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The correlation between the amount of organic carbon (OC) and sulfur (S) in sediments has been widely used as a paleosalinity indicator to distinguish between marine and freshwater environments. However, whether the ratio of total OC to total S (TOC/TS) can be used to identify unsteady or dynamic marine environments across sedimentary strata is still contended. An HZW1907 sediment core of 80 m in length was successfully collected in the middle of Hangzhou Bay (HZB), serving as one of the few boreholes that are crucial for the study of geologic and geo-environment changes in the coastal regions of eastern China since the Last Glacial Maximum (LGM). Total OC (TOC), stable carbon isotope, and TS of 82 subsamples from the HZW1907 core were analyzed to reconstruct the history of the shallow water biological pump and sulfur preservation record in the bay since the Late Pleistocene. Our results indicate that the samples had low concentrations of TOC (0.21%) and total nitrogen (TN) (0.02%), high mass ratio of TOC/TN (10.8), low δ13C (−24.9‰), low TS content (0.06%), and a high ratio of TOC/TS (9.1) from 33.6 ka BP to 12.3 ka BP, implying that freshwater organic matter (OM), algae, and C3 plant fragments were the main sources of OM in a relatively cold environment. The abundances of TOC, TN, and TS increased to 0.56%, 0.07%, and 0.4%, respectively, while δ13C (−23.9‰) increased and TOC/TS (2.7) decreased in the Holocene sediments, suggesting that seawater began to influence the composition of the sediments of HZB. Climate warming, which is likely to have impacted the results, was experienced from 12.3 ka BP. An OC isotope mixing model indicated that since the Mid-late Holocene, more than 70% of riverine OM accounted for the total OM. The TOC/TS ratio was identified as an effective indicator of seawater intrusion, with C/S ratios of 1–6 being considered to indicate a “sea–land transitional zone” sedimentary environment, a C/S >6 indicating freshwater, and a C/S<1 indicating normal marine facies. These findings provide crucial evidence for using TOC/TS to distinguish freshwater from marine environments and enhance our understanding of past climate changes. Therefore, these geochemical indicators can be used in conjunction with other sedimentary records to obtain accurate results about sedimentary evolution.
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1 Introduction

The continental margin is the active terrestrial–ocean interface that serves as a primary location for the biochemical and sedimentary cycling of organic carbon (OC), nitrogen (N), and sulfur (S) (Berner, 1982; Jørgensen and Kasten, 2006; Hu et al., 2011; DeLaune and White, 2012; Hu et al., 2014; Jørgensen et al., 2019; Chen et al., 2021). Dynamic physicochemical reactions along continental margins create complex OC–N–S cycles that can be affected by local climate; however, the mechanistic link of climate change to the OC–N–S cycles is not well understood (Mcleod et al., 2011; Liu Q. et al., 2018; Liu X. T., et al., 2018; Sun et al., 2020; Liu X. T., et al., 2021; Wang et al., 2021; Zhao et al., 2021; Liu et al., 2023). The sedimentary process on the continental margin is primarily controlled by the change in sea level, with different sedimentary sequences forming at different sea levels. Therefore, sedimentary deposition on the continental margin is very sensitive to sea-level fluctuations, making it one of the most widely analyzed factors in the reconstruction of ancient sea-level conditions. In the absence of micropaleontological fossils and sedimentary structures, authigenic minerals and geochemistry may provide useful insights. Previous studies have shown that the content of pyrite sulfur and the ratio of total sulfur to total organic carbon (TS/TOC, hereby written as C/S) can indicate sea-level changes (Hepp et al., 2019; Liu et al., 2020; Liu X. T., et al., 2021; Liu X. T., et al., 2021; Obrist-Farner et al., 2021; Chang et al., 2023). Typical marine sediments are characterized by an average C/S of 2.8 ± 1.5 (Berner, 1984; Raiswell and Canfield, 2012), and this ratio has been successfully applied to tracing environmental evolution of continental shelves and estuaries since the last deglaciation (Liu X. T., et al., 2018; Liu et al., 2022). However, the C/S ratios of the shallow nearshore sediments are much higher than 2.8 along the inner shelf of the East China Sea (ECS), which has been attributed to the unsteady diagenetic processes where strong physical reworking leads to abnormally low sulfide production, such as that found in freshwater environments (Lambeck et al., 2014; Ge et al., 2015; Zhu et al., 2016). Therefore, we need to evaluate the applicability of the C/S ratio as an indicator of marine transgression under the influence of unsteady diagenetic processes on a longer time scale, particularly in dynamic marine environments (Li et al., 2013; Fike et al., 2015).

