarke et al., 1999). The first IRD peak at the base has a proportion of pinkish sand-sized carbonate grains typically exceeding 50% (see Figure 4; Clarke et al., 1999), overlain by fine-grained carbonates, which show a sharp increase followed by a gradual decrease. Clarke et al. (1999) proposed that such a pattern reflects both “debris-flow” and “turbidite” deposition rather than iceberg-rafting, with an “initial sorting of the coarse fraction” before the fine-grained carbonate particles accumulate from the turbid cloud (Stoner et al., 1998). The authors further proposed that the silt-sized suspended carbonate sediment was transported by turbidity currents that spilled over from the neighboring NAMOC (Hillaire-Marcel et al., 1994; Hillaire-Marcel and Bilodeau, 2000). Clarke et al. (1999) reported that the second IRD peak at the top shows a substantially reduced proportion of such carbonate grains (∼20%) and more silicate grains, which suggests that the IRD in this peak was derived from icebergs of more scattered sources. Such a proposition to invoke both “debris flow” and “turbidite” deposition to explain the IRD peaks during H events is mechanistically impossible in the context of sediment transport considering the bathymetric difference between the NAMOC and the location of core 94 at Orphan Knoll. Furthermore, using a suite of sediment cores from the northern Flemish Cap slope, upslope of core 94, Piper and DeWolfe (2003) and Rashid et al. (2012) demonstrated such typical two IRD peaks during H1 and H2 events. Therefore, to reconcile the inconsistency with this study, an alternative sediment transport mechanism for the deposition of H layers is provided.
First, the proposition that the peak at the base of H1 and H2 (see Figure 4 of Clarke et al., 1999) was deposited by debris flows originating in Hudson Strait, which were guided by and transported along NAMOC to core site 94, could be explained by iceberg calving, rather than by “mass–gravity” flow transport mechanisms. If those coarse-grained materials were to be transported by debris flow, then these deposits could not be considered part of the H layers. If the debris flow were to be originated near the Hudson Strait, it would lose most of the coarse-grained particles owing to the flow evolution on their way to the Orphan Knoll (Lowe, 1976; Shanmugam, 1996). Moreover, the Orphan Knoll site is located on a ridge well above the limit of influence of NAMOC-derived turbidites. There is some evidence of the presence of occasional debris flows derived from slumping on the flanks of Orphan Knoll. However, Huntec high-resolution seismic data from Orphan Knoll (Piper and Campbell, 2005; Tripsanas and Piper, 2008; Huppertz and Piper, 2009) do not show any sign of debris flow around the stratigraphic horizon covered by core 94. In addition, the deposition from the debris flow, which later evolved as turbidity currents, would require merely a few hours to a few days to deposit those fine-grained high carbonates as opposed to the duration of ∼800–2,100 years (Veiga-Pires and Hillaire-Marcel, 1999; Elliot et al., 2001; Zhou et al., 2021). Therefore, it is hypothesized that the first IRD peak at the base of H1 is equivalent to the first IRD peak of cores Hu97-16 (see Figure 2 of Rashid et al., 2003b; Rashid et al., 2012) and EW9303-31 (Bond and Lotti, 1995). At the beginning of an H event, icebergs were calved from the Hudson Strait and were transported by the prevailing Labrador Current to the core sites of 94 and Pa96-06 (Figure 1), depositing the sandy basal unit.
Second, a thick layer with high fine-grained detrital carbonates above the basal peak in the H layer, equivalent to the nepheloid flow layer deposit found in the NW Labrador Sea and deep Labrador basin cores (Hesse and Khodabakhsh, 1998; Rashid et al., 2003a; Rashid et al., 2019a), is most likely the result of deposition from a turbid plume carried by the prevailing Labrador Current to Flemish Pass and rained down the finer particles from the turbid cloud. This interpretation is consistent with the records from cores Pa96-06 (Rashid et al., 2003a) and Hu2011031-62 (Mao et al., 2018), where the basal IRD peak is overlain by fine-grained carbonate, which does not appear to show any appreciable increase in grain size. Deposition from turbid plumes would require a considerable amount of time, consistent with the duration of H layers at 94 in the Labrador Sea (Veiga-Pires and Hillaire-Marcel, 1999).
Third, the second IRD peak reported for H1 and H2 in core 94 does not show any appreciable increase in the coarse fraction compared to the background level of the coarse fraction of the southern Labrador Sea (Figure 3 of Clarke et al., 1999, p.246). In core Pa96-06, the IRD data do not show any appreciable increase either in comparison to the IRD content of the background sediment (Piper and DeWolfe, 2003; Rashid et al., 2012).
The discussion about mass transport deposits and turbidity currents affords us to address one of the most cited but inaccurate works related to H events in the deep Labrador Basin of Hesse et al. (1987) as well. To increase the clarity and accessibility to a wider audience, we have re-produced one of the X-radiographs of Hesse et al. (1987) of core Hu75-11 (Figure 7E). Hesse et al. (1987) reported “a complete sequence of classical Bouma (1962) turbiditic structure divisions, namely, poorly sorted coarse-grained basal division (Ta), followed by parallel (Tb) and cross-laminated divisions (Tc); the thin upper parallel-laminated (Td) which is topped by pelitic division or bioturbated pelagic ooze (F) with ice-rafted debris.” Sediment core Hu75-11 was retrieved at 3,625 m water depth on the left levee of the NAMOC, an ideal location to deposit occasional over-spill turbidites. However, a close re-examination of the X-radiograph suggests that the Ta division is simply the IRD layer with coarse silt (dark) as matrix while the fine silt (white) topped it, a common sediment facies found in the NW Labrador Sea cores (Figures 2, 3; see also Figure 4 of Rashid et al., 2003a). Therefore, our reinterpretation of the sequence of sediment layers in H events in core Hu75-11 and the adjacent region requires that icebergs rafting invade the central Labrador Sea.
4.3 Diversity in H3 Sedimentation Between Eastern and Western North Atlantic
A great diversity of data and debate exist regarding the origin and impact of the H3-layer, which divides the open North Atlantic into two regions (Figure 1C). The Hudson Strait has long been hypothesized as the primary source of the icebergs for H events by their characteristic signature of an increase in the absolute amount of IRD (and the detrital carbonate) present in the sediment and a decrease in foraminiferal abundance (Bond et al., 1993; Hodell et al., 2008; Rashid et al., 2021; Zhou et al., 2021). However, a foraminiferal depletion but no significant increase in the absolute amount of IRD was observed in the H3 layer in addition to the lower detrital carbonate concentration. The observations led Gwiazda et al. (1996) to propose “reduced surface productivity or dissolution of foraminifera” for H3. Furthermore, the bulk sediments Sr and Nd isotopic composition of the H3 layer indicate a different origin, and the K/Ar ages of the H3-layer fine fraction are similar to those of the background glacial sediment of the NE Atlantic. These variant geochemical signatures suggested to Gwiazda et al. (1996) that the source of iceberg flux responsible for the H3 layer was different to those of H1, H2, and H4 of LIS origin. Furthermore, Revel et al. (1996) proposed that sediments in the H3 layer might have originated from the western European ice sheets due to their similar Sr isotopic compositions compared to the ambient sediments. Using X-ray fluorescence derived Sr/Si and Sr/Ca ratios at the Integrated Ocean Drilling Program Site 1,308, Hodell et al. (2008) also suggested the absence of LIS sourced sediments in H3 in the eastern North Atlantic.
In contrast to the eastern and central North Atlantic (the Mid-Atlantic Ridge (Figure 1C) is used as a marker to divide the North Atlantic into two sectors), where high-resolution records of H layers are plenty, the geochemical and petrological data of H layers from the western North Atlantic are relatively scarce. However, a few high-quality petrographic and geochemical data identify H3-layer, like other H events. For example, Bond and Lotti (1995) showed an increase in the detrital carbonates from core 31 that were correlated to the H3 layer. Labeyrie et al. (1999) documented the presence of the H3 layer using the IRD concentration, oxygen isotopes in the planktonic foraminifera, and micropaleontological data from core CH69-K09 (hereafter 09) from the foot of the Newfoundland Slope. Using a suite of cores from the NW Labrador Sea and NW North Atlantic, Rashid et al. (2003a) and Rashid and Grosjean (2006) demonstrated that the Hudson Strait is the source of the iceberg flux responsible for H3, but Hemming (2004) argued that if the Hudson Strait did contribute, it was not the dominant source without providing any data. Recently, Andrews and Voelker (2018) suggested that all H events are primarily sourced from the Hudson Strait, though the degree to which other ice streams might have also contributed has not been satisfactorily addressed. Recently, Rashid et al. (2017) and Rashid et al. (2019c) identified the H3 layer from a suite of SE Grand Banks’ sediment cores. Using two cores from the SW Labrador Sea and the Screech seamount of the Newfoundland Basin, Zhou et al. (2021) combined radiochemical and paleontological data to demonstrate the identification of the H layer, including the H3 layer. In summary, the H3 layer is easily identifiable in the NW Atlantic using traditional and exotic proxies in sediment cores. However, the lack of a clear signature for the H3 layer in the eastern North Atlantic (Figure 1C) might reflect both 1) glacio-sedimentological conditions in Hudson Strait and the extent of the Hudson Strait ice stream; and 2) the prevailing surface circulation and sea surface temperature conditions were different compared to H1, H2, and H4 in the North Atlantic. Although it cannot be ascertained due to the limited nature of the data used in this study; however, it is hypothesized that the glacio-sedimentological conditions in the Hudson Strait region might have been the greatest determinant for the ambiguous nature of the H3 layer. In a recent modeling study in which high-amplitude glacial ocean M2 tide at the time of H3 was used, Velay-Vitow et al. (2020) concluded that most of the sedimentological anomalies associated with H3 could be potentially explained by the longer duration of H3 and that eastern-sector ice streams need not necessarily be invoked in any case. The authors further concluded that the H3 instability evolved more gradually and continued over a longer period of time. Our new sedimentological data from the broader Labrador Sea seem to support this hypothesis.
5 SUMMARY
We have documented differences in sedimentation style between the Holocene and last glaciation using sediment cores covering >1,800 km of the eastern Canadian continental margin and the Labrador Basin. Due to the expansion of the late Pleistocene LIS on the Labrador Shelf and Shelf edge, the vast Labrador Shelf appeared to be a sediment-starved depositional environment. The fine-grained sediments, mostly the detrital carbonate together with meltwater and icebergs rafted detritus, were delivered directly on the upper slope by various ice streams of the eastern sector of the LIS, including the Hudson Strait ice stream. Sediments were carried equatorward by the Labrador Current following the bathymetry on the Labrador continental margin.
Heinrich H1, H2, and H4 layers were identified by their typical nepheloid flow layer sediment facies (i.e., alternating coarse silt and clay-sized laminae with thin ice-rafted debris (IRD) interspersed by coarse- to fine-grained dropstone) in conjunction with distinguishing color, Ca/Ti ratios, and sediment physical properties off Hudson Strait and the surrounding region. In contrast to the Hudson Strait proximal sites, H layers were identified only by the IRD layer or interspersed with the IRD with low magnetic susceptibility, high density, and P-wave velocity in the distal sites, namely, on the Hamilton Bank, northern Flemish Cap slope, and SE Grand Banks.
In contrast to the H1, H2, and H4 layers, the H3 layer proximal to the Hudson Strait ice stream is identified by the combination of mass transport (i.e., turbidites) and nepheloid flow layer deposits. However, in the lower Labrador Slope and Basin, the H3 equivalent layer was identified by the thinly laminated carbonate-rich mud turbidites with characteristically laminated silt packages.
At the onset of the Holocene, the upper Labrador Shelf began to receive fine-grained sediments, meltwater, and occasional icebergs. These changes in the sedimentation regime were most likely due to the gradual retreat of the ice margin fleeting glaciers and ice streams in the SE sectors of the LIS. The lack of sediments on most Labrador Shelf is most likely due to sediment remobilization (i.e., winnowing and erosion) by the powerful Labrador Current during the Holocene period.
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The carbon cycle on the Earth’s surface is linked to long-term variations in atmospheric CO2 as well as carbon sequestration in various pools. The burial of particulate organic carbon (OC) in marine sediments is also highly sensitive to the global climate over geological time scales, but with little known about OC burial and its regulations over glacial-interglacial cycles. Here, we present a long-term OC record over the past ∼380 kyr, from the Northwest Pacific Ocean, an ideal region for studying OC burial and its environmental implications on glacial-interglacial timescales. We observed a distinct cyclicity of higher OC burial in glacial periods, which was coupled with input from Asian dust and the Kuroshio Current but seemingly decoupled from biogenic element contents, implying a limited effect of marine productivity on OC burial. Moreover, the sedimentary record of OC was synchronous with oceanic redox conditions, especially the redox sensitive elements at the sediment-water interface, indicating a relatively reducing conditions that enhanced OC preservation during glacial periods. The overall glacial-interglacial OC burial regime in the Northwest Pacific Ocean was conceptually constructed. It showed a higher efficiency of OC burial during glacial periods and significant degradation during interglacial periods. The findings of this study highlighted the important contribution of environmental redox conditions on OC burial in the deep Northwest Pacific, demonstrating the sensitivity of the carbon cycle to global climate on an orbital scale.
Keywords: organic carbon burial, marine productivity, redox conditions, glacial-interglacial, Northwest Pacific Ocean
1 INTRODUCTION
Oceanic processes account for the observed 80–100 ppm drawdown of atmospheric CO2 concentration during glacial periods (Kohfeld et al., 2005) with marine sediment as an important reservoir of global organic carbon (OC), constraining air-sea CO2 flux (Petit et al., 1999; Sigman and Boyle., 2000). Previous studies have suggested that the long-term storage of OC burial in sediments (Hall and McCave, 1998; Agnihotri et al., 2003), which accounts for only a little of the export from the surface, has a very sensitive response to paleoclimate variations (Cartapanis et al., 2016). Moreover, the fate of OC in marine sediments has important implications for oceanic biological, geochemical, and physical processes on glacial-interglacial timescales (LaRowe et al., 2020). For example, the enhanced burial of sedimentary OC during glacial periods is related to increased biological productivity (Sarnthein et al., 1988), higher transfer efficiency from the exposed continental shelf to the water column (Keil et al., 1997), and/or better preservation under reduced oxygenation (Hoogakker et al., 2015).
Marine primary productivity, which is influenced by iron availability to plankton, ocean nutrient content and utilization, and other factors, removes CO2 from the air and produces organic matter through photosynthesis and results in OC storage (Kohfeld et al., 2005). Hence, productivity is considered as one of the most important drivers of OC supply and burial (Agnihotri et al., 2003). During OC export to the deeper ocean, there is a continuous loss of vertical transport from the surface (Schoepfer et al., 2015). The continental dust input revealed by deep-sea sediment records generally exhibits fluxes several times higher during glacials compared to interglacials (Anderson et al., 2006; Rea, 2007). This may affect marine productivity (Thöle et al., 2019) as well as OC composition and preservation (Cartapanis et al., 2016). As critical components of the global carbon cycle, OC degradation and preservation are closely regulated by oceanic redox conditions (LaRowe et al., 2020). It has been shown that most of the OC generated by marine surface production is rapidly oxidized and consumed by microbial degradation (approximately 80–90%) (Opsahl and Benner, 1997), reducing its preservation efficiency to only about 1% (Hedges et al., 1997). The influences of oxygen concentration and exposure time on OC preservation in sediments (Hartnett et al., 1998) are determined by the redox conditions in both the water column and the sediment-water interface, which play significant roles not only in microbial growth and activity (Belanger et al., 2020), but also in microbial oxidation of OC (Anderson et al., 2019).
The Kyushu-Palau Ridge, located in the Northwest Pacific Ocean, is influenced by Asian dust input and complex ocean circulation systems (Figure 1A). The special regional setting has important effects on the evolution of the sources and sinks of allochthonous and autochthonous materials and their interaction with global sea-level change (Ikehara et al., 2009; Shao et al., 2016; Li et al., 2017). In this work, the study area is relatively far from the Asian continental shelf (Figure 1A). Therefore, the effect of sea-level variation in river input to the study area from the Asian continent is much less than that in marginal seas (Milliman and Farnsworth, 2011). Moreover, adjacent to the Asian dust source area, dust input is one of the primary transport routes for terrestrial organic matter, nutrients, and fine-grain particles to this region (Maher et al., 2010). Various proxies, including grain size end-members (Zhou et al., 2016), geochemical element ratios, and mineral ratios (Seo et al., 2014) have been used to quantify dust fluxes into the Pacific Ocean, showing several times greater dust input during glacial periods than during interglacial periods (Hovan et al., 1989; Wan and Xu, 2017). Furthermore, along the western edge of the North Pacific, the Kuroshio Current (KC) supplies a large quantity of heat and material to the study area and thus plays an important role in controlling the marine environment, ecosystem, and sedimentation (Gallagher et al., 2015). Both modeling and sedimentary proxies were used in previous studies to reconstruct KC intensity on orbital scales in the Northwest Pacific. They indicated the decreased KC during glacials and the strengthened KC during interglacials (Kao et al., 2006; Li et al., 2018; Vats et al., 2020). In addition, the evolution of ocean circulation, comprising several currents occurring at different water depths, including the KC, North Pacific Intermediate Water (NPIW) (Rippert et al., 2017), and southern-sourced deep water as Antarctic Bottom Water (AABW) (Kender et al., 2018) (Figure 1B), has a significant effect on oceanic stratification (Jaccard et al., 2005), upwelling (Worne et al., 2019) and redox conditions (Li et al., 2018). Therefore, the intense ocean-land-atmosphere interaction in the Northwest Pacific makes it as an ideal region for studying OC burial and its environmental relationships with paleo-oceanographic conditions over glacial-interglacial cycles. However, long-term records of sedimentary OC burial based on deep-sea sediment cores in the Northwest Pacific have been lack of extensive reconstruction before (Amo and Minagawa, 2003; Ikehara et al., 2009), especially for the comprehensive understanding of the dominant factors that control OC burial over glacial-interglacial cycles.
[image: Figure 1]FIGURE 1 | The core location and regional oceanographic settings in the study area. (A) Red pentagram star: the sediment core KH-16-6 St10-PC in this paper; yellow dots: typical reference cores (MD06-3050 from Sun et al., 2011; MD01-2404 from Zou et al., 2021; ECS12A from Shao et al., 2016; U1438A from Zhou et al., 2016; U1429 from Vats et al., 2020; MD01-2422 and PC08 from Ikehara et al., 2009; S-2 from Amo and Minagawa, 2003; V21-146 from Hovan et al., 1989); red and green arrows: westerly and East Asian winter monsoon (EAWM) respectively (Wan et al., 2012); orange arrow: Kuroshio Current (KC) (Gallagher et al., 2015); gray arrow: North Pacific Intermediate Water (NPIW) (Rippert et al., 2017); yellow arrow: Antarctic Bottom Water (AABW) (Kender et al., 2018). (B) Meridional section of present-day oxygen concentrations from the North Pacific to the Southern Ocean (http://www.nodc.noaa.gov/OC5/WOA09/woa09data.html) and major modern mid-depth to deep-water currents (white arrows) (Rippert et al., 2017): AABW: Antarctic Bottom Water, CDW: Circumpolar Deep Water; red line in right map denotes the transect.
In the present study, we combined data for sediment grain size, bulk OC content and its stable carbon isotope, biogenic elements, and trace metals in core KH-16-6 St10-PC (hereinafter, St10-PC) from the northern Kyushu-Palau Ridge, which has been well-dated using AMS14C and δ18O of planktonic foraminifera, in order to determine the long-term record of the glacial-interglacial cyclic OC burial and its constraints over the last 380 kyr. The main objectives were to identify the relationships between long-term OC accumulation and marine productivity evolution as well as the impact of hydrological conditions with redox conditions. Finally, by comparing the orbital-scale OC burial with previously published records, this paper summarized the mechanism of OC burial between glacial and interglacial climate regimes in the Northwest Pacific in a schematic.
2 MATERIALS AND METHODS
2.1 Sampling
The sediment core St10-PC (29°28′N, 133°37′E) (length = 647 cm) was collected at a water depth of 2670 m during the R/V Hakuho-maru cruise of KH16-6 in the northern Kyushu-Palau Ridge of the Northwest Pacific (Figure 1A). The station is located at approximately 600 km east of Kyushu Island and experiences frequent volcanic eruptions. The sediments of core St10-PC mainly consist of homogeneous brownish-gray silty clay with several volcanic ash layers. A total of 284 samples were delineated at approximately 2 cm intervals for the analyses and stored at −20°C until analysis.
2.2 Analytical Methods
2.2.1 AMS14C Dating and δ18O Analysis
Accelerator mass spectrometry (AMS)14C dating was performed by Beta Analytic Laboratory, United States, on the mixed planktonic foraminifera species Globorotalia inflata and Globigernoides ruber, using the larger than 150 μm size fraction of four samples in the upper core. Calibrated calendar ages were converted using CALIB 7.20, using the MARINE13 database (Reimer et al., 2013) and a local reservoir age of ΔR = 39 ± 18 years (Yoneda et al., 2007). The planktonic foraminifera G. inflata (approximately 10 shells, 400–500 μm size fraction) was measured for stable oxygen isotopes (δ18O) using a Finnigan-MAT252 mass spectrometer at Tongji University, Shanghai, China. Precision was validated against a Chinese national carbonate standard (GBW04405) and NBS-19. A total of 280 δ18O data were reported based on the conventional PDB (Pee Dee Belemnite) standard, with a standard deviation of ±0.07‰ (Cheng et al., 2005).
2.2.2 Analysis of Major and Trace Element Concentrations
97 Samples were analyzed for major and trace element concentrations at the Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography (FIO), Ministry of Natural Resources (MNR), Qingdao, China. The samples were digested with HNO3 and HF, and then diluted to 50 ml with Milli-Q water. Finally, major element concentrations were measured using inductively coupled plasma-optical emission spectrometry (ICP-OES, iCAP 6300, Thermo Fisher Scientific Inc., Waltham, United States), and trace element concentrations were measured using inductively coupled plasma mass spectrometry (ICP-MS, Thermo X Series 2, Thermo Fisher Scientific Inc.). Replicate measurements were conducted on 10% of the samples (randomly selected), and the relative standard deviations were <1% for major elements and <5% for trace elements (n = 20) (Zou et al., 2012).
2.2.3 Analysis of Sediment Grain Size, Total Organic Carbon, and δ13Corg
The analysis of sediment grain size and total organic carbon (TOC) content were carried out at the Key Laboratory of Marine Geology and Metallogeny, FIO, MNR, Qingdao, China. The detailed analytical methods of sediment grain size and bulk OM proxies can be found in Hu et al. (2012). Grain size samples (n = 284) were processed using a laser particle size analyzer (Mastersizer 3000, Malven Instruments Ltd., United Kingdom) after removing organic matter and CaCO3 through H2O2 and diluted HCl, respectively. The carbonate-free samples (n = 278) for TOC analysis and the bulk sediment samples for total carbon (TC) were analyzed in duplicate in a Vario EL-III Elemental Analyzer (elementar Analysensysteme GmbH, Langenselbold, Germany). Stable carbon isotope composition analysis of OC (δ13Corg) was carried out using a Thermo Fisher 253 Plus mass spectrometer (Thermo Fisher Scientific Inc.), at the Pilot National Laboratory for Marine Science and Technology in Qingdao, China. The isotopic values of OC (n = 278) are reported in standard δ notation as per mil deviations relative to the PDB carbon standard, with a standard deviation of ±0.1‰.
2.3 Statistical Analysis
The mass accumulation rate (MAR), an index to refer to the sediment fluxes, was calculated by the linear sedimentation rates (LSR) and the dry bulk density (DBD) of the sediment using the following Eqs 1, 2, then the burial fluxes of TOC were determined using Eq. 3:
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where Δh and Δt are the depth and age differences, respectively, between the two age control points.
The biogenic calcium carbonate (CaCO3) content as determined by inorganic carbon was calculated using Eq. 4:
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The biogenic barium ([image: image]) content as determined by the major element barium was calculated using Eq. 5:
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where w [image: image] is the mass fraction of biogenic barium in the sediments (μg/g); Batotal, Altotal, and (Ba/Al)terr are the total barium and aluminum contents in the sediments (μg/g) and terrestrial Ba/Al ratio (0.0041, Shao et al., 2016), respectively.
The end-member statistical analysis employed a MATLAB modeling algorithm (Dietze et al., 2012) to analyze individual grain-size populations (end-member loadings, volume %) and their contributions to bulk grain-size composition (scores, %) (Zhou et al., 2015).
3 RESULTS
3.1 Age Model and Stratigraphic Chronology
In the Northwest Pacific, definite age models of long-term sedimentary cores generally use a comparison between the δ18O of planktonic foraminifera and the LR04 δ18O stack of benthic foraminifera in a specific sediment core (Ikehara et al., 2009; Sun et al., 2011; Ujiié et al., 2016). An age model for core St10-PC was reconstructed based on 11 age control points (Table 1) provided by the AMS14C dating results and the G. inflata-δ18O records in this core (Figure 2C, data are available in the supplementary dataset), and correlating this G. inflata-δ18O records to the standard deep-sea oxygen isotopic LR04-δ18O stack (Figure 2E; Lisiecki and Raymo, 2005) and G. ruber-δ18O records in core MD06-3050 from near Luzon Island in the Philippine Sea (Figure 2D, Sun et al., 2011). This age model indicates that core St10-PC covers past ∼380 kyr (Figure 2), spanning marine isotope stages (MIS) 1–10, which cover nearly five complete glacial-interglacial cycles (Figure 2).
TABLE 1 | Radiocarbon ages with calibrated ages of core St10-PC and control points to construct the age model.
[image: Table 1][image: Figure 2]FIGURE 2 | Stratigraphic age model of core St10-PC. (A) sedimentary rate of core St10-PC, (B) the mass accumulation rate of core St10-PC, (C) G. inflata-δ18O of core St10-PC with a 5-point running average (blue line) (Zhang et al., 2020), (D) G. ruber-δ18O of core MD06-3050 (Sun et al., 2011), (E) LR04 benthic-δ18O stack (Lisiecki and Raymo, 2005), (F) the global sea level variations (Waelbroeck et al., 2002). Orange and blue trangles: age control points of AMS14C dating and G. inflata-δ18O records of core St10-PC, respectively; blue shadow: glacial periods.
According to this chronology, the average LSR was lower than those in other sediment cores from marginal seas (Shao et al., 2016), varying over the range between 0.5 (in Holocene) and 3.6 (in MIS2) cm/kyr, with an average value of 1.8 cm/kyr (Table 1; Figure 2A). The MAR varied from 353.6 to 3121.8 mg/cm2/kyr, with average value of 1484.5 mg/cm2/kyr (Table 1; Figure 2B). Glacial-interglacial differences in LSR and MAR were evident with higher average values in glacial periods than that in interglacial periods (Figures 2A,B), which is thought to primarily reflect the increased terrestrial input (dust input and fluvial discharge) when sea level declined (Figure 2F, Waelbroeck et al., 2002).
3.2 Temporal Variations of Total Organic Carbon Fluxes, δ13Corg Values and Biogenic Element Contents
To estimate the TOC-fluxes on orbital scale, we combined the MAR data in this study with the previously reported TOC abundances (Zhang et al., 2020). The TOC-fluxes varied from 0.8 to 11.7 mg/cm2/kyr (Figure 3F), with a mean value of 3.2 mg/cm2/kyr. Furthermore, the peaks in TOC contents correlated well with their fluxes (Figures 3F,G), showing significant cyclic variations that were almost two times higher during glacial periods (particularly in MIS2, p < 0.01, Supplementary Table S1), which is consistent with hundreds of sedimentary OC burial records around the world (Cartapanis et al., 2016). The TN contents and fluxes (Supplementary Figures S1B,C) varied in the similar tendencies as TOC. However, the TOC vs. TN scatter plot (Supplementary Figure S2) shows an intercept of 0.026% inorganic nitrogen, which accounts for ∼58% of the mean total nitrogen and results in low TOC/TN values downcore, with a range of 2.34–8.47 (Supplementary Figure S1A). δ13Corg in core St10-PC varied between -25.24‰ and −21.04‰ (mean: 22.59‰) (Figure 3E), trending to more positive during the glacials (p < 0.01, Supplementary Table S1). The overall more positive δ13Corg values may indicate sedimentary OC mainly derived from marine-sourced contributions (Ikehara et al., 2009; Li et al., 2018).
[image: Figure 3]FIGURE 3 | Variation trends of organic carbon flux and its source contribution in core St10-PC. (A) Biogenic elements of Ca/Ti ratio, (B) biogenic calcium (CaCO3) contents, (C) biogenic elements of Ba/Al ratio, (D) biogenic barium (Babio) contents, (E) δ13Corg, (F) TOC fluxes with a 5-point running average (red line), (G) TOC contents with a 5-point running average (red line), (H) atmospheric CO2 concentrations (Lüthi et al., 2008); blue shadow, glacial periods. Original data of OC contents and the δ13Corg were initially from Zhang et al. (2020).
The abundances of CaCO3 and [image: image] in marine sediments have been widely used as paleo-productivity proxies (Agnihotri et al., 2003; Shao et al., 2016). In this study, CaCO3 and [image: image] contents in core St10-PC ranged from 8.90 to 57.46% and 176.58–512.09 μg/g respectively, with average of 35.56% and 345.68 μg/g (Figures 3B,D). Downcore CaCO3 (p < 0.05, Supplementary Table S1) and [image: image] (p < 0.01, Supplementary Table S1) were significantly higher during interglacials than glacials, which is consistent with the Ca/Ti and Ba/Al ratios (Figures 3A,C), but reversed compared to the OC fluxes (Figure 3F).
3.3 Temporal Variations of Redox Sensitive Elements
In this study, the concentrations of trace elements sensitive to the redox conditions of the hydrological regime, such as uranium (U), vanadium (V), molybdenum (Mo), copper (Cu), thorium (Th), and gallium (Ga) (Agnihotri et al., 2003; Tribovillard et al., 2006), had significant cyclic characteristics during glacial-interglacial cycles. To normalize these trace element concentrations, we used the standard approach of dividing trace element concentrations by aluminum (Al) concentrations as an index for the relative enrichment (Bennett and Canfield, 2020). Accordingly, these elements were divided into three categories.
First, the variation range of Mo showed relatively more fluctuation, with value ranges of 0.08–0.61 μg/g. Al (Figure 4F). Its distinctly higher values during the Holocene were several times higher than the other peak values in the glacial stages MIS 10, 8, and 6. Second, U varied from 0.19 to 0.67 μg/g. Al (Figure 4E), showing relatively higher values during the glacial stages MIS10, 8, and 6, and a stable tendency since the last 130 kyr. The last category included Cu, Th, Ga, and V, whose ranges were relatively smaller but with obvious cyclic features over glacial-interglacial cycles (Figures 4A–D). Most RSEs exhibit a significant enrichment during glacial periods (p < 0.01, Supplementary Table S1), but Mo and Cu show little enrichment (p > 0.05, Supplementary Table S1).
[image: Figure 4]FIGURE 4 | Comparison of RSEs enrichment with TOC in core St10-PC. (A) Thorium (Th/Al), (B) gallium (Ga/Al), (C) vanadium (V/Al), (D) copper (Cu/Al), (E) uranium (U/Al), (F) molybdenum (Mo/Al), (G) TOC contents; blue shadow: glacial periods.
3.4 Grain Size Distribution and its End-Member Analysis
Detailed sediment grain size information and original data were derived from Zhang et al. (2020). The detrital distribution of the mean grain size of the sediments varied between 4.49 and 213.16 µm, with a mean value of 17.86 µm to the maximum values of volcanic ash layers (Supplementary Figure S3A). Overall, the cyclic variation in mean grain size was finer during glacial periods than during interglacial periods (p < 0.01, Supplementary Table S1).
The end-member analysis results of grain size showed three end members, with peak modes in the fine (EM1, 5.23 µm), fine to medium (EM2, 19.87 µm), and coarse (EM3, 93.51 µm) particles (Supplementary Figures S3B–D). The downcore tendencies of these end-members show different cyclic variations. EM1 variation was consistent with that of the clay content; both were higher during glacial periods and lower during interglacial periods.
4 DISCUSSION
4.1 Variations and Influent Factors of Sedimentary Organic Carbon Input in Glacial-interglacial Cycles
4.1.1 Temporal Variations of Organic Carbon Input
The OC accumulation flux in the study area was comparable to that in other open ocean (Amo and Minagawa, 2003), but much lower than that in the continental shelf and basin area (Ikehara et al., 2009; Shao et al., 2016) (Table.2). This may be related to the lack of large quantities of terrestrial OC directly delivered by large rivers and low marine productivity therein. The overall more positive δ13Corg values during glacial periods (Figure 3E), indicate that glacial OC input may be mainly derived from marine-source contributions (Ikehara et al., 2009; Li et al., 2018). Moreover, the alteration of δ13Corg values was affected by diagenesis processes and more depleted with water depth because of the selective degradation of OC (Nakatsuka et al., 1997), which demonstrates the effect of this preservation mechanism on δ13Corg fluctuation. Therefore, more positive δ13Corg values during glacial periods also indicate more marine-sourced OC preservation here in this stage.
TABLE 2 | Comparison of OC fluxes in cores from the Northwest Pacific Ocean.
[image: Table 2]However, the distinct peaks of CaCO3 and [image: image] contents (Figures 3B,D) observed during interglacials correlated with minima in OC fluxes, indicating paleo-productivity decoupled from OC burial over the past 380 kyr. Under the impact of the formation and enhancement of NPIW in the glacial stages, whose penetration depth hindered the supply of upward macronutrients from deeper water to the euphotic zone (Kohfeld and Chase, 2011; Worne et al., 2019), the observed lower paleo-productivity was similar to other glacial-interglacial cyclic records in the North Pacific (Jaccard et al., 2005; Li et al., 2017; Costa et al., 2018a). Therefore, in the Northwest Pacific, paleo-productivity during glacial periods with the driver of less macronutrient supply from deeper waters (Li et al., 2017) was contrary to that in high nitrate and low chlorophyll (HNLC) areas such as the subantarctic zone, where Fe derived from dust input was the main driver (Martinez-Garcia et al., 2014; Thöle et al., 2019).
4.1.2 Effects of Dust and Kuroshio Current Variation on Organic Carbon Input
The end-member of sediment grain size was considered as a substitute index for aeolian dust input (Sun et al., 2002). Notably, compared to the dust end-member analysis of core U1438A (Zhou et al., 2016) and core MD06-3050 (Yu et al., 2012) in the Northwest Pacific, we determined that EM1, EM2, and EM3 of core St10-PC may mainly indicate dust input through the westerly and East Asian winter monsoon (EAWM), and the sediment from volcanic ash, respectively (Supplementary Figure S3B–D). Moreover, based on the differences in the sources and transfer modes between the westerly and EAWM (Wan et al., 2012; Xu et al., 2015), we assumed that westerly, which carried the dust from a vast area of Asian inland with a longer transport distance than the EAWM, had greater significance in the compositions of these core sediments. Thus, EM1 could be ascribed to the westerly end-member to indicate the overall input of the dust effect around this study area (Figure 5H), showing enhanced input during glacial periods (p < 0.01, Supplementary Table S1) and cohering with other dust fluxes in the North Pacific (e.g., core V21-146, Figure 5G, Hovan et al., 1989) and Chinese Loess MAR (Figure 5F, Sun and An, 2005).
[image: Figure 5]FIGURE 5 | Comparison of records of OC burial in core St10-PC with Asian dust input, KC intensity, NPIW variation, and AABW oxidation. (A) Antarctic Bottom Water oxidation determined by authigenic uranium of core TN057 (Jaccard et al., 2016), (B) North Pacific Intermediate Water intensity determined by Δδ18O between core 849 and core 1343 (Worne et al., 2019), (C) Kuroshio Current intensity proxy of G. ruber contents of core U1429 (Vats et al., 2020), (D,E) Kuroshio Current intensity determined by sedimentary Hg and Sb of core MD01-2404 (Zou et al., 2021), (F) Chinese Loess fluxes (Sun an An, 2005), (G) dust-fluxes of core V21-146 (Hovan et al., 1989), (H) dust input variables of core St10-PC, (I) OC fluxes of core St10-PC; blue shadow: glacial periods.
Based on the intensity of Asian dust input (indicated by EM1 as noted above, Figure 5H) over the last 380 kyr, we found that dust input was enhanced in the glacial stages when paleo-productivity decreased (Figures 3B,D), which may indicate the limited positive effect of dust input on marine productivity here (Li et al., 2017; Chen et al., 2020). However, higher OC burial in the glacial periods was coherent with dust input (Figures 5H,I), which could be attributed to the large area exposure of the East Asian continental shelf during glacial sea-level lowstand, which is more susceptible to erosion and weathering (Wan et al., 2017). Generally, it was easier to deliver more terrestrial materials into this area, resulting in more OC particle input and faster vertical transport to the deep sea during this stage (Cartapanis et al., 2016). This helps to explain the higher OC flux during glacial periods despite the lower marine productivity.
The Kuroshio Current (KC) is a strong western boundary current along the North Pacific and is regarded as an important bridge for transporting heat and material from low to middle and even high latitudes (Ujiié et al., 2003). The modeling simulations indicated that KC intensity was reduced by about 43% as sea level declined during the last glacial maximum, compared to the present day (Kao et al., 2006). The proxies of planktonic foraminifera (G. ruber) contents (Figure 5C) and surface temperature in core U1429 over the past 400 kyr (Vats et al., 2020) and the proxy for the combination of Hg-Sb enrichment in core MD01-2404 over the past 92 kyr (Figures 5D,E, Zou et al., 2021), all reconstructed KC intensity evolution on the orbital scale indirectly, reflecting the significantly decreased KC (p < 0.05, Supplementary Table S1) when sea temperature decreased and sea level declined during the glacial periods. The “water barrier”, an important feature of KC (Zheng et al., 2016), was enhanced during interglacials and obstructed Asian continental sediment transport from the shelf into the deeper ocean (Zhao, 2017). Therefore, the higher OC flux observed in this study was a response to the decreased KC during the glacials, because of more OC transported from the Asian continent under the decreased “water barrier” effect, and better OC preservation under oxygen-poor conditions (detailed in section 4.2).
4.2 Glacial-interglacial Organic Carbon Preservation and Implications for Hydrological Constraint
The decoupling between marine productivity and OC burial, as noted above, could indicate other important constraints on OC burial over glacial-interglacial cycles. It has been suggested that marine biological productivity may contribute less than half of the observed glacial-interglacial variations in OC burial, while the physical vertical processes with hydrological constraints may be more responsible for oceanic OC burial (Kohfeld et al., 2005). Hydrological redox conditions control not only microbial growth and activities (Belanger et al., 2020), but also microbial oxidation to OC (Anderson et al., 2019). The first-order impact of microbial oxidization of OC burial depends on the concentration and extent of dissolved oxygen with water depth (Hartnett et al., 1998; Galbraith and Skinner, 2020). Ocean circulation in the Northwest Pacific is complex (Figure 1B), with several current systems with different properties at different water depths, including the KC in the upper ocean (Gallagher et al., 2015), the NPIW in the middle (Rippert et al., 2017) and the AABW in deeper water (Kender et al., 2018), which provide different constraints for the dissolved oxygen in the water column over the glacial-interglacial cycles. Therefore, the impact of paleo-redox conditions varying from the upper ocean to the sediment-water interface on OC burial was examined between glacial and interglacial stages.
KC intensity has been shown to have an important impact on OC burial efficiency in the middle Okinawa Trough through changing bottom water O2 concentration (Li et al., 2018; Zou et al., 2021). As discussed above, the KC was enhanced during the warmer interglacial periods (Figures 5C–E, Vats et al., 2020; Zou et al., 2021), which provided higher dissolved oxygen in the upper ocean and had a negative effect on OC preservation (Li et al., 2018). On the other hand, the NPIW is mainly restricted to subtropical North Pacific regions between ∼20°N and 40°N and mainly circulates within 300–1000 m of water depth, with the property of low dissolved oxygen (Talley, 1993). The Bering Sea, as the additional source of the Glacial NPIW (Horikawa et al., 2010), resulted in the enhancement of the NPIW formation during the glacial periods (Figure 5B). The Glacial NPIW penetrated to deeper range with relatively low oxygen and thus reduced the oxidative decomposition of OC by microorganisms (Worne et al., 2019). Finally, in this area, the extent of dissolved oxygen concentrations in the deep North Pacific is mainly determined by the deeper waters from Southern Ocean (Kender et al., 2018), such as Antarctic bottom water (AABW), which is oxygen-rich (Rippert et al., 2017). Therefore, AABW may have affected OC burial and preservation by changing the redox conditions of the deep ocean. It has been shown that less dissolved oxygen-rich water, indicated by higher authigenic uranium values (Figure 5A, Jaccard et al., 2016), moving northward in the glacial periods and controbuting to better OC preservation in this stage.
In bottom water, the efficiency of OC degradation at the sediment-water interface, with a loss rate of OC as high as 89.8%, is much higher than that of the transportation in the water column (Ordoñez et al., 2015). Therefore, the effect of redox conditions on OC burial at the sediment-water interface cannot be ignored. The variations in these redox sensitive elements (RSEs) have been used extensively as geochemical proxies to infer the accessibility of dissolved oxygen in the overlying water during the deposition (Bennett and Canfield, 2020). To contextualize the redox conditions through RSE enrichment, we compared the data of this study to a variety of modern depositional environments characterized by the enrichment of V, U, and Mo (Table 3, Bennett and Canfield, 2020). From these observational data at all depths in the global ocean, it can be seen that there was a relatively high variability of enrichment with depth in perennial OMZ (oxygen minimum zone) settings (Scholz et al., 2011), suggesting that water depth may strongly influence redox conditions. The RSE enrichments in core St10-PC characterize a notable increasing tendency with relatively reducing conditions during glacial periods, especially the third category of Th, Ga, V, and Cu, which are in line with the higher sedimentary OC burial during those times (Figure 4). Most of these RSEs exist stably in seawater in the form of organometallic ligands (Tribovillard et al., 2006). In the process of sediment settling from the surface to the bottom water, organic matter is easily degraded by microorganisms, during which the complex of RSEs and organic matter is decomposed, and the elements are released back into the water (Morford and Emerson, 1999). Therefore, this noted enrichment of RSEs shows that the sediment-bottom water interface was in a relative reducing state during the glacial periods, with a relatively lower oxygen content in the overlying water, which was more conducive to the burial and preservation of organic matter.
TABLE 3 | Comparison of RSEs enrichment in core St10-PC with well-known redox conditions.
[image: Table 3]4.3 Glacial-interglacial Regime in Organic Carbon Burial in the Northwest Pacific
To better understand the different patterns of OC burial with different drivers between glacial and interglacial periods, we constructed a conceptual schematic of OC burial and preservation in the mid-latitude Northwest Pacific (Figure 6). During glacial periods, despite the increase in dust input and terrestrial matter, the strengthening barrier of glacial NPIW inhibited vertical mixing, slowing transport of nutrient-rich deeper water to the surface (Worne et al., 2019), and thus biological productivity was relatively lower (Figure 6A). However, dust input and terrestrial fine-grained materials adsorbed with organic matter to protect and accelerate the deposition of organic matter to the seafloor, where there was a relative reducing condition with less dissolved oxygen content to facilitate OC preservation (Carapanis et al., 2016). In contrast, during interglacial periods (Figure 6B), induced by enhanced water column vertical overturning (Worne et al., 2019), the upwelling water brought more nutrients and dissolved oxygen to the surface, which was conducive to phytoplankton photosynthesis. However, under the impact of relative oxidation conditions, microorganisms were relatively active and performed respiration to release organic matter back into the water column (Bennett and Canfield, 2020). Therefore, OC burial was significantly lower in the interglacial periods than in the glacial periods.
[image: Figure 6]FIGURE 6 | Schematic models of OC burial regimes associated with terrestrial OC input by river and eolian dust, marine productivity, and redox conditions derived from marine circulation and RSEs in the mid-latitude Northwest Pacific Ocean during (A) glacial and (B) interglacial periods.
Compared to the Northwest Pacific, recent observational records in other areas suggest that the glacial-interglacial regime in OC burial and preservation is likely to be regionally heterogeneous (Carapanis et al., 2016; LaRowe et al., 2020). Carapanis et al. (2016) concluded from hundreds of sediment core records from the global oceans that OC burial pulses derived from higher export production from the surface ocean, higher transfer efficiency to the deep sea and/or enhanced preservation of organic matter in glacial sediment. Our record of OC burial decoupled from marine productivity and mainly forced by the preservation mechanism and redox conditions, is consistent with observations not only in the Northwest Pacific (Li et al., 2017) but also in the Northeast Pacific (Cristina et al., 2014), where OC burial has been shown to be decoupled from productivity and controlled by the redox conditions and/or other forces. The most controversial and noteworthy issue is the effect of dust input on marine productivity, which may determine how much production in surface waters is exported to the deeper ocean for burial in sediments. Multiple studies in global areas, including the North Pacific (Kienast et al., 2004; Li et al., 2017; Chen et al., 2020) and even the Antarctic Zone (Parekh et al., 2008) and sub-Antarctic Zone (Thöle et al., 2019), have provided evidence for the uncertainties and the limited effects of dust input on primary production, depending on the Fe bioavailability and nutrient availability in different areas (Li et al., 2017; Chen et al., 2020). Our results support that the evolution of marine productivity is not a simple function of OC burial, which reminds us to be cautious in evaluating biological pumps using geological OC records (Li et al., 2018).
In the present study, the water redox conditions could have been a more important driver than marine productivity of OC burial on orbital scale. As mentioned before, the sedimentary redox conditions were oxygen-rich in the Northwest Pacific during interglacial periods relative to the glacial periods, which is similar to the records in the North Pacific (Costa et al., 2018b; Li et al., 2018). Compared to the carbon sink in the surface ocean, carbon preservation in the deeper ocean plays a more prominent role in global climate change in the Northwest Pacific, where extensive and intense circulation in the water column affects carbon degradation (Kienast et al., 2004). Under the influence of such a regime, as mentioned above, our observation of glacial OC burial pulses over the past 380 kyr provides an improved understanding of the global carbon cycle on glacial-interglacial timescales. Its variations throughout Earth’s history were highly sensitive to atmospheric CO2 concentrations (Figures 3G,H), implying a notable response of deep-sea OC burial to paleoclimate evolution (Carapanis et al., 2016).
5 CONCLUSION
A comprehensive study of bulk OC fluxes and geochemical features in sediment core St10-PC from the Northwest Pacific was conducted to explore the glacial-interglacial OC burial regime and its environmental implications. Over the past 380 kyr, the notable cyclic variation records show a higher OC burial in the glacial periods, with relatively higher OC input influenced by the dust input and KC, as contrary to the lower biogenic element contents. This is a remarkable phenomenon of decoupling between biogenic production and OC fluxes, suggesting a limited control of the marine productivity on the OC burial in this study area. The enrichment of RSEs at the sediment-water interface indicated a relatively reducing conditions in glacial periods with higher OC burial flux, which was also closely regulated by the intensity of NPIW and evolution of AABW. Overall, in comparison with interglacial periods, the enhanced OC burial observed in glacial periods emphasize the more important effect of better preservation under reducing conditions. This work further demonstrates pronounced carbon cycle sensitivity to the global climate in the Northwest Pacific on the orbital scale.
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Located on the northern coast of the South China Sea, the densely populated Pearl River Delta has experienced the combined effects of sea-level change, monsoon-driven discharge, and especially human activity, since the late Holocene. However, how these factors have regulated the regional environmental and sedimentary evolution remains unclear. To better understand these processes, we conducted a high-resolution rock magnetic investigation of the Holocene sediments of core DS01, drilled in the vicinity of the West River channel in the head area of the Pearl River deltaic plain. The magnetic grain-size proxy of the ARM/κlf ratio (the ratio of anhysteretic remanent magnetization to low-field magnetic susceptibility) indicates a long-term fining trend of the magnetite grain size, which may be a response to an increase in the weathering intensity in the Asian monsoon region during the Holocene. An interval with an enhanced concentration of magnetic minerals (mainly magnetite and hematite) occurred during 7.7–4.8 kyr BP (calendar years before 1950), coinciding with a period of delta progradation. During the marine transgression in the early Holocene, two similar intervals of magnetic enrichment may reflect regional hydrodynamic shifts associated with cooling events at ∼9.5–9.3 kyr BP and 8.2 kyr BP. The subsequent 4.2 kyr BP cooling event possibly induced a cold and dry environment in the sediment source area. From ∼800 yr BP onward, there was a major increase in the sedimentary magnetic mineral content, likely in response to intensified agricultural and industrial activities.