The Eastern China Marginal Seas (ECMS) are typical shelf marginal seas that are characterized by complicated sedimentation and hydrodynamic processes (refer to Figure 1A). In addition to terrestrial inputs, multiple currents driven by the East Asian monsoon and tides occur in the ECMS and interact in a dynamic manner (Li et al., 2004; Zhang et al., 2009). Recent studies measured the C–N–S chemistry of organic matter (OM) in the ocean surface and core sediments of the ECMS (Liu and Zheng, 2017; Yuan et al., 2017; Loh et al., 2018; Liu et al., 2020; Chang et al., 2023; Jiang et al., 2023; Wang et al., 2023). These studies investigated OM sources, paleoclimate conditions, sedimentary dynamics, oceanic circulation patterns, and paleoproductivity such as C and S preserved in ECMS sediments. They also examined C/S and C/N ratios together, revealing the depositional evolution in terrestrial and marine environments, which are sensitive to sea-level and climatic changes (Liu Y. et al., 2021).




Figure 1 | (A) Locations of the sediment cores in this study, adapted from Liu X. T. et al. (2021). Current system and mud area in the East China Sea and rivers flowing into the sea, adapted from Bi et al. (2015). (B) Cross-section A–A′ of the late Quaternary Qiantang incised valley fill, adapted from Lin et al. (2004) and Zhang et al. (2015). The SE03 core in the inner of HZB (Jiang et al., 2023), CM97 (Tang et al., 2006) and HSD cores in YRD (Chen et al., 2021), EC2005 core in ECSS, and river and coastal sediments in Zhejiang Province (Liu X. T., et al., 2021).



Hangzhou Bay (HZB) is connected to the Qiantang River (QTR), the Yangtze River Delta (YRD), and the East China Sea Shelf (ECSS). HZB is a dynamic and complex source-to-sink system in strong tidal environments (Zhang et al., 2014; Liu Y, et al., 2021), which makes it a suitable area for studying Late Quaternary sedimentary processes. Some studies have examined HZB, focusing on the characteristics of sediment fillings and the evolution of sedimentary facies, provenance systems, geomorphic formations, and shallow gas (Lin, 1997; Lin et al., 2004; Liu et al., 2006; Liu et al., 2017; Lin and Zhang, 2018; Chen et al., 2020; Liu Y., 2021; Zhang et al., 2021). Most of these studies aimed to quantitatively reveal and predict correlations among erosion, transportation, and final deposition of sediment in response to perturbations caused by climate, sea-level fluctuations, and other forcing parameters on different temporal and spatial scales. The accumulation of fine-grained sediments in such a tidal-dominated area also creates a unique geological pool for sedimentary C–N–S matter that has not been adequately studied systematically (Liu X. T., et al., 2021; Jiang et al., 2023). In this study, we present new C–N–S data from the HZW1907 core obtained from HZB with the objective of improving our understanding of C–N–S variance with sea-level and paleoclimate changes in the East China Sea. This study also aims to identify the implication of variance in C–N–S for the evolution of the tidal-dominated depositional environment since the last deglaciation.




2 Geological and regional background

Geologically, the QTR drainage and HZB are situated in the northeast part of the South China Plate. They are divided by the Jiangshan–Shaoxing fault into two main tectonic domains: the northwestern part, which forms the Qiantang depression within the Yangtze Block, and the southeastern part, which forms the Cathaysia fold belt in the Cathaysia Block (Shu et al., 2015).

HZB is a trumpet-shaped estuary formed by the QTR entering the East China Sea. It faces the southern part of the YRD in the north and the Ningshao Plain in the south (see Figure 1A). The width of HZB varies considerably, ranging from ~100 km to ~20 km (Xu, 1995). The emergence of HZB is directly related to sea-level changes that have occurred since the Late Pleistocene (Chen et al., 1990). During the Last Glacial Maximum (LGM: 26.5~19.0 ka BP), the sea level was ~130 m below the present-day sea level, and the area was incised to form a 60–100-m valley (Lin et al., 2004). The stratigraphic architecture of HZB fills has been studied in detail (Lin et al., 2004; Zhang et al., 2014; Lin and Zhang, 2018; Gao et al., 2023). From the bottom to the top, the sedimentary succession of the valley can be divided into five sedimentary units (refer to Figure 1B). These are the amalgamated fluvial channel (U5), the floodplain and channel complex (U4) that accumulated before ca. 13.0 cal kyr BP, a transgressive paleoestuary (U3; ca. 13.0–8.0 cal kyr BP), an offshore shallow-marine phase (U2) that formed during the time of maximum transgression (8.0–6.0 cal kyr BP), and the modern highstand estuary (U1; 6.0 cal kyr BP to present) (Gao et al., 2023). The U5 section consists mainly of sandy gravels that have the coarsest mean grain size and few plant fragments. The gravels vary in composition: they include quartzite, tuff, sandstone, chert, and acid volcanic rocks. The sediments in U4 alternate between (sandy) mud and fine sand with peat layers and abundant plant fragments. The U3 sediments are primarily composed of grayish-yellow or gray mud and sandy mud. Wavy, lenticular, and horizontal beddings are common. Foraminiferal fossils are present and are mainly composed of agglutinated benthic foraminifera (BF) including Textularia spp. and Reophax spp. Some euryhaline (BF) with vitreous shells such as Ammonia beccarii appear locally. Unit U2 mainly consists of soft mud containing abundant shallow-marine benthic foraminifera (e.g., Elphidium magellanicum and Cribrononion vetreum) and circular to elliptical burrow. U1 is mainly composed of fine sand and sandy mud, with the color changing from gray at the bottom to yellowish gray at the top. Wavy bedding is common, and plant fragments are scattered throughout the muddy sediments. Foraminiferal fossils dominated by BF are also abundant in these facies. More than 30 BF species are identified, including Ammonia beccarii vars., Elphidium advenum, Ammonia compressiuscula, Ammonia koeboeen sis, and Ammonia ketienziensis. They are primarily euryhaline, with vitreous shells (Zhang et al., 2014; Gao et al., 2023).

The present-day deposition system in HZB comprises a confluence of sediment from the QTR and the YRD, and marine sedimentary material causes high deposition rates (Zhang et al., 2014; Zhang et al., 2015; Liu X. T., et al., 2021). Most of the particulate matter is trapped in the inner HZB, transported by the Qiantang River. However, there are larger amounts of fine-grained materials that are deposited in the outer HZB, where YRD particulate matter is transported and deposited through the coagulation of clays, tidal action, and interaction with the southward-flowing Zhe-Min coastal current (Lian et al., 2016; Zhang et al., 2019). Following the post-glacial rise in sea level, HZB developed into an estuary (Lin, 1997; Shu et al., 2010; Lin et al., 2015; Zhang et al., 2015; Lin et al., 2022). The seaward extension of the coastline on the southern arm of the YRD has allowed the outer HZB to transform from a shallow marine environment to an open bay environment (Chen et al., 1990). The HZW1907 core analyzed in this study was obtained from the transfer area on the outer maritime space of HZB (see Figure 1A).




3 Materials and methods

The HZW1907 core (30°24′16′′N, 121°29′50′′E, water depth of ca. 10 m) was obtained in July 2019 by drilling a borehole at the outer HZB (location is shown in Figure 1). The total length of the core was 84.0 m (refer to Figure 2). Previous studies had systematically determined particle size, foraminifera, 14C dating, and the geochemical characteristics of organic and inorganic elements along the sediment core (Huang et al., 2022; Gao et al., 2023).