Keywords: environmental evolution, magnetic minerals, sea-level changes, cold events, human activity, Pearl River Delta
1 INTRODUCTION
The formation of the sedimentary sequences of the Pearl River (Zhu Jiang) Delta in southern China likely began in the late Quaternary (e.g., Huang et al., 1982; Zhao, 1990). Developed on the northern coast of the South China Sea, in an area undergoing long-term tectonic subsidence, the regional sedimentary sequences of the deltaic plain have documented the complex history of marine transgression and regression (e.g., Zong et al., 2009; Wei and Wu, 2011; Zong et al., 2012; Zong et al., 2016; Wei X. et al., 2020). The modern Pearl River Delta is a densely populated and industrialized area, which is strongly influenced by the Asian summer monsoon (An, 2000; An et al., 2000). Determining the environmental and sedimentary evolution of the Pearl River Delta is a complex task, especially during the Holocene, when human activities became an increasingly important influence. Stalagmite records from China have provided detailed information on the paleoclimatic evolution of the Asian monsoon over the last 640 kyr (Cheng et al., 2016). For the latest 10 kyr, from the early Holocene onward, precisely dated proxy environmental records are available, such as the stalagmite records from southern China (Yuan et al., 2004; Dykoski et al., 2005; Wang et al., 2005). The δ18O record from Dongge Cave suggests a weakening trend of Asian monsoon intensity for most of the Holocene, which was punctuated by pronounced short-term monsoon events that can be correlated regionally or globally (Wang et al., 2005).
An integrated analysis of a transect of sediment cores recovered from along both sides of the current channel of the West River (Xi Jiang), a tributary extending west–east to the Pearl River catchment, has provided a Holocene record of the deltaic evolution of the head area of the Pearl River deltaic plain (Figure 1) (Xiong et al., 2018; Fu et al., 2020). Within the area, lithostratigraphic units deposited above bedrock can be subdivided into three major groups: fluvial deposits, estuarine-deltaic deposits, and delta plain deposits, with decreasing depth. These sedimentary facies correspond to different sedimentary environments in the head area of the Pearl River Delta, and they provide an opportunity to obtain a relatively complete regional paleoenvironmental record throughout the Holocene.
[image: Figure 1]FIGURE 1 | Location map (A,B) and stratigraphic information (C) for sediment core DS01 (red circle) in the head area (dotted rectangle) of the Pearl River deltaic plain. Black circles mark the locations of sites discussed in the text: Dongge Cave (Wang et al., 2005), Dahu Swamp (Zhou et al., 2004), Huguangyan Maar Lake in south China (Wang et al., 2016), core HKUV11 (8.4 m water depth, Wu et al., 2017), core MD05-2905 (1,647 m water depth, Zhou et al., 2012) in the northern South China Sea, core NZ2 (4.6 m water depth) in Lingdingyang Bay (Pearl River estuary, Wu et al., 2021), and core PD and core SX97 from the banks of the Pearl River estuary (Yang et al., 2008; Peng et al., 2014). The 10 radiocarbon dates for core DS01 shown in (C) are from Fu et al. (2020). Details of the methods used to produce the age data are given in Xiong et al. (2018). The maps were produced using Tencent Map App.
In this study, we investigated a Holocene sedimentary sequence from the Pearl River Delta using rock magnetic measurements, which have been widely used for paleoenvironmental reconstruction (Thompson and Oldfield, 1986; Evans and Heller, 2003; Liu et al., 2012). Originating from the adjacent terrigenous areas of the Pearl River drainage, the detrital magnetic minerals in the sediments can potentially be used to decipher the paleoenvironmental history of the drainage area. Rock magnetic results have been reported for various drilling sites in the Pearl River estuary (e.g., Yang et al., 2008; Peng et al., 2014; Wu et al., 2021) (Figures 1A,B). These studies have provided abundant information about the interplay of sea-level changes and sedimentary evolution in the coastal area since at least the late Pleistocene. In the present study, we measured multiple rock magnetic parameters, at high stratigraphic resolution, from a sediment core from the delta, with the aim of reconstructing millennial- to centennial-scale records of the Holocene sedimentary evolution of the head area of the Pearl River Delta. We compare the records with previous reconstructions of past regional climatic and environmental changes and attempt to understand how changes in climate, sea-level, and human impacts influenced the Holocene evolution of this coastal area.
2 MATERIALS AND METHODS
We used sediment core DS01 (Figure 1B; 23°13.47′N, 112°44.43′E; 25.61 m in length), obtained from the north side of the West River. The altitude of the coring site was ∼4.4 m above the sea level. The base of the core consists of compact, reddish weathered bedrock. Above, the sediments can be divided into three lithological units, as illustrated in Figure 1C. An age of 18,181–17,865 cal. yr Before Present (BP) was obtained for a sand layer (within Unit I) that unconformably covered the base rock. The three units are described as follows: Unit I: (25.61–23.6 m), sand and clayey silt with occasional plant residues. Unit II (23.6–5.6 m), mainly dark silt with occasional plant residues; soft. This unit comprises the main part of the core. Unit III: (5.6–0 m), mainly gray silt with occasional plant fragments; loose structure. Fu et al. (2020) identified four subunits that should comprise a complete Unit III within the vicinity of the head area of the Pearl River Delta (Figure 1). However, in core DS01, two of these subunits are missing (sub-units IIIa and IIIb). Thus, we infer the existence of another sedimentary discontinuity between Unit II and Unit III.
Although not continuously represented in core DS01, the sedimentary succession in the study area was found to record a progressive transition from an estuarine to a deltaic environment, associated with the upper part of Unit II (Figure 1C). In this study, samples were collected every 2 cm by pressing plastic cubes (2 × 2 × 2 cm3) into the center of the archive half of core DS01. The surface sediments (upper ∼110 cm) were not sampled to avoid sediments affected by recent agricultural and industrial activities. Another set of samples was collected at 10–20 cm intervals for analyses of grain size, organic carbon isotopes, and diatoms. These results were previously published (Xiong et al., 2018; Fu et al., 2020) and will be partially aiding the following discussions in our study.
Low-frequency (976 Hz) and high-frequency (15,616 Hz) volume magnetic susceptibilities (κlf and κhf, respectively) were measured on a total of 570 discrete cubic specimens (equivalent to a sampling resolution of 4.3 cm), using an AGICO Kappabridge MFK1-FA magnetic susceptibility meter. The volume frequency-dependent susceptibility (κfd) was calculated as κfd = κlf–κhf. κlf generally reflects the concentration of paramagnetic and ferromagnetic components, and κfd is sensitive to the presence of superparamagnetic grains (Thompson and Oldfield, 1986; Evans and Heller, 2003; Liu et al., 2012).
Anhysteretic remanent magnetization (ARM) was imparted in a peak alternating field (AF) of 100 mT with a direct current biasing field of 0.05 mT superimposed, using a 2G AF demagnetizer. ARM was measured using a 2G three-axis cryogenic superconducting rock magnetometer (755R) installed in a shielded room with residual fields of <300 nT, in the Paleomagnetism Laboratory of the South China Sea Institute of Oceanology, Chinese Academy of Sciences. ARM is sensitive to stable single-domain ferrimagnetic grains (e.g., ∼40 nm for magnetite). We calculated the ARM/κlf ratio as a proxy for detecting relative changes in the grain size of magnetite (Banerjee et al., 1981; King et al., 1982).
Saturation isothermal remanent magnetization (SIRM) was imparted in a field of 1T using an ASC Impulse Magnetizer (IM-10-30) and measured using an AGICO JR-6A rock magnetometer. Back fields of 100 mT (IRM-100 mT) and 300 mT (IRM-300 mT) were then imparted and measured sequentially. Back IRMs were imparted to every third sample (n = 190). The SIRM and backfield IRMs are used to calculate hard IRM (HIRM) and S-ratio (Thompson and Oldfield, 1986; Evans and Heller, 2003) as follows:
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SIRM mainly reflects the combined concentrations of ferrimagnetic (e.g., magnetite) and imperfect antiferromagnetic particles (e.g., hematite and goethite), predominantly the former, unless the magnetic mineral assemblages are dominated by imperfect antiferromagnetic material. HIRM and S-ratio are widely used as proxies for the absolute and relative concentrations of imperfect antiferromagnetic particles, respectively. The ARM/SIRM ratio was calculated as an additional magnetic grain-size proxy, since it is unaffected by paramagnetic and superparamagnetic minerals.
In addition to the aforementioned routine magnetic measurements, selected samples were used for the following more detailed magnetic measurements. High-temperature magnetic susceptibility measurements (κlf-T) were made on freeze-dried powder samples in an argon environment, using the Kappabridge MFK1-FA combined with a CS-4 high-temperature furnace. IRM acquisition curves were measured in magnetic fields ranging from 1 mT to 1.5 T (in 90 logarithmically distributed steps), followed by backfield demagnetization in a range of magnetic fields up to 100 mT. Hysteresis loops were obtained by cycling the magnetic field between ±1.0 T, with a step size of 5 mT. These measurements were made using a Lakeshore 8600 vibrating sample magnetometer (software version 1.3) at the Environmental Magnetism Laboratory of South China Normal University.
3 RESULTS
3.1 Magnetic Mineralogy
The thermomagnetic curves (κlf-T) of the five representative samples are largely consistent, showing a slight decrease in κlf from room temperature to ∼300°C during heating (see the lower panel in Figure 2). This may be caused by the gradual unblocking of paramagnetic (or superparamagnetic) minerals, such as siderite and pyrite (Dunlop and Özdemir, 2001; Roberts, 2015). Above ∼300°C, κlf begins to increase and a “hump” is evident between 400 and 550°C. The cooling limb of the curve is not reversible because stoichiometric ferrimagnetic minerals have been produced during heating, possibly from the thermally induced alteration of paramagnetic iron-bearing silicates and/or clays (e.g., Deng et al., 2001; Liu et al., 2020). All the curves show a sharp decrease near 580°C, the Curie temperature of magnetite, indicating that magnetite is likely the major magnetic carrier of the samples. The decreasing trend continues beyond 600°C, revealing the presence of a magnetic phase with a Curie temperature greater than that of magnetite. A weak convex pattern appears at ∼120°C during each of the cooling runs, likely arising from the presence of a minor amount of goethite.
[image: Figure 2]FIGURE 2 | Temperature-dependent magnetic susceptibility (κlf-T) curves for representative samples from core DS01. Arrows indicate heating (red) and cooling (blue) runs.
Figure 3A shows that the IRMs at 300 mT contribute ∼73–88% to the SIRM values, with S-ratios ranging from 11.5 to 95.3%, with a ∼61% median for the whole core (n = 192). The representative samples have a wide range of coercivities of remanence (∼35–105 mT) (Figure 3B). We conclude that the dominant remanence carriers are low-coercivity ferrimagnetic minerals, but with high-coercivity phases being abundant.
[image: Figure 3]FIGURE 3 | IRM acquisition curves and backfield IRM curves (A,B) and hysteresis loops (C–G) for representative samples from core DS01. Ms, saturation magnetization; Mrs, saturation remanence; Bc, coercivity; Bcr, coercivity of remanence. Hysteresis loop data of the samples shown in (C–F) were processed using the HystLab program (Paterson et al., 2018).
The hysteresis loops of the selected samples are slightly wasp-waisted (Figures 3C–G), which may result from the coexistence of two different magnetic components with contrasting coercivities (Roberts et al., 1995; Tauxe et al., 1996). Furthermore, the loops are almost closed when approaching 600 mT, which also demonstrates the coexistence of both low- and high-coercivity magnetic components in the sediments.
3.2 Down-Core Variations in Magnetic Properties
Down-core plots of multiple magnetic parameters are presented in Supplementary Figure S1. Using the pre-existing age data for the core (Figure 1C), we built an age model based on linear interpolation or extrapolation (Figure 4). However, this was not possible for Unit I (25.6–23.6 m) because the evaluated ages for the upper part would be much younger than those of the base of Unit II, assuming a constant sedimentation rate (∼16.5 cm/kyr) estimated from the pre-existing age data. We infer that Unit I was rapidly deposited in a high-energy freshwater environment. Two age data are available for Unit III, and they indicate a high sedimentation rate (∼5 m/kyr) within the interval of 1308–420 yr BP, resulting in a clear age discrepancy between Unit III and Unit II. This sedimentary hiatus may have been caused by river channel migration or later human activities (Fu et al., 2020). Six age data are available for Unit II, and therefore the chronology for this lithologic unit is of a relatively high resolution.
[image: Figure 4]FIGURE 4 | Comparison of magnetic records for core DS01 with selected independent paleoenvironmental records. (A–C) ARM, ARM/κlf, and HIRM (this study); (D–F) sand content, clay content, and carbon isotope ratios (δ13C) from core DS01 (Fu et al., 2020); (G) elevations of ice-volume equivalent sea-level (Lambeck et al., 2014); (H) elevations from the mean sea level during 6–10 kyr BP, after correction for regional tectonic subsidence and sedimentary compaction [redrawn from Xiong et al. (2018)]; (I,J) sea surface temperature reconstructions from core HKUV11 (Wu et al., 2017) and core MD05-2905 (Zhou et al., 2012), respectively; (K) total organic matter (TOM) record from Huguangyan Maar Lake (Wang et al., 2016); and (L) the speleothem oxygen isotope record (δ18O from Dongge Cave, an indicator of Asian summer monsoon intensity, ASM) (∼0–9 kyr BP, cyan curve (Wang et al., 2005); 0–10 kyr BP, gray curve (Dykoski et al., 2005). In (H), red circles represent corrected elevations (without range) from drilling cores from the Pearl River Delta head area and estuarine area, while the (upper and lower) gray curves represent the 99% probability envelope of the reconstructed sea-level changes across the Pearl River Delta.
Within Unit II, four horizons are highlighted due to the relatively high values of most of the magnetic parameters (Supplementary Figure S1, Table 1 and Figure 4). Interval (a) (∼22.0–23.6 m, ∼9.3–9.5 kyr BP) is a plateau-like zone of the magnetic parameters, at the base of Unit II, corresponding to the period when an estuarine environment began to dominate in the study area. In interval (b), around the middle of Unit II, a minor peak is evident in almost all the magnetic parameter profiles. However, intervals (a) and (b) do not have comparably high HIRM values, which indicates the dominant contribution of ferrimagnetic minerals (magnetite) in these intervals. Except for intervals (a) and (b), Unit II shows increasing but slightly different values of the magnetic parameters, including κlf, ARM, SIRM, HIRM, S-ratio, and ARM/κlf (Supplementary Figures S1C,E–J). Therefore, these trends did not develop simultaneously. Within interval (c), κlf, ARM, SIRM, HIRM, and S-ratio fluctuate within an interval of overall higher values. Interval (d), at the top of Unit II, is characterized by rapid changes in most of the magnetic parameters, with HIRM showing a significant peak, indicating a peak in the concentration of hard magnetic components (mainly hematite). In contrast, there are only minor peaks in κlf, ARM, and SIRM.
TABLE 1 | Ranges of variation of the magnetic parameters for core DS01 and intervals (a–d).
[image: Table 1]There is a general upward-increasing trend in ARM/κlf, as shown in Supplementary Figure S1I, suggesting the progressive fining of the magnetic grains (mainly magnetite). The ARM/SIRM ratio shows relatively uniform values throughout most of the core, with no comparable fluctuations in the interval of 11.3–6.8 m [interval (c)], but with an increase thereafter (Supplementary Figure S1J).
Cross-plots showing the relationships between the magnetic parameters are shown in Supplementary Figure S2. For κlf, κfd, ARM, and SIRM (Supplementary Figures S2A–C,F, respectively) linear relationships are evident for most of the data, indicating a general consistency of the sedimentary magnetic assemblages; deviations in these linear relationships generally correspond to high-amplitude fluctuations of the respective parameters within the profiles. κfd was not expected to be closely related with both ARM and SIRM (Supplementary Figures S2D,E) as they are indicative of distinctive magnetic-domain states; however, the data points in both plots are generally clustered, as the magnetic minerals are seemingly concentrated within sedimentary intervals with a higher clay content (Figure 4).
3.3 Hard Isothermal Remanent Magnetization and S-Ratio
The rock magnetic results show that magnetite and hematite are the dominant magnetic minerals in core DS01 and that the parameters related to magnetic mineral concentration (κlf, ARM, SIRM, HIRM, and S-ratio) show very similar stratigraphic patterns. The depositional context of the core location varied substantially since ∼18 kyr BP, and the material sources of the core sediments may have undergone substantial changes. This inference may undermine the use of HIRM and S-ratio, as they may be significantly affected by changes in magnetic mineral coercivity. Therefore, we used the L-ratio of Liu et al. (2007) to evaluate if these parameters were influenced by Al-substituted hematite or goethite, or both, since this would result in a wide range of coercivities which would invalidate their use. The L-ratio is calculated as follows:
[image: image]
Reference to Figure 5A shows a nearly constant distribution for most of the data points. The outliers are related to the specific sediment layers in Figure 5B and Figure 4 and coincide with the transitional interval from Unit II to Unit III (Supplementary Figure S1), during which the depositional environment was very unstable. The horizontally shaded intervals in Figure 5B are characterized by magnetic minerals with substantially different coercivities, which may reflect different sources; hence, the use of HIRM and S-ratio may be inappropriate in these intervals. However, in the other intervals, both parameters can be used to quantify the absolute and relative concentrations of high-coercivity magnetic minerals (Liu et al., 2007; Roberts et al., 2020).
[image: Figure 5]FIGURE 5 | Relationship between L-ratio and HIRM, and down-core variations of S-ratio, HIRM, and L-ratio. Red dotted lines (in B) indicate three depths with low values in the L-ratio profile, referring to symbols plotted within the red-dotted ellipse (in A).
4 DISCUSSION
The magnetic properties of sedimentary archives are often correlated with geological processes that control the provenance, transportation, deposition, and post-depositional modification (e.g., diagenesis) of sediments. The thermomagnetic analyses suggest a relatively uniform sedimentary magnetic mineral composition (Figure 2), likely suggesting a consistent sediment source. This inference is supported by the generally consistent coercivities of the magnetic minerals indicated by the L-ratio (Figure 5), as well as by the similar hysteresis loops of the representative samples (Figures 3C–G). However, there are significant fluctuations in magnetic mineral concentration and in magnetic grain size, as shown by the stratigraphic variations of κlf, ARM, SIRM, HIRM, and S-ratio and by the magnetic grain-size indicators, ARM/κlf and ARM/SIRM. We now focus on these fluctuations, especially on the intervals of enhanced magnetic concentration and their potential paleoenvironmental implications.
4.1 Episodes of Magnetic Mineral Enrichment
Intervals (a–d) in Unit II are dated to ∼9.5–9.3 kyr BP, 8.5–8.4 kyr BP, 7.7–4.8 kyr BP, and 4.4–4.2 kyr BP, respectively, while the uppermost part of the core may provide a record of the last ∼800 yr (Figure 4, Table 1). Intervals (a), (b), and (d) in core DS01 correspond to three short Bond-like cooling events (Bond et al., 1997; Bond et al., 2001) that are recorded in the stalagmite record from Dongge Cave, in southern China, in which more enriched δ18O values represent intervals of a weakened monsoon (Figure 4L). These rapid events may be dynamically linked to climate changes in the North Atlantic and Greenland (Dykoski et al., 2005; Wang et al., 2005). The linkage may be related to the strengthening of the Siberia High, which significantly affects the East Asian monsoon climate (Chen et al., 1991; Ding et al., 1995; Liu and Ding, 1998).
Intervals (a), (b), and (c) in core DS01 correspond to enhanced concentrations of both hard and soft magnetic components (Figure 4, Table 1, and Supplementary Figure S1). These intervals are related to quite different regional environments in terms of the degree of marine influence, representing the transition from an estuarine to a deltaic environment in the head area of the Pearl River Delta (Figure 1). In contrast, interval (d), at the top of Unit II, is characterized by a higher concentration of imperfect antiferromagnetic minerals. Combined with the evaluation of the HIRM and S-ratio records (below), we infer that interval (d) represents a cold climatic event, similar to interval (b); however, the two intervals may be the product of different fluvial processes and depositional environments. The uppermost part of the core may predominantly reflect anthropogenic influences, rather than natural processes.
4.1.1 Possible Brief Climatic Events at 9.5–9.3, 8.5–8.4, and 4.4–4.2 Thousand Years Before Present
During the early Holocene, the entire Pearl River Delta likely experienced a rapid sea-level rise (Figure 4H). Xiong et al. (2018) found that the rates of sea-level rise around the southeast coast of China doubled from 10.5 to 9.5 kyr BP, increasing from 16 to 33 mm/yr. Global sea-level changes, reconstructed from fluctuations in global ice volume, show a near-uniform rise during ∼11.4–8.4 kyr BP (Figure 4G, Lambeck et al., 2014). Core DS01 contains a prominent peak in the concentration of magnetic minerals after 9.5 kyr BP. At this time, the head area of the Pearl River Delta may have become an intertidal environment, corresponding to the lower part of Unit II (Figures 1B,C). Therefore, the site location of core DS01 would have been strongly influenced by the marine transgression at ∼9.5 kyr BP. Subsequently, rapid sediment accumulation occurred at the core site, including fine-grained sediments. Interval (a) is well-defined in most of the magnetic profiles (Supplementary Figure S1) and has a comparable level of magnetic enhancement to interval (b). In both zones, there is a pronounced increase in the clay content and a corresponding low sand content (Figures 4D,E). Evidently, these fine-grained sediments had higher concentrations of magnetic minerals than the coarse fraction. Thus, the magnetic properties and bulk sediment grain size suggest that these two intervals represent an abrupt shift in hydrodynamic forces that may have been associated with changes in precipitation and runoff in the river catchment during a period of weakened summer monsoon intensity.
Within the limits of the age model, intervals (b) (8.5–8.4 kyr BP) and (d) (4.4–4.2 kyr BP) are potentially correlative with the Holocene cooling events on the centennial scale, at ∼8.2 and 4.2 kyr BP, respectively. The magnetic parameters (Supplementary Figure S1), bulk sediment grain size, and carbon isotope ratios (Figure 4) collectively display coherent variations corresponding to intervals (a) and (b). By contrast, interval (d) is characterized by an increase in HIRM, hence showing an increase in the hematite content. This may reflect a cold, dry climate and oxidizing conditions in the source area. In a deltaic environment with a limited marine influence, the core site was likely subjected to weak hydrodynamic sorting during this interval (Figures 4D,F). Adjacent sediment core HKUV11 likely recorded a rapid cooling event at ∼4.2 kyr BP (Figure 4I; Wu et al., 2017), while core MD05-2905 from the northern South China Sea recorded an abrupt temperature decrease at ∼8.2 kyr BP (Figure 4J; Zhou et al., 2012). However, there is no corresponding cooling signal in the global sea-level record (Figure 4G, Lambeck et al., 2014). In southernmost mainland China, the total organic matter content of the sediments of Huguangyan Maar Lake recorded cooling events at 8.2 kyr BP and 9.2 kyr BP (Figure 4K). Several other short-term cold/dry events are also evident in proxy environmental records from Holocene lake sediments from the region, including the 4.2 kyr BP cold event (Wang et al., 2016).
4.1.2 Environmental Changes During 7.7–4.8 Thousand Years Before Present
The diatom-derived salinity record (Supplementary Figure S1K) indicates that during the interval of 7.7–4.8 kyr BP, following the early–middle Holocene marine transgression, the study site experienced delta progradation and the accumulation of terrestrial sediments (or a marine regression) (Zong et al., 2012; Zong et al., 2016; Xiong et al., 2018; Fu et al., 2020). Reconstructions of the Holocene sea-level history in the Pearl River Delta show that the sea level was approximately stable during the last 7 kyr (Zong et al., 2012; Xiong et al., 2018). The diatom profile suggests that the head area of the Pearl River Delta experienced a reduced marine influence during this interval (Supplementary Figure S1K), which may be associated with the initiation of widespread sedimentation in the Pearl River deltaic basin (Figure 4). Sediments that were sourced from tropical and subtropical areas and had undergone intensive weathering were deposited in the basin area, leading to the overall sedimentary magnetic enhancement throughout this interval.
4.1.3 Environmental Changes Since ∼800 Years Before Present