Figure 2 | Downcore variations in δ13C, total organic carbon (TOC) content, total nitrogen (TN) content, total sulfur (TS) content, C/S ratio, and C/N ratio of the HZW1907 core. Note: Lithology, 14C age, grain composition, and sedimentary facies for core HZW1907, adapted from Gao et al. (2023).



To determine the TOC, TN, and stable carbon isotope, approximately 50 mg of the ground samples were measured into 1.5 ml micro test tubes. Sediments were digested using 1 M of HCl to remove inorganic carbon from the sediments. This was achieved using a pipette to add an adequate amount of HCl into the micro test tubes, and the mixture was stirred carefully to ensure the acid was thoroughly mixed with the sediments. The samples were left overnight to ensure that the reaction went to completion. Samples were allowed to settle to ensure that the acid separated from the residue, facilitating the removal of the HCl. A pipette was used to extract the acid, and then the residue was flushed with distilled water, stirred, allowed to settle, and removed from the solution. The rinsing process was repeated three times until the pH was neutral or approaching neutral. After this, the samples were placed in an oven and dried at 45°C for 2 days. The dried product was ground using an agate mortar and pestle. After rehomogenization, 20 mg (± 5 mg) was weighed into 12 × 4 × 4 mm aluminum weighing boats that were folded using precleaned forceps (contact-free to ensure no cross-contamination) and crushed under a stainless steel weight. These were placed in a sample tray and sent for bulk elemental and carbon isotope analysis. TOC and TN were then normalized to weight in grams as a fraction of sample weight and then standardized as percentages for conversion to TOC% and TN%. The δ13C data were reported using the conventional delta notation in per mil (‰) as per the Vienna Pee Dee Belemnite (VPDB) standard. Before analysis, the bulk sediments were dried and ground into powder. Approximately 0.5 g of powder for each sample was dissolved in 10% hydrochloric acid to remove the inorganic carbon (carbonate). The carbonate-free samples were then analyzed to determine the percentage weight of TOC and TN. The samples were determined by an EA-IsoLink elemental analyzer with a MAS 200R autosampler coupled to a MAT253 plus isotope ratio mass spectrometer via a ConFlo IV universal interface (all from Thermo Fisher Scientific Branch, Bremen, Germany).

For TS measurement, 0.5 g of dry sediment sample was weighed into micro test tubes. In the presence of flux of high-purity iron powder and air ventilation at 1,250°C–1,300°C, high-temperature cauterization decomposition occurred, generating SO2, which was absorbed by water to form sulfurous acid. We utilized starch as an indicator and conducted a titration using an iodine standard titration solution to determine the amount of sulfur in the sample using an elemental analyzer (Multi EA 4000, Germany). The detection limit of the tested standard solution was 0.04 mg/kg, and the relative deviations of the contents of 0.5 mg/kg and 1.5 mg/kg in the laboratory were 3%–5%.




4 Results

Detailed stratigraphy, sedimentology, clay mineralogy, and paleoenvironmental analyses of the HZW1907 core have been reported (Huang et al., 2022; Gao et al., 2023). Based on the age model, the sedimentation rates at the top section of the HZW1907 core (0–84 m) vary between 0.10 m/ky and 7.78 m/ky, with an average of 2.46 m/ky having been deposited since 33.6 ka BP (see Figure 2). The results reveal that the sedimentary environment of the core, especially since 33.6 ka, was continuous for terrigenous sediment input. The mean grain size (Mz) of the HZW1907 core varies between 1.9 Ф and 8.3 Ф, and it exhibits irregular downcore variations. The bottom fluvial facies consist of the coarsest sand with minor gravels, with an Mz of 4.8 Ф. The Mz gradually fluctuates more from the fluvial facies up to the floodplain facies that comprise sediments of approximately 2.5 Ф~7.0 Ф. The transgressive paleoestuary facies consist of the finest sediments of approximately 8.0 Ф. The Md in offshore shallow marine facies is coarser than U3 with 6.7 Ф. However, the modern highstand facies at the top become coarser, with an average Mz of approximately 5.8 Ф (refer to Figure 2; Gao et al., 2023).