Recent agricultural and industrial activities, such as cultivation, deforestation, and mining, may have accelerated the production of magnetic minerals in Earth surface sediments. Organic carbon isotope records (δ13C) from at least two drilling cores (including core DS01) from the head area of the Pearl River Delta reveal a general enrichment trend in the uppermost sedimentary unit (Fu et al., 2020). Numerous previous studies have provided evidence of agricultural activity in the Pearl River Delta since at least 2.5–2.2 kyr BP (e.g., Zong et al., 2010; Yang et al., 2012; Hu et al., 2013). Although the uppermost part of the core was not sampled for magnetic measurements, there is a pronounced increase in the contents of hematite and fine-grained magnetite since ∼800 yr BP (Figures 4A,C), which is approximately coeval with the mid-Southern Song Dynasty. This interval corresponds to the peak period of Medieval warmth, represented in terrestrial climatic reconstructions (Mann et al., 2008). These changes in the magnetic profiles of core DS01 may be the result of intensified human activities in the Pearl River catchment, rather than to the phase of deltaic development over the area. Based on speleothem records, Zhang et al. (2008) hypothesized a close linkage between changes in monsoonal climate and Chinese cultural phases. A rapid increase in human disturbance from ∼900 yr BP is evident in the As record from a sediment core from the south of Hainan Island (Wan et al., 2015). The provision of high-resolution chronologies for the late Quaternary sediments of the study area remains challenging (e.g., Yim, 1999); moreover, there may be uncertainties in correlating records of monsoon intensity and rainfall, as argued by Zhang et al. (2010). Further research is needed to precisely determine the contribution of human activities to the properties of the recent sediments of the study area.
4.2 Regional Environmental Changes in the Context of the Evolution of the East Asian Summer Monsoon
4.2.1 Holocene Climatic Optimum
The period before interval (c) (∼7.7–4.8 kyr BP) corresponds to the early Holocene marine transgression and is regarded as the climatic optimum in East Asia. Early studies proposed quite different timings for the Holocene optimum (defined as the peak in monsoonal precipitation or effective moisture) across the domain of the East Asian summer monsoon: at ∼3 kyr BP in southern China and at ∼9 kyr BP in northern China (see An et al., 2000 and references therein). Zhou et al. (2022) proposed a gradual northward expansion of the Holocene optimum in the East Asian monsoon region (from 24.25°N to 48.74°N), based on pollen-based precipitation reconstructions. A depleted early Holocene stalagmite δ18O signal is evident at Dongge Cave (Figure 4L), which likely indicates a wetter Asian summer monsoon climate, as the δ18O record of Dongge Cave is anticorrelated with the Asian summer monsoon intensity (Wang et al., 2005). Records of pollen (Zhou et al., 2004) and bulk organic carbon isotope ratios (Zhong et al., 2010) from Dahu Swamp, to the north of the East River in the Pearl River drainage (Figure 1), suggest a pronounced warm and wet period during the early Holocene (∼10–6 kyr BP), which may be related to a strengthened East Asian summer monsoon. Wei Z. et al. (2020) conducted sedimentary magnetic analyses at Dahu Swamp and proposed a rainfall maximum during the mid-Holocene (∼8–4 kyr BP). Although the magnetic record differs from other paleoenvironmental reconstructions from Dahu Swamp, the magnetic record is in phase with an equivalent record from Daping Swamp (26°10.18′N, 110°08′E), to the north-west of Dahu Swamp (Zhong et al., 2018). Both locations may be sensitive to local hydrological changes as they are in hydrologically closed lake basins (Zhong et al., 2018; Wei Z. et al., 2020). Huguangyan Maar Lake (Figure 1) may record the earliest timing of the Holocene optimum, as indicated by an elevated total organic matter content during 11.5–6.5 kyr BP (Wang et al., 2016). A pollen record from the lake sediments indicated that during the early Holocene (11.6–7.8 kyr BP), the area was dominantly occupied by trees and shrubs, with tropical trees recording maximum percentages during ∼9.5–8.0 kyr BP (Wang et al., 2007). Thus, there may be minor offsets in the timing of the climatic optimum between the reconstructions from Huguangyan Maar Lake and Dahu Swamp. However, it is possible to conclude that, at least in southeastern China, the Holocene climatic optimum was not significantly time-transgressive and that the Holocene optimum undoubtedly occurred during the early Holocene. In the vicinity of the site of core DS01, a rapid marine transgression occurred during this period, which was associated with relatively low and uniform magnetic mineral concentrations, except the interval (a) (Figure 4).
4.2.2 Long-Term Trend of Environmental Evolution
Both magnetic grain-size parameters in core DS01 (Supplementary Figures S1I,J) show no clear response to either marine transgression or regression, when compared, for example, with the salinity profile (Supplementary Figure S1K). This is quite different from the records from core SX97 (Peng et al., 2014) or core PD (Yang et al., 2008), which recorded frequent oscillations during the late Quaternary or Holocene. The ARM/κlf ratio in core DS01 indicates the long-term fining of the magnetic grain size, except for the lower part of the core (below ∼22 m). Neither of the neighboring cores shows comparable trends in their magnetic records (Yang et al., 2008; Peng et al., 2014; Wu et al., 2021). Seaward of the Pearl River estuary, the magnetic grains within the surface sediments become increasingly fine, which likely resulted from the dissolution of superparamagnetic grains (Ouyang et al., 2017). An increasing distance from the source areas could also result in a fining of the magnetic grain size, as finer grains are likely to be transported longer distances than coarser grains (Huang et al., 2021). However, this is not applicable here, as indicated by the L-ratio (Figure 5). It is unlikely that sea-level changes were responsible for the long-term fining trend of magnetic grains evident in core DS01, although there is a close relationship between sea-level changes and sedimentary magnetic grain-size variations in the South China Sea (see Kissel et al., 2020 and references therein). Neither is there clear evidence for the effect of sea-level change on East Asian monsoon intensity (e.g., Wang et al., 2001). We tentatively attribute the magnetic grain-size trend to a slightly increasing weathering intensity in the material source areas. Within the East Asian monsoon domain, the monsoonal climate (as a source of heat and moisture) would be expected to be a major factor controlling erosion and weathering processes in the Pearl River catchment. In comparison, there was a long-term trend of decreasing monsoon precipitation in southern China since the early Holocene (Figure 4L; Dykoski et al., 2005; Wang et al., 2005), which does not necessarily conflict with increased weathering during the same period because of the complex regional hydrothermal conditions. Additionally, sediment pore water may have affected the magnetic measurements. Since water is generally diamagnetic and the sedimentary water content generally decreases down-core, ARM/κlf could be biased accordingly. However, this influence is likely to be minor, as the pore-water content was relatively low.
5 SUMMARY
We have obtained a high-resolution rock magnetic record for drilling core DS01 to reconstruct the Holocene environmental evolution of the Pearl River Delta. The results indicate a relatively uniform magnetic mineral assemblage. A sedimentary hiatus occurred during ∼3.9–1.3 kyr BP. Enhanced magnetic mineral concentrations have occurred at the top of the core since ∼800 yr BP, which we attribute to the intensified anthropogenic impact. The ARM/κlf ratio indicates a long-term trend of decreasing magnetite grain size during the Holocene, which may be a response to intensified weathering in the East Asian monsoon region. However, we cannot exclude the influence of residual pore water on this trend. A prominent interval of increased magnetic mineral concentration occurred during ∼7.7–4.8 kyr BP, associated with delta progradation (or marine regression) in the study area. Three abrupt shifts in magnetic properties occurred at ∼9.5–9.3, ∼8.5–8.4, and ∼4.4–4.2 kyr BP, which are potentially correlated with Bond-like events. The two older events are coeval with the initiation of the Holocene optimum in southeastern China, while the youngest event occurred in the context of deltaic development and minimal direct marine influence. It should be noted that possible uncertainties in the age model of core DS01 hinder the definitive correlation of these events with records from elsewhere, and further investigations of the Holocene sedimentary sequences in the Pearl River Delta and adjacent regions of East Asian monsoon influence are needed.
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Clay mineralogy, major-element geochemistry, and Sr-Nd isotopic compositions from Core MD05-2896 collected in the southern South China Sea have been utilized to investigate the discrimination of sediment provenance and to reconstruct a history of chemical weathering in the Mekong River basin over the last 45 ka. The results display that the clay mineral assemblage of the core is characterized by abundant smectite (27%–56%) and illite (18%–32%), with moderate kaolinite (13%–23%) and chlorite (11%–18%), and the 87Sr/86Sr ratio and εNd value narrowly vary in the ranges of 0.7232–0.7272 and from –10.9 to –9.6, respectively. According to clay mineralogy and Sr-Nd isotopic compositions, the Mekong River is the main terrigenous sedimentary source to the southern South China Sea, with no detectable change over the time span of the study, despite having strong sea-level fluctuations. Clay mineralogy and elemental geochemistry analyses reveal that higher smectite/(illite + chlorite), smectite/kaolinite, TiO2/K2O, and SiO2/K2O ratios during Marine Isotope Stage (MIS) 3 and 1 suggest enhanced chemical weathering, whereas lower values of these ratios during MIS 2 indicate weakened chemical weathering. These proxies reveal a close relationship with the available climate records of the East Asian monsoon evolution, implying that the chemical weathering in the Mekong River basin has been strongly controlled by the East Asian monsoon rainfall.
Keywords: clay minerals, major elements, Sr-Nd isotopes, chemical weathering, East Asian monsoon, Mekong River, southern South China Sea
1 INTRODUCTION
Chemical weathering of continental rocks is a primary Earth surface process, which significantly relates to atmospheric carbon dioxide consumption and climate change globally (Walker et al., 1981; Berner et al., 1983; Beaulieu et al., 2012). It is a principal influence on global geochemical cycles and provides important materials (i.e., nutrients, elements, etc) from continents to the oceans (Meybeck, 1982; Conley, 2002; Qin et al., 2006). This process on land is mainly controlled by climate conditions, tectonic activity, and lithology (Chamley, 1989; Liu et al., 2007a; Liu et al., 2012), but it is considered a significant factor responsible for the global climate over the geological timescale (Tamburini et al., 2003; Wan et al., 2007; Clift et al., 2014). Thus, investigation of the weathering process of parent rocks in the source regions and its relationship with monsoon can provide meaningful information in our understanding of the Earth’s surface and monsoon evolution (Colin et al., 1999; Wan et al., 2015; Clift et al., 2020).
Marginal sea receives terrigenous sediments from adjacent continents, which contain invaluable information on paleoclimatological and paleoceanographic evolution, making this region of particular attention to Earth scientists (Yang et al., 2003; Liu and Stattegger, 2014; Beny et al., 2018). The South China Sea is the largest marginal sea in the western Pacific, and it has been provided with approximately 700 million tons (Mt) of fluvial sediments annually from numerous surrounding rivers, including three large rivers, namely, the Mekong River (160 Mt/yr), the Red River (130 Mt/yr), and the Pearl River (84 Mt/yr) (Milliman and Syvitski, 1992; Milliman and Farnsworth, 2011) (Figure 1). Terrigenous sediment transport in this region is highly influenced by oceanic circulation, sea-level change, hydrodynamic sorting, monsoon evolution, and tectonic activities (e.g., Liu et al., 2003; Liu et al., 2007b; Liu et al., 2010; Schimanski and Stattegger, 2005; Clift et al., 2006; Colin et al., 2010; Tjallingii et al., 2010; Tjallingii et al., 2014; Yan et al., 2011; Sang and Liu, 2021). The East Asian monsoon controls seasonal changes in wind patterns, temperature, and rainfall over Southeast Asia, which strongly impact the weathering process on the land, forcing significantly terrigenous sediment variations in the South China Sea (Webster, 1994; Chu and Wang, 2003; Liu et al., 2004; Liu et al., 2005; Chen et al., 2017; Sang et al., 2019). Clay minerals, major elements, and Sr-Nd isotopes are important compositions of terrigenous sediments in this region and contain valuable information on particular characterizations of their source regions and the weathering process on the Earth’s surface (Liu and Stattegger, 2014; Liu et al., 2016). These allow them to be widely utilized to identify sediment provenance in the South China Sea and to reconstruct a history of weathering process in the source regions and its relationship to the East Asian monsoon (Clift et al., 2014; Wan et al., 2015; Zhao et al., 2018). The South China Sea, hence, is considered an ideal area in the global marginal seas for investigating East Asian monsoon evolution and paleoceanography (Wang et al., 1995; Wang et al., 1999; Boulay et al., 2007; Liu et al., 2016).
[image: Figure 1]FIGURE 1 | Topographic map of Southeast Asia displaying the location of Core MD05-2896 (red circle) in the southern South China Sea. Referred cores (green circles) and surrounding river samples (yellow triangles) are also indicated. Orange arrows with numbers show annual suspended sediment discharge (Mt/yr). Dotted arrows present surface current systems in winter (black) and summer (red) following (Liu and Stattegger, 2014, Liu et al., 2016). Paleo-coastlines are plotted based on present-day bathymetric depth contours (Hanebuth et al., 2011; Tjallingii et al., 2014). Paleo-river systems are displayed according to Voris (2000) and Sathiamurthy and Voris (2006).
The southern South China Sea inputs huge weathering products of parent rocks from surrounding river basins in Southeast Asia under the strong influence of the East Asian monsoon and sea-level change, and this region becomes a valuable region for studying sediment source-to-sink and land-sea interactions (Hanebuth et al., 2002; Hanebuth et al., 2009; Hanebuth et al., 2011; Steinke et al., 2008; Huang et al., 2016) (Figure 1). Offshore from the Mekong River, clay mineralogy of Cores MD01-2393, MD97-2150 (Liu et al., 2004), and SO18383-3 (Jiwarungrueangkul et al., 2019b) and Sr-Nd isotopic compositions of Core MD01-2393 (Liu et al., 2005) were employed to indicate the Mekong River is the primary source of terrigenous sediments. Liu et al. (2004) and Liu et al. (2005) showed that strengthened chemical weathering corresponds to increased sediment discharge and weakened physical erosion during interglacial periods in the Mekong River basin, whereas weakened chemical weathering is associated with reduced sediment discharge and intensified physical erosion during glacial periods since 190 ka ago. Colin et al. (2010) suggested that higher chemical weathering of detrital material during the Holocene mainly derives from the lower reach of this basin over the last 25 ka. Jiwarungrueangkul et al. (2019b) evaluated moderate chemical weathering in the Mekong River basin since the Last Glacial Maximum. Nevertheless, most of the previous studies offshore from the Mekong River only used clay mineralogy instead of robust proxies (i.e., Sr-Nd isotopic compositions) for identifying bulk terrigenous sediment provenance, and they have not exposed weathering process in the source regions and its relationship with paleoclimate evolution during MIS cycles (i.e., MIS 1, 2, and 3) due to the lack of high-resolution and/or short-term sediment records. Sediment provenance in the southern South China Sea, chemical weathering in the source regions, and its relationship with the East Asian monsoon are, therefore, still not fully understood and require more detailed investigations.
To solve the research questions in the studied area, clay mineralogy, major-element geochemistry, and Sr-Nd isotopic compositions of Core MD05-2896 in the southern South China Sea are combined to 1) investigate sediment provenance discrimination, especially 2) reconstruct chemical weathering in the source regions and elucidate the relationship between chemical weathering and the East Asian monsoon over the last 45 ka.
2 GEOLOGICAL BACKGROUND
The southern South China Sea is encompassed by the Indochina Peninsula to the west, Borneo to the east, and Sumatra and the Malay Peninsula to the south (Figure 2). In the Indochina Peninsula, the Mekong River flows from the Tibetan Plateau to the South China Sea. The upper reach of this river basin is mainly characterized by Mesozoic sedimentary rocks (meta-sandstone, shale, slate, and phyllite), with minor Precambrian metamorphic and extrusive igneous rocks. The strong physical weathering processes of the parent rocks in this area make high illite and chlorite in lithosols (Liu et al., 2003). Paleozoic–Mesozoic sedimentary rocks (metasandstone, shale, and slate) and intrusive igneous rocks (mainly granites) widely cover the middle reach forming abundantly basaltic and ferrallitic soils. The lithology of the lower reach mainly distributes Mesozoic sedimentary rocks (mostly sandstone and mudstone) with some extrusive igneous rocks (basalts) and a broad alluvial plain primarily with basaltic soils (Segalen, 1995). In Borneo, the lithology consists dominantly of Tertiary sedimentary rocks, with a less abundant distribution of Paleozoic–Mesozoic sedimentary rocks in the central part, of Paleozoic–Mesozoic granite and granodiorite and Tertiary volcanic rocks in the southwestern part, and of Quaternary sediments in the coastal plain and delta (Figure 2). The sedimentary rocks contain mostly sandy shale, partly interbedded with coal beds, sandstone, and carbonate rocks (Hutchison, 2005). Sparse Tertiary basic volcanic rocks and Mesozoic basic–ultrabasic intrusive rocks are mainly distributed in central tectonic belts. Borneo has been tectonically active throughout the Cenozoic and displayed the strongest tectonic uplift during the Oligocene–Miocene period (Hall, 2002; Hutchison, 2005). Sumatra consists mainly of Quaternary intermediate to basic volcanic rocks in the mountains and slopes of the southwest and late Tertiary sedimentary rocks in the northwest, with a minor distribution of Quaternary sediments along rivers and coastline (Liu et al., 2012) (Figure 2). Besides, this region is covered sparsely by Paleozoic–Mesozoic volcanic, intrusive, and sedimentary rocks and Tertiary basalts. This area has been forced by northeastward subduction of the Indian Ocean Plate along the Sunda Trench in the eastern Indian Ocean and the Sumatra strike-slip fault on the mountainous range of the southwestern island (Barber and Crow, 2009), causing highly tectonically active since the Tertiary. Sumatra shows an extremely active volcanic eruption history with the abundant distribution of Quaternary basic–intermediate volcanic rocks. The Malay Peninsula occurs abundantly in Paleozoic–Mesozoic granite and granodiorite and Paleozoic sedimentary rocks, with minor Mesozoic (mainly Jurassic–Cretaceous) sedimentary rocks and sparse basic volcanic rocks (Liu et al., 2012) (Figure 2). Quaternary sediments have been distributed primarily along the coastline. Mudstone, sandstone, and limestone, interbedded with andesitic–rhyolitic volcanic rocks are the main compositions of the sedimentary rocks (Hutchison, 2005; Sultan and Shazili, 2009). This Peninsula has displayed stable tectonic activities since the Mesozoic period (Hutchison, 1968).
[image: Figure 2]FIGURE 2 | Geological map of Southeast Asia surrounding the South China Sea (Liu et al., 2016). Locations of Core MD05-2896 (red circle) and referred cores (green circles) are indicated.
3 MATERIALS AND METHODS
3.1 Materials
Core MD05-2896 (8o49.5′N, 111o26.47′E; 1,657 m water depth; 11.03 m long) was collected in the southern South China Sea during the cruise of MARCO POLO in 2005 (Laj et al., 2005) (Figure 1). The upper 4.69 m of this core was used for the present study wherein the samples were collected at 4 cm intervals from surface to 3.13 m whereas from 3.13 to 4.69 m the core was sampled at 2 cm intervals. A total of 178 samples were collected for clay mineralogy and major-element geochemistry analyses. Twelve of these samples were chosen to measure Strontium (Sr) and Neodymium (Nd) isotopic compositions. The age model was established by using planktonic foraminiferal AMS 14C dating and benthic foraminiferal δ18O records (Wan and Jian, 2014; Wan et al., 2020). All these analyses were performed at the State Key Laboratory of Marine Geology, Tongji University.
3.2 Analytical Methods
Clay minerals were identified by X-ray diffraction (XRD) using a PANalytical X’Pert PRO diffractometer on oriented mounts of non-calcareous clay-sized (<2 µm) particles (Holtzapffel, 1985). The carbonate of sediment samples was removed by using 0.2 N HCl. The oriented mounts were prepared following the methods described in Liu et al. (2004). Three XRD runs were performed following pretreatment conditions of air drying, ethylene-glycol solvation for 24 h, and heating at 490°C for 2 h. To identify clay minerals, the position of the (001) series of basal reflections on the three XRD diagrams was employed. Based on the glycolated curve, the MacDiff software was used to determine semiquantitative estimates of peak areas of the basal reflections for the main clay mineral groups of smectite, including mixed-layer minerals (15–17 Å), illite (10 Å), and kaolinite/chlorite (7 Å) (Holtzapffel, 1985; Petschick, 2000). Relative proportions of kaolinite and chlorite were identified using the ratios of the 3.57/3.54 Å peak areas. Furthermore, some mineralogical characteristics of illite were identified on the glycolated curve. The illite chemistry index was calculated utilizing the ratio of the 5 Å and 10 Å illite peak areas in glycol-saturated samples (Esquevin, 1969). Ratios below 0.5 represent Fe–Mg-rich illite (biotite, mica) characterized by physical erosion; ratios above 0.5 are mainly found in Al-rich illite (muscovite) formed by strong hydrolysis (Esquevin, 1969; Gingele et al., 1998). Illite crystallinity was estimated with full width at half maximum of illite 10 Å peak. Lower values represent the higher crystallinity and indicate weak hydrolysis in continental sources and arid and cold climate conditions (Chamley, 1989; Krumm and Buggisch, 1991; Ehrmann, 1998).
Major elements were measured on fused glass by X-ray fluorescence (XRF) using a PANalytical AxiosMAX spectrometer. The samples were first reacted with 0.2 N HCl to remove carbonate and then dried under 60°C. The decarbonated samples were fused and analyzed by the XRF method to obtain major element concentrations. The glass beads were prepared using ∼0.7000 g of sediment sample combined with ∼7.000 g of Li2B4O7. Chinese rock and sediment standards GRS02 and GRS04 were used to monitor the analytical precision and accuracy. Major elements were expressed as their oxides as absolute bulk contents of samples after carbonate removal. Considering the objectives of terrigenous clastic compositions of this study, total organic carbon (TOC) and total inorganic carbon (TIC) as well as the loss of ignition (LOI) were not measured separately prior to the fusion because the data were not planned for usage. However, given the fusion method of our XRF analysis, the LOI values can be roughly calculated by subtracting all the major elements from 100%. All these data are included in the Supplementary Material.
Sr and Nd isotopic compositions of bulk carbonate-free terrigenous sediments were analyzed using a Thermo Scientific Neptune Plus MC-ICP-MS. Geostandards GSR-6 and GSD-9 were used to monitor the precision and accuracy. A small subsample of the sediment samples was dried at low temperature (∼50°C) and crushed to a fine powder. The powder samples were treated with 1 N HCl to remove calcium carbonate and authigenic components. They were then heated at 600°C for 2 h to remove the organic carbon. A ∼50 mg of each sample was totally digested with a mixture of concentrated HF and HNO3 in high-pressure Teflon bombs at 190°C for at least 48 h. Sr and Nd were separated following the procedure described in detail by Wu et al. (2021). Sr and Nd isotopic compositions were normalized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. The standards SRM987 (87Sr/86Sr = 0.710250 ± 0.000016, Lugmair et al., 1983) and JNdi-1 (143Nd/144Nd = 0.512115 ± 0.000006, Tanaka et al., 2000) were used to monitor the quality of 87Sr/86Sr and 143Nd/144Nd, respectively. The mean measured 87Sr/86Sr value of SRM987 was 0.710242 ± 12 (2σ, N = 10), and the mean measured 143Nd/144Nd of JNdi-1 was 0.512118 ± 8 (2σ, N = 10), well within the recommended values. Nd isotopic data are expressed as εNd = [(143Nd/144Nd)measured/(143Nd/144Nd)CHUR–1] x 104. The CHUR (Chondritic Uniform Reservoir) value is 0.512638 (Jacobsen and Wasserburg, 1980).
4 RESULTS
4.1 Clay Minerals
The clay mineral assemblage of Core MD05-2896 consists of dominant smectite (27%–56%) and illite (18%–32%), with moderate kaolinite (13%–23%) and chlorite (11%–18%) (Figure 3). All these clay minerals present high variability over the past 45 ka; however, their variability can be distinguished between MIS 3, 2, and 1. Kaolinite, illite, and chlorite contents exhibit a similar pattern with decreased values during MIS 3 and 1, and increased values during MIS 2. On the contrary, smectite content displays an inverse pattern with high values during MIS 3 and 1 and low values during MIS 2. Illite crystallinity and illite chemistry index show high variations in values between 0.16 and 0.22°Δ2θ (average 0.19°Δ2θ) and from 0.39 to 0.59 (average 0.45), respectively, and they display no visible trend over the last 45 ka.
[image: Figure 3]FIGURE 3 | Temporal variations of clay mineral assemblage and Sr-Nd isotopic values of Core MD05-2896 over the last 45 ka. The benthic foraminiferal C. wuellerstorfi δ18O stratigraphy and foraminiferal AMS 14C datings (blue triangle) (Wan and Jian, 2014; Wan et al., 2020) are also displayed. Dashed magenta lines indicate the meltwater pulses 1A (MWP-1A) (Hanebuth et al., 2000) and 1C (MWP-1C) (Tjallingii et al., 2010). MIS 1 (0–12.05 ka), MIS 2 (12.05–24.11 ka), and MIS 3 (24.11–45.00 ka) display marine isotope stages (Martinson et al., 1987). The clay mineral data were smoothed by a three-point running average (coarse).
4.2 Major Elements
In Core MD05-2896, the major elements contain dominant SiO2, Al2O3, and Fe2O3 (in total ∼84%), with minor K2O, MgO, TiO2, Na2O, CaO, MnO, and P2O5 (∼7% in total) (Figure 4). Generally, variations in Al2O3, Fe2O3, K2O, and Na2O contents present inverse correlations to those of TiO2, SiO2, and MgO contents over the last 45 ka. Al2O3, Fe2O3, K2O, and Na2O contents display increased values during MIS 3 and 2, and decreased values during MIS 1. In contrast, TiO2, SiO2, and MgO contents are characterized by low values during MIS 3 and 2, and high values during MIS 1. Nevertheless, P2O5 content exhibits little variation in values with no obvious trend during MIS 3, 2, and 1. CaO content shows high values during MIS 3 and decreased values after late MIS 3 to the present time.
[image: Figure 4]FIGURE 4 | Temporal variations of major elements of Core MD05-2896 over the last 45 ka. The benthic foraminiferal C. wuellerstorfi δ18O stratigraphy and foraminiferal AMS 14C datings (blue triangle) (Wan and Jian, 2014; Wan et al., 2020) are also displayed. Dashed magenta lines indicate the meltwater pulses 1A (MWP-1A) (Hanebuth et al., 2000) and 1C (MWP-1C) (Tjallingii et al., 2010). The major element data were smoothed by a three-point running average (coarse).
4.3 Sr-Nd Isotopes
87Sr/86Sr ratios of terrigenous sediments from Core MD05-2896 vary between 0.7232 and 0.7272, and εNd values range from −10.9 to −9.6 (Figure 3; Table 1). Downcore variations in 87Sr/86Sr ratios increase in values from MIS 3 to MIS 1, and εNd shows increased values from MIS 3 to middle MIS 2 and decreased values after middle MIS 2 to the present time.
TABLE 1 | Sr and Nd isotopic compositions of Core MD05-2896 over the last 45 ka.
[image: Table 1]5 DISCUSSION
5.1 Sediment Provenance Discrimination
Generally, ways of transportation, weathering processes in source regions, and sea-level change can induce variability of clay mineral assemblage and Sr-Nd isotopic compositions of Core MD05-2896. Clay mineral assemblages and Sr-Nd isotopic compositions of marine sediments have been then extensively utilized to elucidate potential sediment provenance (Clift et al., 2002; Liu et al., 2008; Lupker et al., 2013; Cai et al., 2020), resulting in tracking sediment transport in the sea (Liu et al., 2007b; Liu et al., 2010; Zhao et al., 2018). Terrigenous sediments in the southern South China Sea derive mainly from the surrounding rivers, such as the Mekong River and small rivers from Borneo (42 Mt/yr), Sumatra (498 Mt/yr, model data), the Malay Peninsula (35 Mt/yr), and Thailand (19 Mt/yr) (Figure 1) due to the trivial contribution of eolian fluxes in this region (Wehausen et al., 2003). The small mountainous rivers in central Vietnam mainly provide huge terrigenous sediments to the central Vietnam shelf (Schimanski and Stattegger 2005; Sang et al., 2019), whereas they contribute a minor volume of terrigenous fine detrital materials to the western South China Sea (Liu et al., 2007b) and offshore from the Mekong River (Liu et al., 2004; Liu et al., 2005). Hence, terrigenous sediment contributions from these rivers in central Vietnam will not be discussed more thereafter.
5.1.1 Evidence From Clay Minerals
To determine the provenance of clay minerals in the region during the late Quaternary, all clay mineral samples of Core MD05-2896 are grouped into two intervals: Holocene and Pleistocene samples. The proportion of kaolinite, illite + chlorite, and smectite at this core is compared to the potential sources mentioned above and referred to as Cores SO18383-3, MD01-2393, and MD97-2150 offshore from the Mekong River, respectively (Figure 5). Clay mineral assemblage of Core MD05-2896 in comparison with the potential sediment sources shows that clay minerals in this region may originate from multiple sources due to no distinct overlap (e.g., Liu et al., 2007b; Steinke et al., 2008; Wang et al., 2015; Chen et al., 2017; Zhao et al., 2018). However, some robust evidence below indicates that the Mekong River can provide mainly clay minerals to this studied area. Clay mineral assemblages of Holocene and Pleistocene samples at Core MD05-2896 are overlayed, indicating no major changes in clay mineral sources during the late Quaternary. Additionally, the clay mineral assemblage of Core MD05-2896 and the referred cores are situated nearly each other, implying that these cores can have the same source of clay minerals. According to Liu et al. (2004) and Jiwarungrueangkul et al. (2019b), clay minerals of Cores MD01-2393, MD97-2150, and SO18383-3 primarily come from the Mekong River, suggesting that this river can be the most crucial source of clay minerals at Core MD05-2896 as well.
[image: Figure 5]FIGURE 5 | Ternary diagram of the major clay-mineral groups: illite + chlorite, kaolinite, and smectite. Samples of Core MD05-2896 are divided into two groups: Holocene and Pleistocene. Surrounding river samples in the Mekong River, Borneo, Sumatra, the Malay Peninsula, and Thailand for potential sediment sources (Liu et al., 2007a; Liu et al., 2012; Liu et al., 2016) and sediment samples at referred Cores MD01-2393, MD97-2150, and SO18383-3 (Liu et al., 2004; Jiwarungrueangkul et al., 2019b) are plotted for comparison. Orange dashed line and arrow imply the major contribution from the Mekong River with increasing differential setting of smectite.
Illite and chlorite are mainly formed by the physical erosion processes in the source regions under cold and arid climatic conditions (Chamley, 1989). Furthermore, illite and chlorite at Core MD05-2896 display a similar pattern over the last 45 ka (Figure 3). Based on their formation in the source regions and patterns during MIS 3, 2, and 1, illite and chlorite are generally similar to sediment sources (e.g., Liu et al., 2007b; Liu et al., 2008). Surrounding the southern South China Sea, the Mekong River and rivers in North Borneo are characterized by high illite (average 35% and 56%, respectively) and chlorite (average 26% and 25%, respectively) in sediments (Liu et al., 2007a; Liu et al., 2012). In North Borneo, strong physical erosion of parent rocks has been caused by active tectonic setting since the Mesozoic and especially the rapid uplift during the Oligocene-Miocene (Rangin et al., 1990; Hutchison, 2005) (Figure 2) and the abundant seasonal precipitation (Liu et al., 2012), yielding high illite and chlorite in river sediments. In the Mekong River basin, metamorphic and granitic parent rocks extensively occur in the eastern Tibetan Plateau under cold and dry climate conditions where illite and chlorite can be produced highly in weathering products (Liu et al., 2004) (Figure 2). Nevertheless, this studied area can receive primarily illite and chlorite from the Mekong River, with negligible contributions from rivers in North Borneo due to some probable evidence. First, rivers in North Borneo are characterized by small drainage areas, short length, and no significant sediment discharge, implying that they cannot contribute an essential amount of terrigenous sediments to this region (Figure 1). In contrast, the Mekong River drains a large catchment of 790,000 km2, supplying the highest amounts of terrigenous sediments to the southern South China Sea. Additionally, this river mouth is much closer to the location of Core MD05-2896 than those of rivers in North Borneo. These suggest a higher contribution from the Mekong River compared to rivers in North Borneo. Second, the illite chemistry index and illite crystallinity of marine sediments have been extensively employed to trace the source of illite in the South China Sea (Liu et al., 2007b; Liu et al., 2008; Liu et al., 2016; Jiwarungrueangkul et al., 2019a; Sang et al., 2019). Illite chemical index and illite crystallinity are determined by the type and intensity of weathering in river basins (Chamley, 1989), but they show no obvious trends between MIS 1, 2, and 3 in this study (Figure 3), implying significant relation to the source of illite instead of the chemical weathering process in the source regions. To elucidate a vital source of illite in this region, the illite chemistry index and illite crystallinity of Core MD05-2896 are plotted compared with those of referred Cores MD01-2393, MD97-2150, and SO18383-3 and potential sources (Figure 6). Most of the samples at Core MD05-2896 are close to the Mekong River samples, while they display long distances with other potential sources, especially rivers in North and West Borneo. Additionally, illite at Cores MD01-2393, MD97-2150, and SO18383-3 is provided chiefly by the Mekong River (Liu et al., 2004; Jiwarungrueangkul et al., 2019b), but their samples are less close to the Mekong River samples than those of Core MD05-2896. The Mekong River is, therefore, the most significant source of illite and chlorite in the studied region.
[image: Figure 6]FIGURE 6 | Correlation plot of illite chemistry index and illite crystallinity. The sediment samples of Core MD05-2896 are distinguished between the Holocene and the Pleistocene. Surrounding river samples in the Mekong River, Borneo, Sumatra, the Malay Peninsula, and Thailand for potential sediment sources (Liu et al., 2007a; Liu et al., 2012; Liu et al., 2016) and sediment samples at referred Cores MD01-2393, MD97-2150, and SO18383-3 (Liu et al., 2004; Jiwarungrueangkul et al., 2019b) are plotted for comparison.
The formation of kaolinite usually relates to monosialitization of parent rocks, characterizing intensive chemical weathering (Chamley, 1989). Kaolinite is easily formed by parent rocks enriched in alkali and alkaline elements (e.g., granite, granodiorite, and intermediate-acid volcanic rocks) under warm and humid climates. In the potential source regions, kaolinite abundantly occurs in river sediments from the Malay Peninsula (average 80%), Sumatra (average 57%), West Borneo (average 47%), Thailand (average 32%), and the Mekong River (average 28%) (Liu et al., 2007a; Liu et al., 2012). However, the Mekong River can be the most important potential source of kaolinite at Core MD05-2896 (average 16%) due to its location and sediment discharge, as well as the differential setting tendency of kaolinite in saline water. Paleozoic-Mesozoic sedimentary rocks (i.e., mudstone, sandstone, and limestone, interbed with andesitic-rhyolitic volcanic rocks) and Paleozoic-Mesozoic granite and granodiorite rocks in the Malay Peninsula easily form kaolinite under warm and humid East Asian-Australian monsoon climate and stable tectonics since the Mesozoic (Hutchison, 1968; Sultan and Shazili, 2009; Liu et al., 2012) (Figure 2). In Sumatra, the majority of Quaternary intermediate-basic volcanic rocks highly yield kaolinite in weathering products under the strong influence of the monsoon climate with the warm temperature and dominant precipitation because of the well-developed monosialitization (Liu et al., 2012) (Figure 2). The monosialitiation of intrusive and volcanic rocks in West Borneo produces high kaolinite in river sediments under the warm and humid monsoon climate. In Thailand, parent rocks mainly contain granite, granodiorite, and intermediate-acid and basic volcanic rocks, which are undergone warm and humid climate conditions, producing high kaolinite in river sediments (Liu et al., 2016) (Figure 2). However, kaolinite tends to deposit close to its sources because it is a relatively large size (0.5–8.0 µm in diameter) and strongly flocculated in alkaline seawater (Gibbs, 1977; Johnson and Kelley, 1984; Patchineelam and Figueiredo, 2000). As a consequence, kaolinite is distributed highly in sediments from surrounding fluvial systems in the South China Sea (i.e., the Malay Peninsula, South China, central Vietnam, and West Borneo) (Liu et al., 2016), implying that kaolinite in this area can come mainly from proximal sources (i.e., the Mekong River) instead of remote sources (i.e., rivers in Borneo, Sumatra, the Malay Peninsula, and Thailand) (Figure 1). The Mekong River mouth is much closer to Core MD05-2896 and displays much higher terrigenous sediment contribution than those of other small rivers surrounding the southern South China Sea. Furthermore, more kaolinite in the Malay Peninsula, Sumatra, Thailand, and West Borneo should be supplied to the region during the Holocene because of increased southwesterly summer monsoon currents. Nevertheless, kaolinite displays lower content during the Holocene than during glacial MIS 2. Therefore, rivers in Sumatra, the Malay Peninsula, West Borneo, and Thailand can contribute kaolinite insignificantly to the studied site. It is then reasonable to conclude that the Mekong River is the main source of kaolinite transported to the Core MD05-2896. Variations of kaolinite proportions display a good positive correlation with those of illite and chlorite (Figure 3). This suggests that all these clay minerals derive from physical erosion processes of different parts of the Mekong River basin. According to Liu et al. (2004), kaolinite could originate from active erosion of inherited clays of ferrallitic soils in a lower part of the middle reach in the Mekong River basin. Additionally, kaolinite can be transported by reworking from the exposed continental shelf during the sea-level low-stand.
Smectite may be formed by the chemical weathering of volcanic rocks in the source regions, which contains basic materials such as Fe-Mg species and rhyolitic materials under warm and humid climate conditions (Chamley, 1989). Smectite is dominant in rivers from Thailand (average 42%), moderate in Sumatra rivers (average 19%), and low in West Borneo rivers (average 14%) and the Mekong River (average 11%) (Liu et al., 2007a; Liu et al., 2012). Nevertheless, the Mekong River emerges to play the most critical role in providing smectite to this studied area. Smectite displays the highest content in river sediments from Thailand due to the abundant basaltic lithology in these drainage systems under hot-warm climate conditions (Figure 2). However, rivers in Thailand do not yield much terrigenous sediments to the sea annually, and most of the terrigenous sediments are trapped within the Gulf of Thailand, and little exchange of clay minerals happens between gulf of Thailand and the southern South China Sea because of the strong clockwise surface circulation in the entrance region during the Holocene (Liu et al., 2016) (Figure 1). These imply that smectite in the region could not come mainly from rivers in Thailand. In Sumatra, the majority of Quaternary intermediate-basic volcanic rocks are considered potential parent rocks for producing moderate smectite in river sediments (Liu et al., 2012) (Figure 2). Furthermore, the occurrence of basic Tertiary volcanic rocks in West Borneo can produce smectite in river sediments, too, but these rivers contribute only minor terrigenous sediments to the sea. Kaolinite shows dominant contents in river sediments in Sumatra and West Borneo, but the increase of smectite is not associated with the increase of kaolinite (Figure 3). Additionally, the temperature is mostly stable in the tropical region (Warrier and Shankar 2009), and the winter monsoon primarily supplies the precipitation in tropical lands surrounding the southern South China Sea, implying that the enhanced winter monsoon may bring much more precipitation to those regions (Sun et al., 2002; Hu et al., 2003; Wang et al., 2009). These climatic conditions allow parent rocks in these tropical regions to produce more smectite in weathering products during the last glacial period. Nevertheless, smectite at Core MD05-2896 displays lower values during the last glacial period (MIS 2) than during the Holocene (MIS 1) (Figure 3). These suggest that rivers in Sumatra and West Borneo cannot provide a valuable amount of smectite to this region. Therefore, rivers in Thailand, Sumatra, and West Borneo can transport only negligible amounts of smectite to the studied area, and smectite at Core MD05-2896 mainly originates from the Mekong River. Sediments in the Mekong River are characterized by low smectite, but this river can be sufficiently a source for smectite of Core MD05-2896 due to the close relationship between the differential setting effect of smectite in more saline and distal waters and the South China Sea basin-wide clay mineral distribution (Liu et al., 2016). Smectite in this region can be weathering products of parent aluminosilicate and ferromagnesian silicates in the middle to lower reaches of the Mekong River under warm and humid climate conditions (Liu et al., 2004) (Figure 2).
5.1.2 Evidence From Sr-Nd Isotopes
Bulk terrigenous sediments of Core MD05-2896 display high 87Sr/86Sr ratios and low εNd values (Table 1), indicating that terrigenous sediments in this region can come mainly from old continental materials. Sr-Nd isotopic compositions in weathering products depend on crustal domains and tectonic backgrounds (Mclennan et al., 1990; McLennan and Hemming, 1992). Nd is more immobile than Sr during chemical weathering, suggesting that Nd can be enriched in weathering products, whereas Sr will be removed easily from parent rocks during chemical weathering. In addition, εNd values and 87Sr/86Sr ratios can be influenced by size fractions of the sediments, as decreased grain size of sediments can cause increased 87Sr/86Sr ratios, and εNd will be more radiogenic (Revel et al., 1996; Innocent and Fagel, 2000). Naturally, variations in Sr-Nd isotopic compositions of terrigenous sediments at Core MD05-2896 may depend on intensive chemical weathering and grain size fractions, but they are still helpful for tracing sediment provenance (e.g., Walter et al., 2000; Colin et al., 2006; Wei et al., 2012; Lupker et al., 2013; Wan et al., 2015; Wan et al., 2017).
To elucidate the terrigenous sediment provenance, Holocene and Pleistocene Sr-Nd isotopic compositions of Core MD05-2896 are plotted to compare with those of the potential sources and referred to Core MD01-2393 (Figure 7). Surrounding this region, 87Sr/86Sr ratios and εNd values of the Mekong River and rivers in Thailand are much close to those of Core MD05-2896 and surface sediments of these rivers are mainly weathering products of old continental materials. Taking into consideration the short distance of the Mekong mouth to the studied site and the huge sediment discharge of the Mekong River, we can hypothesize that the Mekong River is the main sedimentary source. Although 87Sr/86Sr ratios and εNd values of river sediments from Thailand also are quite close to those of the cores, these rivers can contribute insignificantly terrigenous sediments to the sea and their remote locations (Figure 1). Additionally, if rivers in Thailand would supply crucial amounts of terrigenous sediments to the region, rivers in the Malay Peninsula and Sumatra can also transport much fluvial sediments to this studied area. Nevertheless, rivers from the Malay Peninsula and Toba-volcanic rocks in southwestern Sumatra clearly show much different 87Sr/86Sr ratios and εNd values compared with those of the core. This suggests that rivers from these areas cannot be important sources of terrigenous sediments to the Core MD05-2896. As a result, rivers in Thailand cannot transport a significant amount of terrigenous sediments to the studied area. In addition, river sediments from North Borneo and these cores also differ in 87Sr/86Sr ratios and εNd values, suggesting terrigenous sediments offshore from the Mekong River cannot come significantly from rivers in North Borneo as well. As illustrated in Figure 7, the 87Sr/86Sr ratios and εNd values of Cores MD05-2896 and MD01-2393 are adjacent to each other, determining that these cores originate from the same source. Provenance analysis based on Sr-Nd isotopic compositions of Core MD01-2393 indicated that the Mekong River is considered the primary source of this core (Liu et al., 2005), suggesting this river also provides mainly terrigenous sediments of Core MD05-2896. The 87Sr/86Sr ratios and εNd values of the Holocene and Pleistocene samples of both cores are imbricated clearly, suggesting no change in terrigenous sediment sources since the late Pleistocene. Consequently, the Mekong River emerges as the most important source contributing bulk terrigenous sediments to the southern South China Sea without significant change in sediment sources during the late Quaternary. Furthermore, εNd shows little higher values during MIS 2 than MIS 3 and 1, implying that stronger physical weathering of parent rocks with more positive Nd isotopes in the eastern Tibetan Plateau during MIS 2 can provide more terrigenous sediments from the highland part to the Core MD05-2896. This hypothesis is consistent with provenance analysis based on clay mineralogy above, implying bulk and clay-fraction sediments are the same source and mainly originate from the Mekong River.
[image: Figure 7]FIGURE 7 | Correlation between εNd and 87Sr/86Sr isotopic compositions. The sediment samples of Core MD05-2896 are divided between the Holocene and the Pleistocene. Surrounding river samples in the Mekong River (Liu et al., 2007a), the Malay Peninsula and Thailand (Wu K. et al., 2021; Liu et al., unpublished), North Borneo (Liu et al., 2016), Toba-volcanic rocks in Southwest Sumatra (Chesner, 2012; Lai et al., 2021) for potential sediment sources and sediment samples at referred Core MD01-2393 (Liu et al., 2005) are plotted for comparison.
5.2 Effect of Sea-Level Change
Generally, global sea-level change can impact coastline configuration (i.e., location of estuary system) and offshore sediment transport concerning river power and marine forcing, causing sediment source changes and/or variations in terrigenous sediment discharge. Terrigenous sediment input to the southern South China Sea off the Sunda Shelf can be influenced strongly by sea-level changes (Steinke et al., 2008; Huang et al., 2016; Jiwarungrueangkul et al., 2019a), whereas the terrigenous sediment variations offshore from the Mekong River should be less sensitive to sea-level fluctuations. In this region, the significant sea-level rise was as much as 16 m from 14.6 to 14.3 ka at the meltwater pulse 1A (MWP-1A) (Hanebuth et al., 2000) (Figure 8), forming a rapid retreat of the Paleo-Chao Phraya River mouth toward the land, whereas there is no important change in the location of the Paleo-Mekong River estuary (Voris, 2000; Sathiamurthy and Voris, 2006) (Figure 1). This is due to the continental shelf at the Paleo-Mekong River mouth being characterized by a high gradient and not by large morphology (Tjallingii et al., 2010), making this paleo-river retreat insignificantly on the continental shelf during the MWP-1A. Furthermore, between 9.5 and 8.5 ka, Tjallingii et al. (2010) found a rapid migration of the Paleo-Mekong River mouth which was influenced by the enhanced rate of sea-level rise (25 mm/yr) from 34 to 9 m below the modern sea level corresponding to the sea-level jump of the meltwater pulse 1C (MWP-1C). Nevertheless, sea-level fluctuations may not greatly impact terrigenous sediment variations of sediment cores that are close to their sources (e.g., Liu et al., 2010; Wan et al., 2015; Sang et al., 2019). In comparison with sea-level fluctuations in this region, no important variations of clay minerals, major elements, and Sr-Nd isotopic compositions at Core MD05-2896 are observed evidently during the MWP-1A and -1C (Figures 3, 4), suggesting that the sea-level change may not have strongly affected the terrigenous sediment variations of the studied core over the last 45 ka. In addition, clay mineral assemblage and Sr-Nd isotopic compositions of Holocene and Pleistocene samples at the core are located adjacently (Figures 5, 7), indicating no obvious change in sediment sources under the effect of sea-level change since the late Pleistocene. These suggest that sea-level fluctuations cannot alter the overall trend of terrigenous sediment input in this region, and it only causes a trivial influence on terrigenous sediment variations. These hypotheses are also suitable for investigations on clay mineralogy and elemental geochemistry of Cores MD01-2393, MD97-2150, and SO18383-3 offshore from the Mekong River, which showed no apparent variations of terrigenous sediments under the impact of sea-level change during the MWP-1A and -1C (Liu et al., 2004; Liu et al., 2005; Colin et al., 2010; Jiwarungrueangkul et al., 2019b). Undoubtedly, the Mekong River still contributes large terrigenous sediments to this region without any significant changes in sediment sources and terrigenous sediment variations under the influence of sea-level fluctuations over the last 45 ka.
[image: Figure 8]FIGURE 8 | Comparison of smectite/(illite + chlorite), smectite/kaolinite, SiO2/K2O, and TiO2/K2O ratios of Core MD05-2896, with benthic foraminiferal C. wuellerstorfi δ18O records at Core MD05-2896 (Wan et al., 2020) and stalagmite δ18O records of the Hulu and Dongge Caves (Wang et al., 2001; Dykoski et al., 2005). Sea-level data are from Geyh et al. (1979), Waelbroeck et al. (2002), and Hanebuth et al. (2000); Hanebuth et al. (2009); Hanebuth et al. (2011). Dashed magenta lines indicate the meltwater pulses 1A (MWP-1A) (Hanebuth et al., 2000) and 1C (MWP-1C) (Tjallingii et al., 2010).
5.3 Chemical Weathering and East Asian Monsoon Evolution
Based on the provenance analysis above, the Mekong River is the dominant source of terrigenous sediments to the Core MD05-2896. In addition, sea-level fluctuations could not have significantly impacted terrigenous sediment variations of this core over the last 45 ka. This implies that terrigenous sediment variations of this core can relate intimately to the weathering processes in the source regions instead of sea-level changes in the southern South China Sea. Thus, clay minerals and major elements from this core can be used to investigate past changes in the chemical weathering intensity in the Mekong River basin. In Core MD05-2896, illite, chlorite, and kaolinite contents relatively present inverse correlations to smectite content (Figure 3), suggesting that they could be produced by different weathering processes in the Mekong River. In this basin, illite, chlorite, and kaolinite are derived from physical weathering and erosion, while smectite originates from chemical weathering. For these reasons, smectite/(illite + chlorite) and smectite/kaolinite ratios can be used as reasonable proxies for characterizing chemical weathering in the Mekong River basin (Figure 8). Thus, higher smectite/(illite + chlorite) and smectite/kaolinite ratios indicate enhanced intensive chemical weathering conditions, whereas lower ratios represent the weakened intensity of chemical weathering conditions.