Detailed results of the δ13COC, TOC, TS, C/S ratio, and C/N ratio along the depth of the HZW1907 core are provided in the Appendix (Supplementary Table S1) and shown in Figure 2. Organic carbon δ13C values in the HZW1907 core ranged from −29.1‰ to −18.5‰. It is divided into three groups (see Figure 2): i) The first group was deposited in the Late Pleistocene (33.6~12.3 ka BP), exhibiting relatively large fluctuations with a range of −18.51‰ to −28.09‰ in the U4 and U5 sediments. ii) The second group was deposited between 12.3 ka BP to 9.0 ka BP, consisting of the U3 stage, exhibiting a constant δ13C value (−24.03‰ to −23.04‰). iii) The third group exhibited a δ13C value that fluctuated between −24.90‰ and −23.10‰ in the U2 and U1 sediments. The lower mean δ13C value was −24.9‰ in the U5 and U4 sediments during the Last Glacial Maximum (LGM: 26.5~19.0 ka BP), but increased to −24.00‰ in U3, U2, and U1 sediments during the Holocene.

The TOC content is less than 0.22% in U5, with a mean value of 0.16%. The TOC content in U4 ranges between 0.05% and 0.74% (with an average of 0.25%), which was slightly higher than in U5. The TOC content of U3 is the highest in the middle of the core, ranging from 0.56% to 0.89% (with an average of 0.70%). In U2 and U1, the TOC content decreases to ranges of 0.42% to 0.60% (with an average of 0.53%) and 0.39% to 0.60% (with an average of 0.46%), respectively.

The TS varies from the bottom to the top of the borehole. The TS content of U1 to U3 is distinctly higher than that at the bottom in U4 and U5 (see Figure 2). At the bottom in the U4 and U5 stages, the TS content is mostly no higher than 0.1%, with average values of 0.03% and 0.09%, respectively. The TS content in U2 ranges from 0.16% to 0.43%, with an average value of 0.21%. The average TS content in the U1 stage is 0.26%, ranging from 0.11% to 0.76%.

The mean C/S ratio exhibits a continuous decline from 9.87 to 2.34 in the five sediment units (see Table 1; Figure 2). A rapid decrease in the mean C/S ratio (from 9.87 to 2.87) is observed in the Late Pleistocene and early Holocene (33.6~9.0 ka BP). Then, the mean C/S ratio exhibits a slight decrease from 2.87 to 2.34. The C/N ratio varies between 8.37 and 11.75 and can be divided into two units (see Figure 2; Table 1): the lower sections (U5 to U4), which are characterized by dramatic fluctuations from 5.15 to 25.97, and the upper sections (U3 to U1), which exhibit smooth changes (7.92 to 12.37), separated by a transition section (U3).


Table 1 | Average values of carbon, nitrogen, and sulfur of the HZW1907 core sediments from HZB.






5 Discussion



5.1 Sensitivity of organic matter to environmental changes

TOC/TN and δ13C serve as effective indicators of environmental evolution (Zong, 2004; Milne et al., 2009; Milliman and Farnsworth, 2011; Blair and Aller, 2012; Chang et al., 2023). Researchers posit that climate affects the preservation and transportation of OM. However, these paleoenvironmental proxies are currently predominantly employed in studies involving lacustrine and deep-sea sediments, as well as loess, where depositional environments are relatively straightforward, and the sedimentary stratigraphy is relatively continuous. The applicability of TOC/TN and δ13C in investigations of deltaic areas, characterized by more complex sedimentary environments, warrants careful consideration. The sediments in HZB are crucial for examining the sensitivity of OM proxies, owing to the unique tidal environment in the area.