In the source regions, the chemical weathering of the parent rocks generally motivates the enrichment of immobile elements (e.g., Al, Si, Ti, and Fe) and movement of mobile elements (e.g., Ca, Na, K, and Mg) in weathering products (Nesbitt et al., 1980) and their behavior can be conserved in terrigenous sediments in the sea (Clift et al., 2014; Liu et al., 2016). Based on the behavior of major elements during the chemical weathering on the Earth’s surface, the chemical index of alteration (CIA) (Nesbitt and Young, 1982), the weathering index of parker (WIP) (Parker, 1970), the plagioclase index of alteration (PIA) (Fedo et al., 1995), the index of compositional variability (CIW) (Harnois, 1988), A-CN-K and A-CNK-FM ternary diagrams (Nesbitt and Young, 1984; Nesbitt and Young, 1989), and their oxide ratios (e.g., Al2O3/K2O, SiO2/K2O, TiO2/K2O) have been widely utilized to identify the altered pathway and to evaluate the intensive chemical weathering in the source regions (e.g., Liu et al., 2004; Clift et al., 2014; Wan et al., 2015; Jiwarungrueangkul et al., 2019b; Sang et al., 2019). Nevertheless, the geochemical compositions of fluvial sediments are controlled by complex factors such as provenance geology, weathering and erosion processes, and hydrodynamic sorting (McLennan, 1993; Nesbitt et al., 1996; Garzanti and Resentini, 2016; Guo et al., 2018). Furthermore, the fluvial sediments in the large catchments may not be derived directly from the weathering of igneous rocks (i.e., first cycle) instead of recycled sedimentary rocks (Dellinger et al., 2014; Garzanti and Resentini, 2016). These imply that these weathering indices may reflect the integrated weathering history rather than the instantaneous weathering condition at the time of source-to-sink transport processes of fluvial sediments and these indices should be applied carefully to investigate the weathering history in a specific catchment. Examining Figure 4, variations in Al2O3, Fe2O3, TiO2, and SiO2 contents don’t display similar patterns over the last 45 ka, and variations in Na2O, K2O, CaO, and MgO contents also show different trends during MIS 3, 2, and 1. This may indicate that not all of these elemental oxide variations at this studied core relate significantly to the intensity of chemical weathering in this basin. Additionally, stronger physical erosion of inherited clays of ferrallitic soils in a lower part of the middle reach in the Mekong River basin could provide higher Al2O3 in fluvial sediments during MIS 2 than during MIS 3 and 1 (Figure 4). This event may impact CIA, WIP, PIA, and CIW values and Al2O3/mobile element oxide ratios, indicating that these proxies could not display temporal changes in the intensive chemical weathering of the Mekong River basin over the last 45 ka.
In Core MD05-2896, variations in TiO2 and SiO2 contents inversely correlate to K2O content (Figure 4), indicating that these elements relate to chemical weathering intensity in the Mekong River basin. SiO2 and TiO2 are relatively resistant to weathering (Nesbitt and Young, 1982; Wei et al., 2003), and they are mainly the terrigenous detrital origin of secondary minerals, including clay minerals in marine sediments (Zhang et al., 2002; Bastian et al., 2017). In contrast, K2O is highly mobile during weathering processes, implying easy depletion in weathering products (Nesbitt et al., 1980; Condie et al., 1995). Based on the behavior of immobile elements (i.e., Si4+ and Ti4+) and mobile elements (i.e., K+) during chemical weathering, SiO2/K2O and TiO2/K2O ratios can be used to reconstruct the intensity of chemical weathering in the source region. Variations in SiO2/K2O and TiO2/K2O ratios of Core MD05-2896 show similar changes over the last 45 ka (Figure 8), and an increase in these ratios indicates strengthened chemical weathering, while a decrease in the ratios suggests weakened chemical weathering.
During the last glacial MIS 3, the Mekong River basin is characterized by slightly strengthened chemical weathering, indicated by higher smectite/(illite + chlorite) (0.8–1.8) and smectite/kaolinite (2.0–4.2), but negligibly increased SiO2/K2O (16.9–17.9) and TiO2/K2O (0.2–0.24) ratios. Variations in these weathering proxies display a correspondence with benthic foraminiferal C. wuellerstorfi δ18O records at Core MD05-2896 (Wan et al., 2020) and the stalagmite δ18O records of Hulu Cave (Wang et al., 2001). After this period, the mineralogical proxies displayed evidently lower values, whereas the elemental ratios displayed unclear decreased values, implying that the degree of chemical weathering between the last glacial MIS 3 and MIS 2 are the unobvious difference and the clay mineralogical proxies may be more sensitive with variations in intensive chemical weathering than the elemental proxies.
During the last glacial MIS 2, the lowest values of 0.5–1.4 smectite/(illite + chlorite) and 1.2–3.2 smectite/kaolinite ratios, while no distinct decreased 17.0–17.8 SiO2/K2O and 0.23–0.24 TiO2/K2O ratios indicated the weakest chemical weathering in the Mekong River basin. SiO2/K2O and TiO2/K2O ratios during this period displayed trivial lower values than the last glacial MIS 3, implying no significant weakened chemical weathering during this period. Owing to the geochemistry of K being complicated, it is enriched in weathering products under moderate chemical weathering of the parent rocks in the source regions, while depleted under more intensive chemical weathering (Balxland, 1974; Condie et al., 1995; Nesbitt et al., 1980; Nesbitt et al., 1997). The decrease in chemical weathering correlates well to a weak monsoon intensity during this period reaching maximum values in the benthic C. wuellerstorfi δ18O records at Core MD05-2896 and the stalagmite δ18O records of the Hulu Cave and the Dongge Cave (Dykoski et al., 2005). At the end of this period, the mineralogical and elemental proxies displayed increased trends, suggesting enhanced chemical weathering in the source region with higher smectite and immobile elements (i.e., Si, Ti) in weathering products, while less abundance of illite, chlorite, and kaolinite, as well as stronger leaching of mobile elements (i.e., K).
During the Holocene (MIS 1), the East Asian monsoon displays strengthened summer monsoon and weakened winter monsoon, causing higher precipitation and hot-warm temperature in the source regions (Wang et al., 2001; Dykoski et al., 2005). In the Mekong River basin, the climatic setting is significantly controlled by the East Asian monsoon (Webster, 1994; Chu and Wang, 2003), suggesting that this river basin could be characterized by hot and warm climate conditions during the Holocene. The Mekong River basin has experienced strengthened chemical weathering as indicated by the increasing 0.67–1.8 smectite/(illite + chlorite), 1.7–4.3 smectite/kaolinite, 17.2–19.2 SiO2/K2O, and 0.2–0.3 TiO2/K2O ratios.
The mineralogical proxies (smectite/(illite + chlorite) and smectite/kaolinite) and the geochemical proxies (SiO2/K2O and TiO2/K2O) for chemical weathering characterization of Core MD05-2896 in the southern South China Sea are effective indicators for reconstructing the history of chemical weathering in the Mekong River basin and the relationship between weathering process and East Asian monsoon evolution (Figure 8). In general, the smectite/(illite + chlorite), smectite/kaolinite, SiO2/K2O, and TiO2/K2O ratios showed an evident cyclicity with higher values during the last glacial MIS 3 and the Holocene (MIS 1), while the lower values during the last glacial MIS 2. Variations in these mineralogical and geochemical proxies present a close correlation to the benthic C. wuellerstorfi δ18O records at Core MD05-2896 (Wan et al., 2020) and the stalagmite δ18O records of the Hulu Cave (Wang et al., 2001) and the Dongge Cave (Dykoski et al., 2005). These suggest that the chemical weathering in the Mekong River basin has been strongly forced by the East Asian monsoon evolution over the last 45 ka. The last glacial MIS 3 and the Holocene MIS 1 are characterized by warm and humid climatic conditions, which facilitate strengthened chemical weathering in the Mekong River basin, yielding more secondary clay minerals (i.e., smectite) and enrichment of immobile elements (i.e., Si, Ti) in weathering products. On the contrary, the last glacial MIS 2 corresponds to cold and dry climatic conditions, causing weakened chemical weathering with higher occurrences of primary clay minerals (i.e., illite, chlorite) and mobile elements (i.e., K) in weathering profiles. As the 7th largest river in the world and the largest river in Southeast Asia, the Mekong River transports huge amounts of terrigenous sediments to the South China Sea under the strong influence of the East Asian monsoon. In this basin, source-to-sink transport processes of fluvial sediments highly relate to the weathering process and monsoon evolution. This study revealed the chemical weathering in the Mekong River basin and its relationship with the East Asian monsoon during the late Quaternary that can boost our understanding of the Earth’s surface and monsoon evolution as well as the complex interaction between continental chemical weathering and climatic conditions globally, especially in South China and Southeast Asia regions.
6 CONCLUSION
Clay mineralogy, major-element geochemistry, and Sr-Nd isotopic compositions of Core MD05-2896 are employed to study the discrimination of sediment provenance in the southern South China Sea and to reconstruct a history of chemical weathering in the Mekong River basin over the last 45 ka. The research conclusions are as follows:
1) The clay mineral assemblage of Core MD05-2896 contains predominant smectite (27%–56%) and illite (18%–32%), with moderate kaolinite (13%–23%) and chlorite (11%–18%). 87Sr/86Sr ratios and εNd values of Core MD05-2896 narrowly vary from 0.7232 to 0.7272 (average 0.7250) and from −10.9 to −9.6 (average −10.4), respectively.
2) Clay mineralogy and Sr-Nd isotopic composition results indicate that the Mekong River is the primary terrigenous sediment source supplying to the southern South China Sea with no obvious change in sediment sources, despite significant sea-level fluctuations over the last 45 ka.
3) Smectite/(illite + chlorite), smectite/kaolinite, SiO2/K2O, and TiO2/K2O ratios can be valuable proxies for reconstructing the history of chemical weathering in the Mekong River basin. An increase in smectite/(illite + chlorite), smectite/kaolinite, SiO2/K2O, and TiO2/K2O ratios indicates strengthened chemical weathering, whereas the decrease in these ratios suggests weakened chemical weathering. This study displays enhanced chemical weathering during the last glacial MIS 3 and the Holocene (MIS 1), while weakened chemical weathering during the last glacial MIS 2 in the Mekong River basin.
4) Variations in smectite/(illite + chlorite), smectite/kaolinite, SiO2/K2O, and TiO2/K2O ratios significantly relate to the climate records, implying that the chemical weathering history of the Mekong River basin is principally controlled by the East Asian monsoon evolution over the last 45 ka.
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The central Yellow Sea Mud (CYSM) is a vital part of the coastal sand and distal mud depositional system in the South Yellow Sea (SYS). Previous studies concerning the sedimentary evolution of this area have almost exclusively concentrated on its interior during the Holocene instead of its periphery. In this study, we used a sediment core (H10), with a significantly slow sedimentary rate, to reconstruct the sedimentary evolution at the east edge of the CYSM since MIS3a (∼45 kyr). This mainly involved using detrital minerals, the chemical compositions of garnet, and grain size. The provenance of coarser sediments has remarkable Yellow River-derived characteristics, especially during MIS2 and MIS1. The sedimentary evolution was primarily controlled by hydrodynamic regimes accompanied by changes in relative sea levels (RSLs) and climates. During MIS3a, frequent RSL fluctuations and powerful tidal current erosion were responsible for two facie shifts from the neritic sea to the shore and the lower sedimentary rate in the study area. A paleo-cold water mass and muddy deposition occurred during the high RSL stages with authigenic pyrite enrichment. During MIS2, the paleo-Yellow River was distributed on the SYS and flowed through the study area. Fluvial deposition on the shelf may be eroded by the strong winter monsoon, with an extremely dry and cold climate. Since ∼9.6 kyr, intense hydrodynamic regimes, which were induced by tidal current and upwelling, were responsible for the very much thin deposition, and coarser sediments remained in the study area. Notably, combined with previously studied cores, a much more detailed and intuitional cognition for CYSM formation can be obtained via our special perspective: mud periphery. This study elucidates the sedimentary system evolution and mud area formation of continental shelf seas.
Keywords: sedimentary evolution, provenance, central Yellow Sea Mud, detrital minerals, garnet
1 INTRODUCTION
The South Yellow Sea (SYS), a typical semi-enclosed epicontinental sea of the western Pacific, has an area of 3.09 × 105 km2, with an average water depth of 46 m and a maximum water depth of 140 m and is surrounded by the Chinese mainland and Korean peninsula (Figure 1; Qin et al., 1989). As one of the broadest continental shelf units in the world, the SYS receives abundant terrestrial sediments on its gentle slope and is characterized by its complex geomorphology, varied sedimentary environment, intricate ocean current patterns, and diverse marine organisms (Qin et al., 1989; Yang et al., 2003; Gao and Collins, 2014; Li et al., 2016). Under changes in relative sea-level (RSL), climate, and ocean environment, both the sediment supply from multiple sources and hydrodynamic conditions of the SYS varied remarkably during the late Quaternary. This gave rise to region-specific evolution of the sedimentary environment, thereby promoting the formation of a complicated coastal sand and distal mud depositional system in the Holocene. This system includes sandy deposits in Haizhou Bay, tidal sand ridges off the Jiangsu and Korean coasts, silty submerged deltas off the Shandong peninsula and old Yellow River mouth, and muddy patches in the central Yellow Sea and the coast of the Korean peninsula (Shi et al., 2012; Gao and Collins, 2014). Therefore, studies on the late Quaternary evolution of the sedimentary environment of this system in the SYS have never ceased, especially on the Central Yellow Sea Mud (CYSM) (Figure 1; Alexander et al., 1991; Park et al., 2000; Liu et al., 2002, Liu et al., 2004; Yang and Liu, 2007; Yang and Youn, 2007; Xiang et al., 2008; Li et al., 2014b; Liu et al., 2014a; Lim et al., 2015; Mei et al., 2016; Hu et al., 2018). The CYSM comprises the largest mud patch on the East China continental shelf and contains abundant information regarding the sea level and climate change, terrestrial sediment supply, hydrodynamic regime, and paleo-environmental evolution.
[image: Figure 1]FIGURE 1 | Locations of sediment cores in the central Yellow Sea mud (CYSM) (Supplementary Table S1, modified from Wang et al., 2014b; new core H10 is marked by a red dot) and regional circulation pattern (modified from Li et al., 2016). The orange lines indicate warm current systems, whereas blue lines indicate cold coastal currents. YSWC, Yellow Sea Warm Current; TWC, Tsushima Warm Current; YSCC, Yellow Sea Coastal Current; KCC, Korean Coastal Current; SDCC, Shandong Coastal Current; LDCC, Liaodong Coastal Current; YST, Yellow Sea Trough; and SCJM, southwest Cheju Island mud.
However, the majority of researchers have reconstructed the sedimentary evolution of the CYSM during the Holocene, using the records of clay minerals, magnetics, and the element and isotope geochemistry of fine sediments from the interior of the CYSM (Park et al., 2000; Xiang et al., 2008; Li et al., 2014b; Lim et al., 2015; Hu et al., 2018). Few studies have focused on the sedimentary evolution at the periphery of the CYSM, which is important not only for enriching our knowledge of the sedimentary evolution of the coastal sand and distal mud deposit system of the marginal sea but also for systematically understanding the formation process and mechanism of the mud area.
Clarifying sediments provenance is the precondition and requirement to explicating sedimentary evolution (Morton and Hallsworth, 1994; Huang et al., 2019). Detrital mineral composition and distribution patterns are significant not only for provenance studies (Morton and Hallsworth, 1994) but also for indicating transport processes, hydrodynamic conditions, stratigraphic correlations, sedimentary characteristics, and changes in RSL (Morton and Hallsworth, 1999; Sevastjanova et al., 2012). In particular, authigenic minerals have specific functions to indicate their sedimentary environment (Mange and Morton, 2007; Chen, 2008). In general, provenance signals recorded in detrital minerals can be altered by weathering, hydrodynamic sorting, mechanical breakdown, and burial-diagenesis (Mange and Maurer, 1992; Morton and Hallsworth, 1999; Garzanti et al., 2008). However, the ratio of detrital minerals with similar morphology, specific gravity, and other properties remains essentially invariable under complex hydrodynamic effects, long-distance transport, and weathering erosion. This largely eliminates the influence of non-physical factors and reflects the provenance information more realistically. Moreover, single-mineral geochemistry has proven to be a particularly useful tool in provenance analysis because it minimizes the effect of weathering and transport processes more in provenance studies compared to the tools of detrital mineral assemblage and ratio (Mange and Morton, 2007). Many single minerals, such as garnet, zircon, rutile, and amphibole, to mention a few, have been successfully used in provenance studies (Morton, 1985; Sabeen et al., 2002; Morton et al., 2004; Takeuchi et al., 2008; Krippner et al., 2014). Therefore, compared with traditional detrital mineral assemblage, choosing a reasonable detrital mineral ratio and a single mineral can effectively recover the provenance of sediments.
Here, a sediment core H10, which was collected from the east edge of the CYSM, was used to reconstruct the sedimentary evolution in this area over the past 45 kyr using data on detrital minerals, single-mineral geochemistry, and grain size. Compared with past relevant studies, this study encompasses several unusual features: 1) the sediment core H10, with a length of 216 cm and an age of 45 kyr, had a surprisingly low sediment rate (SR = 4.71 cm/kyr), a feature hardly reported in previous studies on the CYSM, 2) due to the long time span, we revealed the sedimentary evolution since the Marine Isotope Stage (MIS) 3a (not limited to the Holocene) and identified the existence of the paleo-Yellow River, 3) an original diagram of heavy mineral ratios and a classical garnet ternary diagram were used for provenance studies, which greatly reduced the influence of non-physical factors, and 4) using previous sedimentary records, this study provided a clear and intuitional cognition for the formation of the CYSM from a special perspective: mud periphery.
2 MATERIALS AND METHODS
2.1 Description of the Sediment Core
Sediment core H10, which has a length of 216 cm at a water depth of 81 m, was drilled near the west side of the Yellow Sea Trough (YST) bottom by a piston corer in 2016 (Figure 1). Coincidently, the core is located on the east edge of the CYSM (124°00ʺE, 35°00ʺN). According to the appearance of caliche nodules at the layer of 98–101 cm, fragmentized shells at 25–28 cm, and other sedimentary features, the core can be visually divided into three sections (Figure 2A): the lower section (216–103 cm) is characterized by dark gray sediments and plenty of clay–silt interbeds, the middle section (103–28 cm) contains dark yellowish-brown sandy sediments, and the upper section (28–0 cm) is mainly composed of yellowish-brown fine sediments and has a higher water concentration. Detailed identification of the shells verified that they belong to Mya arenaria, a kind of benthic shellfish that lives in a temperate zone, prefers to inhabit shallow coastal waters and is widely distributed in the Yellow Sea and Bohai Sea (Qin et al., 1989). In addition, the rough outer surfaces of the shells are covered by yellowish-brown skin (Figure 3A). The caliche nodules are yellowish-brown in appearance, gray on the interior, and lumpy in shape with a high psephicity (Figure 3B). The sediment sub-sampling intervals for grain size analysis and detrital mineral identification are 1 and 4 cm, respectively. Apart from measurements of the accelerator mass spectrometry (AMS) 14C dating and stable carbon isotope (δ13C), other analyses were performed at the Key Lab of Submarine Geosciences and Exploring Technique, Ocean University of China.
[image: Figure 2]FIGURE 2 | Composite histogram of core H10 deposition (A–G, a–c).
[image: Figure 3]FIGURE 3 | Shells at 25–28 cm (A) and caliche nodules at 98–100 cm of (B) core H10.
2.2 AMS 14C Dating and δ13C Measurements
The shells of M. arenaria, caliche nodules, and fresh mixed-species benthic Foraminifera from three horizons were selected for AMS 14C dating measurement by the Beta Analyses Company, United States (Table 1). After eliminating the effect of the regional carbon reservoir (ΔR = −81 ± 60), the conventional radiocarbon ages were corrected to calibrated calendar years by the program Calib 7.1 with Marine 13 calibration curves (Reimer et al., 2013). The calibrated age unit (cal. kyr BP) in this study is abbreviated as kyr. The values of δ13C were analyzed by using a Thermo Scientific isotope ratio mass spectrometer, with a standard deviation of ±0.3‰ and can be used to identify the terrestrial and marine carbonate (Keith and Weber, 1964).
TABLE 1 | AMS 14C dating and stable carbon isotopic (δ13C) data of the H10 core.
[image: Table 1]2.3 Grain Size Analysis
The grain size of 216 sub-samples was measured by using a Malvern Mastersizer 2000 laser particle analyzer (Malvern, Inc., United Kingdom) at a measurement range of 0.02–2000 μm and a size resolution of 0.01 φ. The procedure was as follows: 0.5–1 g of sediments were placed into 50 ml beakers, then pretreated with 5 ml 30% H2O2, and 15 ml 0.5 mol/L HCl for 24 h to remove organic matter and carbonate, respectively. After ultrasonic dispersion, the samples were tested by using an analyzer whose measuring error was within 3%.
2.4 Detrital Mineral Analysis
According to the grain size, 20–100 g of dried sediment was placed into a beaker with water added (NaPO3)6 to disperse the samples sufficiently. Subsequently, the very fine sand-sized fraction (63–125 μm) was extracted by wet sieving before it was dried and weighed. After using bromoform as a separation liquid (density 2.89 g/cm3), the light and heavy minerals were collected and weighed. The identification of detrital minerals was carried out under an Olympus SZ61 stereomicroscope and SZX51 polarizing microscope through the oil immersion method, microchemistry experiment, and electron probe analysis. According to the ribbon method, 54 sub-samples were identified (Galehouse, 1971). More than 300 light mineral particles and 400 heavy mineral particles were counted for each sample, and the grain percentage (%) of each mineral species was calculated.
2.5 Chemical and End-Member Compositions of Garnets
A total of 32, 44, 32, 73, 68, and 56 garnet grains in the layers 8–9 cm, 48–49 cm, 84–85 cm, 132–133 cm, 172–173 cm, and 212–213 cm, respectively, were selected and analyzed using a JXA-8230 electron probe with silicate and oxide standard samples from the SPI Company, United States. The test conditions were as follows: 15 KV acceleration voltage, 20 nA probe current, and 20 s test time for various elements. The experimental accuracy of major elements was better than 1%, and that of trace elements was better than 5%.
Garnet, a group of cubic nesosilicate minerals, has 14 end-member compositions altogether (Grew et al., 2013). The most common end-member species are almandine, pyrope, spessartine, and grossular. Natural garnet generally consists of a solid solution of these end-members in highly varying proportions (Krippner et al., 2014). According to the weight percentage of each oxide in garnet (the value of Fe2O3 is calculated by charge balance) and coordination numbers of oxygen atoms (cation coefficient calculated by 12 oxygen atoms), the end-member compositions of each garnet grain and their percentages were calculated.
3 RESULTS
3.1 Chronology and Sedimentary Rates
The results of the conventional radiocarbon ages, calibrated calendar years, and δ13C for eight samples are listed in Table 1. The caliche nodule has very negative δ13C (−12.2‰), which indicates that the nodule is formed under freshwater conditions (Keith and Weber, 1964), and likely inherited features from ancient terrestrial materials. Therefore, its age (∼40 kyr) should be omitted. Conversely, the ages of one shell and six foraminifer samples are effective to establish the chronological framework. Hence, the SRs of 212–171, 171–118, 118–28, 28–19, 19–14, 14–7, and 7–0 cm layers are 4.4, 8.0, 4.6, 3.3, 3.1, 2.8, and 2.4 cm/kyr, respectively (Figure 2B).
The entire core, which has a length of 216 cm, was determined to be 45 kyr, giving it the low average SR of 4.7 cm/kyr. Particularly, the averaged SR of 2.9 cm/kyr in the Holocene is significantly slower than those sites lying in the inner and west regions of the CYSM (Figure 1; Supplementary Table S1), such as 114.5 cm/kyr for core YS01A (Wang et al., 2014b), 73.2 cm/kyr for core YE-2 (Xiang et al., 2008), 54.2 cm/kyr for core YSC-4 (Li et al., 2014b), 50.2 cm/kyr for core YSC-1 (Hu et al., 2018), 44.1 cm/kyr for core NHH01 (Liu et al., 2014a), 36.5 cm/kyr for core YK07 (Alexander et al., 1991), and 13.3 cm/kyr for core EY02-2 (Zhuang et al., 2002).
3.2 Variations of Grain Size and Deposit Units
The mean grain size (Mz) of the H10 core varies acutely, ranging from 5.6 to 59.5 μm, with an average value of 25.0 μm. According to the vertical variation of the grain size (Figures 2C,D) and its lithological characteristics (Figure 2A), the core can be divided into three deposit units (DU): DU3 (216–103 cm), DU2 (103–28 cm), and DU1 (28–0 cm). The average Mz of DU3, DU2, and DU1 are 20.8, 34.2 μm, and 17.4 μm with features of dramatic fluctuation, relative stabilization, and gradually diminution, respectively (Figure 2C). The proportions of sand, silt, and clay in DU3 are 22.8, 58.4, and 18.8%, respectively. In DU2, they are 38.2, 50.2, and 11.6%, and in DU1, they are 27.7, 47.7, and 24.6%, respectively (Figure 2B). The vertical variations of the three fractions in each section are similar to their Mz. Moreover, the typical grain size frequency curves are characterized by diverse non-normal unimodal curves in DU3, uniform remarkable unimodal curves in DU2, and similar multimodal curves in DU1 (Figures 2A–C).
3.3 Variations of Detrital Minerals
The content of detrital minerals (i.e., very fine sand fraction of 63–125 μm) is 6.8% on average, ranging from 0.6 to 18.5%, with a variation similar to the grain size (Figures 2C,D, 4A). There are more than 40 kinds of heavy minerals, even though their proportion reaches as low as 2.7%, with fluctuating change (Figure 4B). In this study, we focused on heavy minerals, authigenic minerals, and Foraminifera. Heavy minerals mainly include those that have potential implications for sedimentary facies, hydrodynamic conditions, and sediment provenance.
[image: Figure 4]FIGURE 4 | Depth versus major heavy minerals content (A–J) in core H10 (detailed data in Supplementary Table S2).
3.3.1 Major Heavy Minerals
Both hornblende and epidote are the primary species of unstable heavy minerals, and their average contents are 39.6 and 17.2%, ranging from 26.8 to 48.2% and from 10.8 to 24.5%, respectively (Figures 4D,E).
Metallic minerals, except for authigenic pyrite, include ilmenite, magnetite, limonite, hematite, and leucoxene. Their average content is 10.0%, ranging from 4.9 to 23.5% (Figure 4F).
The flake heavy minerals are mainly composed of flaky biotite, muscovite, and weathered mica, with the exception of the occasional appearance of thick-plate biotite. Their content is 3.9% on average with a large range of 0%–15.1% and exhibits an undulating descent, which is characterized by a higher average value of 5% in DU3, followed by 3.3% in DU2, and 1.5% in DU1, with dramatic, moderate, and slight fluctuation, respectively (Figure 4G).
Stable minerals mainly include garnet, sphene, apatite, tourmaline, and zircon. Their average content is 9.1%, with a range of 2.9%–14.4%. Among the stable minerals in the H10 core, sphene and garnet are the primary species, accounting for 5.8 and 2.1% of total heavy minerals on average, respectively. Their changes in content are noted, which is increasing gradually from bottom to top (Figures 4H–J).
The heavy mineral maturity, which is the ratio of stable minerals to unstable minerals, is widely used to reflect the weathering degree and transporting distance of minerals from source to sink. From bottom to top, its value gradually increases with a mean value of 16.1 (Figure 4C).
3.3.2 Authigenic Minerals and Foraminifer
The authigenic pyrite, authigenic glauconite, and foraminifer exhibit three-stages of variation (Figures 2E–G), which correspond to the variations in sedimentary characteristics and grain size (Figures 2A,C,D).
The content of authigenic pyrite varies from 0 to 14.3%, with an average of 2.8%. It is significantly more abundant in the DU3 than in DU2 and DU1. The content of this mineral in DU3 presents an acutely fluctuant decrease with an average value of 2.80%. Conversely, DU1 contains barely 0.82%, and it is nearly absent in DU2 (Figure 2E).
Authigenic glauconite, which belongs to light mineral, mainly appears in DU3 and DU1, exhibiting a gentle decrease to disappearance and an abrupt increase in its content, with average values of 0.22 and 0.80%, respectively. Meanwhile, in DU2, this mineral almost disappears, and only occasionally exists in some horizons with much lower proportions (Figure 2F).
The Foraminifera content varies from 0 to 9.03%, with an average of 1.35%. These values are calculated by the percentage of the number of Foraminifera particles in the total number of detrital minerals particles. It is relatively abundant and fluctuates remarkably in DU3 with an average content of 2.45%, whereas it is as low as 0.54% in DU1 and almost disappears in DU2 (Figure 2G).
3.4 End-Member Compositions of Garnet
The garnet herein, commonly composed of almandine, pyrope, spessartine, and grossular in end-member compositions, generally exhibits a two-stage variation from 216 to 103 cm to the surface (Figure 5A). The average proportions of these four end-member compositions for the entire sediment core are 68.2, 22.9, 5.7, and 3.3 mol%, respectively, as calculated by the analyzed chemical compositions, which mainly included SiO2, FeO, Al2O3, MgO, CaO, MnO, TiO2, and Cr2O3 (Supplementary Table S3). The average proportions of almandine at six layers are approximately equal to each other, with a narrow range of 67.3%–69.0%. Conversely, the averaged proportions of pyrope, grossular, and spessartine across the six layers varied obviously, with ranges of 20.7%–25.0%, 3.9%–8.3%, and 2.5%–4.2%, respectively (Figures 5B,C).
[image: Figure 5]FIGURE 5 | End-member compositions of garnet at six horizons (A–C) of core H10 and the relative contributions of garnet sources (D) in different sedimentary deposit units.
4 DISCUSSION
4.1 Provenance Evolution of Detrital Minerals
4.1.1 Potential Sources of the Sediment in the SYS
In general, the potential sources of sediments from the central SYS include the Yellow River, Yangtze River, small rivers in the Korean and Shandong peninsulas, and eroded products from the coasts and seabed. Previous research has demonstrated that the Yangtze River and the Yellow River are the predominant sediment contributors to the central SYS (Milliman et al., 1985, Milliman et al., 1987; Alexander et al., 1991; Park et al., 2000; Liu et al., 2002; Yang et al., 2003; Yang and Liu, 2007; Yang and Youn, 2007), and even for the previously deposited and afterward eroded sediments on the seabed (Qin et al., 2018). The sediment supplies from the smaller rivers in the Korean Peninsula are only deposited, however, to the east of 125°E of the SYS under the action of the Korean coastal current (Cho et al., 1999). Recent studies proved that the eroded materials along the coasts and outputs from the smaller rivers in Shandong peninsula are probably the additional contributors to the SYS (Liu et al., 2017, Liu et al., 2022). Thus, the materials from the Yellow River, Yangtze River, and Shandong peninsula can be reasonably considered to be the potential sources of the sediments in core H10.
4.1.2 Qualitative Discrimination of Provenances Using Heavy Mineral Ratios
As previously mentioned, detrital mineral ratios are a more effective method for provenance discrimination. The Yellow River is characterized by more hornblende and garnet, while the Yangtze River contains more epidote and sphene (Wang et al., 2007; Jin et al., 2019). There are similar qualities between hornblende and epidote, as well as garnet and sphene. Thus, the garnet/sphene–hornblende/epidote (GS-HE) diagram can be established as a new method for provenance discrimination.
The GS–HE diagram shows that the DU1 and DU2 dots are both from the Yellow River range, wherein the latter is closer to the Yellow River than the former. Meanwhile, the DU3 dots display a wide distribution, most of which signal a nearness to the Yellow River, and some of which are between the Yangtze River and Yellow River (Figure 6). Therefore, the source of detrital minerals in DU3 is determined to be greatly affected by the Yellow River but is also mixed with some of the Yangtze River’s materials, while the provenance in DU2 and DU1 is mainly controlled by the Yellow River. In addition, the heavy mineral assemblage in DU2 is very similar to loess (He et al., 1997), and ∼90% of the Yellow River sediments are derived from the Loess Plateau (Ren and Shi, 1986), which further confirms the irreplaceable contribution of the Yellow River in DU2.
[image: Figure 6]FIGURE 6 | GS–HE provenance discrimination diagram of core H10. Data regarding the Yellow River and Yangtze River are from Jin et al. (2019) and Wang et al. (2007), respectively. GS, garnet/sphene (Grt/Spm); HE, hornblende/epidote (Hbl/Ep).
4.1.3 Semi-Quantitative Discrimination of Provenances Using End-Member Compositions of Garnet
Single-mineral geochemistry has proven to be a particularly useful tool in provenance analysis (Mange and Morton, 2007). In particular, garnet, which is controlled by provenance from source to sink, is an ideal choice for provenance tracking (Morton, 1985; Sabeen et al., 2002; Morton et al., 2004; Takeuchi et al., 2008; Krippner et al., 2014) owing to various advantages: 1) as a granular stable heavy mineral, garnet is widely distributed in sediments; 2) it has different assemblage characteristics in different protoliths due to extensive isomorphism (Morton et al., 2004; Mange and Morton, 2007); and 3) unlike zircon and other minerals, its chemical compositions from the core to edge are relatively stable (Morton, 1987), making the test results uniform and objective.
The garnet G–P–AS ternary diagram established by grossular (G), pyrope (P), and almandine and spessartine (AS), can be used to discriminate sediment provenances effectively (Figure 7S0; Mange and Morton 2007; Krippner et al., 2014). Previous studies have concluded that the vast majority of the coarse materials discharged by the Yangtze River and Yellow River into the East China seas are separately supplied from the upper reach and middle reach with the Chinese Loess Plateau, not the lower reaches (Yang, 1988; Huang et al., 2019). Therefore, the end-member compositions of garnet derived from the upper reach of the Yangtze River, the middle reach of the Yellow River (Wang, 2014), and bedrocks of Shandong peninsula (Liu et al., 2010b) could represent the three provenance end-members of the Yangtze River, Yellow River, and Shandong peninsula in the ternary diagram, respectively. Because the end-member compositions of the garnet in the three provenance end-members are remarkably different, the diagram can be divided into three parts, wherein each represents a different source area as follows: (A) Yellow River, (B) Yangtze River, and (C) Shandong peninsula (Figure 7S).
[image: Figure 7]FIGURE 7 | Garnet G–P–AS ternary diagram (s0) for the upper Yangtze River, middle Yellow River (Wang, 2014), bedrock in the Shandong Peninsula (s, Liu et al., 2010b), and core H10 (A–F). A, B, and C represent the provenance areas of the Yellow River, Yangtze River, and Shandong peninsula, respectively. G, grossular (Gro); P, pyrope (Pyr); A, almandine (Alm); and S, spessartine (Spe).
In the G–P–AS ternary diagram (Figures 7A–F), the dots of the six horizons fall into area A, accounting for 81, 80, 80, 74, 72, and 73% of the dots at the horizons of 8–9, 48–49, 84–85, 132–133, 172–173, and 212–213 cm, respectively, with an overall average of 77%. Meanwhile, the proportions of the dots falling into area B at each horizon are 19, 16, 16, 22, 22, and 21%, respectively, with an average value of 19%, and the proportions of the dots falling into area C separately account for 0, 4, 3, 4, 6, and 6% of each horizon, with an average value of 4%. Based on these results and the positions of the six horizons in the deposit units, the relative contributions of garnet sources from the Yellow River, Yangtze River, and Shandong peninsula can be roughly estimated as 81, 19, and 0% for DU1, 80, 16, and 4% for DU2, and 73, 22, and 5% for DU3, respectively (Figure 5D). It is demonstrated that the Yellow River and Yangtze River are separately the predominant and secondary coarse sediment contributors at the east edge of the CYSM, especially in the DU1 and DU2. However, the Yangtze River provides more materials in DU3, and Shandong peninsula could be regarded as a neglected source for the entire sediment core. These results are consistent with those from the heavy mineral ratios.
4.2 Discrimination to Sedimentary Facies and Hiatus
Authigenic pyrite prefers to form in relatively stable oceanic hydrodynamic environments that have greater water depth and reductive conditions, and authigenic glauconite is a typical mineral that forms in shallow seas with an oxidative environment (Morton and Hallsworth, 1994; Chen, 2008). Therefore, variations in these minerals, in combination with the grain size and Foraminifera content, can distinguish the sedimentary facies in each depositional unit.
In DU3, authigenic pyrite, authigenic glauconite, and foraminifer follow a fluctuating decline until they disappear (Figures 2E–G), and their variations approximately correspond with the fluctuation of the grain size with diverse grain size frequency curves (Figures 2C,D), which implies that there is an unstable sedimentary environment with two shifts from neritic to shore facies. Similarly, shore-neritic facies deposits are identified in core EY02-2 during the same period, with many clay–silt interbeds (Zhuang et al., 2002).
Both marine authigenic minerals and Foraminifera are nearly absent in DU2 (Figures 2E–G). The remarkable unimodal grain size frequency curves and favorable sorting collectively imply a strong and single hydrodynamic condition (Figure 2B). Moreover, the caliche nodules at 98–100 cm with good psephicity (Table 1; Figures 2A, 3B), have a very negative δ13C, which coincides with the typical characteristics of freshwater carbonate. Therefore, this deposition unit is characterized by fluvial facies.
The DU1 contains some authigenic glauconite and a small number of pyrite and Foraminifera. Moreover, the δ13C values of shell fragments and Foraminifera are more positive. These results show that this unit develops typical neritic facies.
As previously mentioned, the lithological characteristics and sedimentary features, including the grain size, detrital minerals, and foraminifer, vary abruptly at 28 cm with an age of 9.6 kyr (Figures 2, 4). Similarly, obvious variations in the grain size and magnetic qualities of the core YS01A in the west CYSM occur at 9.7 kyr as a result of strong erosion processes (Wang et al., 2014b). These indicate that the horizon of 28 cm represents a sedimentary hiatus in H10, and the erosion may widely exist in the CYSM during the early Holocene. Moreover, the sediment type and measured indexes of grain size and minerals at 103 cm shift abruptly (Figures 2, 4), probably indicating that another erosional hiatus occurred at ∼25 kyr.
4.3 Sedimentary Evolution Since MIS3a
According to the AMS 14C ages (Figure 2A) and the variation in the oxygen isotopes of the planktonic Foraminifera in the Okinawa Trough, East China Sea (Figure 8B; Liu et al., 1999), DU3, DU2, and DU1 approximately correspond to MIS3a (late MIS3), MIS2, and MIS1 (Rasmussen and Thomsen, 2013), respectively. In this section, the sedimentary evolution of the study area and their responses to changes in RSL and climate, pathways of sediment supplies, and hydrodynamic regimes are discussed.
[image: Figure 8]FIGURE 8 | Changes of the relative sea-level (RSL) (A) and oxygen isotope (δ18O) (B) since Marine Isotope Stage 3a (MIS3a).
4.3.1 MIS3a (45–25 kyr)
Though it was interrupted by many millennium events of Heinrich and Dansgaard–Oeschger (D–O), MIS3a was a sub-interglacial in the last glacial period, displaying a relatively warm period (Shi et al., 2001; Yang et al., 2004; Wang et al., 2008) and was characterized by the fluctuating fall of RSL from 40 to 80 m bpsl (Figure 8A; Linsley, 1996; Shackleton, 2000). At this time, the east edge of the CYSM twice experienced facies shifts from neritic sea to shore, which are approximately proved by two cycles of increase to decrease of grain size, authigenic pyrite, and Foraminifera (Figure 2). Under the background of frequent RSL changes, the SR was lower than 8 cm/ka owing to the resuspension function and erosion activity induced by powerful tidal currents (Hanebuth et al., 2003; Hanebuth and Lantzsch, 2008). In this stage, the paleo-Yellow River carried a large number of sediments into the western SYS and formed a large delta, which in turn, developed an incised channel system in the late MIS3 with the delta likely advancing toward the sea (Figure 9A; Liu et al., 2010a). Meanwhile, dominated by the paleo-Yangtze River, a large well-developed coastal plain–delta complex was formed on the inner shelf and middle East China Sea (Figure 9A; Saito et al., 1998; Wellner and Bartek, 2003; Sun et al., 2014). The sediment provenance at the east edge of the CYSM was controlled by the paleo-Yellow River and, to some extent, influenced by the paleo-Yangtze River due to the shorter distance between the estuary and study area. Moreover, some horizons of DU3 are enriched authigenic pyrite and fine sediments (Figures 2C,E). Authigenic pyrite is a convenient proxy for indicating the existence of paleo-cold water mass and a high sea-level period. However, its accumulation requires strict conditions, such as fine-grained sediments, weak hydrological dynamics, and a suitable redox environment (Chen, 2008). Consequently, the horizons that are enriched in authigenic pyrite likely correspond to high RSL periods with paleo-cold water mass and muddy deposition, which was not developed exclusively in the Holocene (Wang et al., 2014b; Mei et al., 2016). Conversely, horizons enriched with flake minerals, which are characteristic minerals of the Yellow River, may indicate that the paleo-Yellow River was close to the study area with a lower RSL (Figure 4G; Qin et al., 2018; Jin et al., 2019).
[image: Figure 9]FIGURE 9 | Schematic diagrams for variation of coastal lines (Li et al., 2014a), distribution of paleo-rivers (Liu et al., 2002; Wellner and Bartek, 2003; Liu et al., 2010a; Song et al., 2016), evolution of hydrodynamic regimes (Uehara and Saito, 2003; Lü et al., 2010; Wang et al., 2014a), and formation of the CYSM (mud thickness is from Wang et al., 2014b) in the South Yellow Sea during MIS3a (A), LGM (B), ∼10–6.5 kyr (C), and 6.5 kyr—present (D). The dotted line represents the inferred paths and ranges. The blue lines are all modern water depths. MIS, marine isotope stage; LGM, Last Glacial Maximum; CYSM, central Yellow Sea mud; SYSCWM, South Yellow Sea Cold Water Mass.
During the transition between MIS3a and MIS2, the RSL abruptly fell from 60 m bpsl to 110 m bpsl (Figure 8A), and a cold–dry event (Heinrich event 2) occurred at ∼25 kyr (Rasmussen and Thomsen., 2013), which could have given rise to depositional stagnation and even the appearance of erosion present in the study area.
4.3.2 MIS2 to Early Holocene (25–10 kyr)
The RSL in the eastern China seas can be generally characterized by a rapid fall from 90 to 140 m bpsl, relative stabilization at 140 m bpsl, and a rapid rise from 140 to 60 m bpsl in the early MIS2, Last Glacial Maximum (LGM), and early last deglaciation, respectively (Figure 8A). In particular, the continental shelf of eastern China was completely exposed, and the paleo-coastal line occurred at the continental shelf edge of the East China Sea in LGM (Figure 9B; Lambeck and Chappell, 2001; Li et al., 2014a). The results of sediment provenance in the H10 core show intense Yellow River-derived features (Figures 5–7), and the caliche nodules usually form under the pedogenesis of fluvial sediments enriching terrestrial carbonate, while the content of CaCO3 is higher in the Yellow River (Milliman et al., 1985; Milliman et al., 1987; Alexander et al., 1991). Consequently, our study area was likely located in one of the branches of the paleo-Yellow River’s dendritic channel-network, which began to form in the western SYS in the late MIS3 (MIS3a) and probably extended east to the YST during LGM (Figure 9B; Liu et al., 2010a). Moreover, caliche nodules were also found in the west CYSM with some terricolous plant fragments during the MIS2 (Wang et al., 2014b), which further confirms that the dendritic channels of the paleo-Yellow River were widely distributed on the SYS. These results were also validated by Song et al. (2016) who used a more detailed network of seismic profiles that covered the area from 32°N to 36°N and 120°E to 125°E (Figure 9B). However, as influenced by the relatively cold and dry climate, sediment supplies from the paleo-Yellow River to the eastern continental shelf of China would be relatively low, and even eroded under the functions of transport and blowing by the winter monsoon (An et al., 1991). Furthermore, in this environment, there may be a disintegration of the previous marine strata, wherein marine materials may spread to the surrounding continental strata (Zhao et al., 1996), causing a few Foraminifera, authigenic pyrite, and glauconite to mix in the MIS2 strata.
During the transition from the late MIS2 to the early Holocene (∼11.6–10 kyr), the Yellow River changed its route from the exposed shelf of the modern SYS to the Bohai Sea (Milliman et al., 1987; Liu et al., 2004; Liu et al., 2014b). This would have seriously reduced the fluvial discharge to the SYS, especially during the cold–dry events, such as the Younger Dryas during 12.9–11.6 kyr (Koutavas et al., 2002). Meanwhile, the rapid RSL rise to 45 m bpsl would facilitate erosion of the previous fluvial sediment in the study area with a stronger to-and-fro tidal current (Han et al., 2009). The limitation of sediment supplies to the SYS and the tidal erosion associated with the rapid RSL rise would be responsible for the hiatus that occurred in the study area between the late MIS2 and the early Holocene.
4.3.3 Sedimentary Evolution Since 9.6 kyr
In MIS1, the RSL has been steadily rising from 40 m bpsl at ∼10 kyr, reached the present level at ∼6.5 kyr, and finally has been stable to present (Figure 8). The east edge of the modern CYSM developed neritic facies, which was proven by the results of authigenic pyrite, authigenic glauconite, and Foraminifera (Figures 2E–G). The gradual increase of the grain size and authigenic glauconite from 28 to 18 cm and the relative stabilization from 18 to 0 cm in H10 (Figures 2C,D,F) indicate that the sedimentary environment at the east edge of the modern CYSM underwent a two-stage evolution bounded by 6.5 kyr (Figures 9, 10A).
[image: Figure 10]FIGURE 10 | Comparison of the sedimentary characteristics of core H10 (A), YSC-1 (Hu et al., 2018) (B), and YS01A (Wang et al., 2014b) (C) in the central Yellow Sea mud. (D) is a perspective transverse section of the central Yellow Sea mud.
During Stage Ⅰ-1 (9.6–6.5 kyr) with RSL rising, the weak tidal area (<0.35 N/cm2 stress intensity) extended from northwestern to southeastern SYS with the increase of amphidromic points (Figure 9C; Uehara and Saito, 2003). The upward-fining trend of grain size in the east edge of the CYSM responded to this phenomenon properly. The extremely low SR (3.3 cm/kyr) was caused under the strong hydrodynamic conditions (i.e., far away from the weak tidal area), which can be proven by the presence of less authigenic pyrite and Foraminifera, as well as high heavy mineral maturity and stable minerals content (Figures 2, 4).
During Stage Ⅰ-2 (6.5 kyr to present), the RSL and tidal regimes reached the present level and were stable (Uehara and Saito, 2003; Zhou et al., 2015), which resulted in the relatively constant sediment composition in our region. In this period, the cold water mass in the central SYS (SYSCWM) occurred. With intense temperature stratification over the water column, the CWM can suppress turbulence development and restrain sediment resuspension (Dong et al., 2011; Wang et al., 2014a). However, the study area was located on the fringe of the SYSCWM and was likely reworked by upwelling and tidal currents (Gao and Jia, 2003; Lü et al., 2010). Therefore, the relatively strong hydrodynamic conditions induced by them resulted in the extremely low SR (2.4–3.1 cm/kyr) since 6.5 kyr. The presence of less authigenic pyrite and Foraminifera, as well as high heavy mineral maturity and stable minerals content demonstrated, are the best evidence under the strong hydrodynamic condition. The modern SR of the SYS calculated using 210Pb also shows that the study area has an extremely low SR (Qiao et al., 2017).
The H10 core records the sedimentary evolution of the east edge of the CYSM since ∼9.6 kyr, which closely approaches the initial time of the Holocene CYSM formation (Wang et al., 2014b; Xue et al., 2018). Combined with previously studied cores of YSC-1 in the central CYSM since 8.70 kyr and YS01A in the western CYSM since 9.7 kyr (Figures 10A–C; Hu et al., 2018; Wang et al., 2014b), a much more detailed and intuitional cognition of the CYSM formation processes and mechanisms can be achieved (Figure 10D). During 9.6–6.5 kyr, the weak tidal area gradually approached the scope of modern CYSM (Figure 9C; Uehara and Saito, 2003). Collectively and remarkably, the cores YSC-1 and H10 show the upward-fining trend in the grain size, whereas the core YS01A maintains a fine sediments deposit because its site was still in a weak tidal area. Therefore, the west of modern CYSM gradually became a depocenter with fine sediments, while the east edge of CYSM was more easily reworked by the tidal current with more Yellow River affinity coarser fractions remaining in situ (Qin et al., 2018). It is the westward enhancement of the net depositional effect that led to a significant increase in the SR from cores H10 to SYC-1, and then to YS01A during this period (Figure 10). Since 6.5 kyr, the sediments compositions in the CYSM were relatively constant due to the stable RSL and tidal regimes (Figure 10). The M2 tidal current was attenuated toward the center of SYS in a convergent and anticlockwise pattern under the bottom friction and promotes an eddy circumfluence around the CYSM (Figure 9D; Zhou et al., 2015). Under the functions of sediment transport via tidal current and capture from the SYSCWM (Zhu and Chang, 2000; Uehara and Saito, 2003; Dong et al., 2011; Wang et al., 2014b), the CYSM became a fine-grained sedimentary body with multiple sources (Yang et al., 2003). Moreover, the upwelling induced by tidal mixing on the vertical circulation could rework pre-deposited sediments on the slope and move fine sediments upward, which leads to the maximum accumulation thickness in the frontal zone (Gao and Jia, 2003; Lü et al., 2010; Wang et al., 2014b). The cores of H10, SYC-1, and YS01A have 2.8, 46.4, and 138.5 cm/kyr in SR, and 11.9, 8.3, and 5.4 μm in the grain size, respectively (Figure 10). Therefore, this westward increase of SR and decrease of sediments grain size in the CYSM perfectly responded to the capture role of SYSCWM for fine sediments and shaped the role of upwelling for mud area formation.
5 CONCLUSION
Based on the grain size, heavy minerals, authigenic minerals, Foraminifera, end-member compositions of garnet, and caliche nodules in core H10, the sedimentary evolution at the east edge of the CYSM over the last ∼45 kyr has been reconstructed. The provenance of coarser sediments of the core has remarkable Yellow River-derived characteristics, especially during MIS2 and MIS1, as determined using GS–HE and G–P–AS diagrams. The sedimentary evolution was primarily controlled by hydrodynamic regimes accompanied by changes in RSL and climate. During MIS3a, frequent RSL fluctuation was the predominant factor controlling two facies shifts from shallow sea to shore, and powerful tidal current erosion was responsible for a lower SR in the study area. The paleo-cold water mass and muddy deposition may occur in the high RSL stages with authigenic pyrite enrichment. The cold–dry event could result in the depositional stagnation and erosion present in the study area between MIS3a and MIS2. During MIS2, the paleo-Yellow River’s dendritic channels were distributed on the SYS, flowed through the study area, and approached the YST in the LGM. Fluvial deposition on the shelf was eroded as a result of strong winter monsoon under the background of an extremely dry and cold climate. The limited sediment supply and tidal erosion associated with the rapid RSL rise could be responsible for the appearance of a sedimentary hiatus in the SYS between the late MIS2 and early Holocene. Since ∼9.6 kyr, intense hydrodynamic regimes were responsible for the very thin deposition, and meanwhile, coarser sediments remained in the study area. Specifically, our study area was impacted by expanding the weak tidal area during 9.6–6.5 kyr, as well as upwelling and tidal current after 6.5 kyr. Notably, combined with previously studied cores, a much more detailed and intuitional cognition of the CYSM formation processes and mechanisms were achieved from our special perspective: mud periphery.
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Facies
name

3a

3b
4a
4p

i

Characteristic features

Nepheloid flow layer (brown to beige color)
Turbidites

Olive gray sandy mud (sediments)

Olive gray sediments

Olive green sediments with IRD
Olive gray sediments with IRD
Greenish-gray mud, massive
Brown mud, mottied with dasts

Interpretation

Continental margin and deep Labrador Basin
Deep marine

Marine (hemipelagic), proximal to Labrador
Shelf

Marine (hemipelagic), deep Labrador Basin
Glacio-marine, proximal to Labrador Shelf
Glacio-marine, deep Labrador Basin
Holocene-marine, proximal to Labrador Shelf
Holocene-marine, proximal to Labrador Shelf

Detailed description in

Rashid et al. (2003a), Rashid et al. (2012); this paper
Rashid and Piper (2007); Wang and Hesse (1996); this

paper
Rashid et al. (2012); this paper

Rashid et al. (2003b); this paper
Rashid et al. (2012); this paper
Rashid et al. (2003b); this paper
This paper

This paper
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Hu2006040-58
Hu2006040-58
Hu2006040-06
Hu2006040-06
Hu2006040-06
MD99-2226
MD99-2226
MD99-2226
MD99-2226
MD99-2226
MD99-2229
MD99-2229
MD99-2229
MD99-2229
MD99-2229

Depth (cm)

210
330
380
790
1,500
1,640
234-236
431-434
819-821
450-452
550-662
161-162
270
410-411
50-61
127-128
2598-2600
3,198-3,200
3,190-3,195
126
195
1,481
1,501
2585-2695

14C-AMS dates

14,320 + 170
18,600 + 160
19,950 + 110
22,450 £ 190
26,700 + 370
35,800 + 300
17,565 + 45
25,420 = 260
27,650 + 240
19,610 + 45
22,050 + 60
15,675 + 40
22,160 + 110
28,310 + 180
6,920 + 30
9,140 + 660
42,073 + 650
46,633+1,108
46,900 + 810
20,500 + 90
24,200 + 110
30,400 + 340
33,360 + 480
>42,000

Materials dated

N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma
N. pachyderma

Calibration

age +1o (years)

16,186-16,678
21,368-21,854
22,912-23,221
25,618-26,004
29,701-30,489
39,623-40,228
20,185-20,419
28,522-29,075
30,736-31,145
22,593-22,846
25,324-25,592
18,039-18,234
25,408-25,718
31,266-31,674
7,163-7,306
8,876-10,599
43,484-44,670
46,972-49,686
47,660-49,665
23,548-23,835
27,383-27,650
33,742-34,393
36,432-37,730

Median age (years)

16,434
21,600
23,073
25,817
30,074
39,929
20,299
28,778
30,935
22,711
25,454
18,135
25,658
31,486
7,239
9,762
44,050
48,422
48,664
23,694
27,514
34,058
37,170

References

Rashid et al. (20032)
Rashid et al. (2003a)
Rashid et al. (2003a)
Rashid et al. (2003a)
Rashid et al. (20030)
Rashid et al. (2003b)
St-Ange et al. (2013)
St-Ange et al. (2013)
St-Ange et al. (2013)
This study

This study

This study

Hoffman (2016)

This study

Rashid et al. (2014)
Rashid et al. (2014)
This study

This study

This study

Rashid et al. (2019a)
Rashid et al. (2019a)
Rashid et al. (2019a)
Rashid et al. (2019a)
Rashid et al. (2019a)
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AMS™C age
(yrs BP)
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12500 + 40
14480 + 40
23200 + 80

Calibrated age
(yrs BP)
(10)

3075 + 61
13941 £ 74
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62,000
76,000
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185,000
248,000
290,000
338,000
380,000

MIS periods
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Mis1/2
Mis2
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AMS'C age
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The criginal detaiied data supporting this age modal are devived fram previous works (Zhang et al, 2020) and are shown i supplementary datgset.
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