From the bottom to the top, the strata of the HZW1907 core consist of bedding facies (U5, approximately 33.6 ka BP and 23.9 ka BP), floodplain facies (U4, approximately 23.9 to 12.3 ka BP), paleoestuary facies (U3, approximately 12.3 to 9.5 ka BP), shallow-sea facies (U2, approximately 9.5 to 6.0 ka BP), and modern estuary facies (U1, approximately 6.0 ka BP to present). These five units can be categorized into two stages: one is a freshwater deposition stage from U5 to U4, and the other is a seawater deposition stage from U3 to U1. The freshwater deposition stage exhibits a TOC and TN content range similar to the Yangtze River estuary (shown in Figure 3A), suggesting the input of terrigenous OM sources during the lower sea levels of the Late Pleistocene in the East China area. In contrast, during the seawater deposition stage, a comparable range of TOC and TN content is observed in the inner shelf of the East China Sea (see Figure 3A), indicating that the material originated from marine-derived OM due to the rising sea levels since the Holocene. From the freshwater deposition stage to the seawater deposition stage, the TOC and TN contents show an increase, but the ratio of C/N decreases (refer to Figure 3A). This trend aligns with the geochemistry observed in sediments from the contemporary Yangtze River estuary–East China Sea Shelf system (C/N = 4.98~13.44, Tesi et al., 2007; Hu et al., 2009; Hu et al., 2012). Consequently, the recorded variations in TOC and TN within U3 to U1 samples can be interpreted as indicative of marine-derived OM in U3 to U1 samples. Considering the distinct climatic region and the drainage basin characteristic of other large rivers worldwide (see Figure 3A), the observed declining TOC/TN ratio in this core since 33.6 ka BP may be attributed to biological productivity, potentially linked to climate variations. However, it is crucial to note that further evidence is needed to substantiate this interpretation.




Figure 3 | (A) The scatter plot of TOC and TN in the HZW1907 core sediment samples, compared with modern sediments in ECSS, adapted from Wu et al. (2007). (B) The range in weight C/N and δ13C values for the main sources of organic matter in HZW1907 at different stages, adapted from Lamb et al. (2006). Data of the Yangtze River estuary and inner shelf from Liu et al. (2020); soils-YR catchment, plants-YR catchment from Wu et al. (2007); riverine from Liu et al. (2007); soils-QTR catchment from Liu et al. (2017); marine from Liu X.T. et al. 2018; OM in different water depths from Wang et al. (2021); Amazon shelf (Showers and Angle, 1986); Mississippi Delta and adjacent shelf (Bianchi et al., 2002); and Pearl River estuary (Hu et al., 2006).



The relationship between the organic δ13C and the molar TOC/TN ratio is indicative of the different OM sources that contributed to deposits in the HZW1907 core, suggesting changes experienced in the sedimentary environment since the Late Pleistocene (see Figure 3B). The TOC/TN ratio varies between 5.15 and 25.98 and the mean value of δ13C is less than −26‰ in U5, indicating that terrestrial OM mixed with freshwater OM, algae, and soil OM from the QTR catchment in 33.6 to 23.7 ka BP (refer to Figure 3B). The TOC/TN ratio varies between 6.36 and 21.15 and the mean value of δ13C is −23.77 in U4. Therefore, C3 vascular plant detritus is higher than in U5, and plant detritus was observed in U4 (Gao et al., 2023). The plant detritus appears in U4 (23.9 to 12.3 ka BP), suggesting that the sediment environment changed from a river channel into a floodplain (Li et al., 2008; Wang et al., 2019; Lin et al., 2022). The range of δ13C values and TOC/TN in U3–U1 is indicative of contributions of a mixture of terrestrial and marine OM sources, with the former being predominant (see Figure 3B). This finding indicates that there was a more substantial deposition of terrestrial OM in HZB that can be attributed to the significant contribution of suspended matter from the Yangtze River (Zhang et al., 2021). This significant mixing effect of marine and riverine OM was also observed at the Yangtze River estuary and its adjacent shelf as well as the Pearl River estuary and its adjacent shelf (see Figure 3B; Li et al., 2012; Wang et al., 2021; Sun et al., 2022). However, the terrigenous OM in HZB is deeper than that of the Pearl River estuary, as measured using organic carbon isotope analysis (shown in Figure 3B). When the results are compared to those regarding the contemporary sedimentary OM at different water depths in ECSS, a linear relationship for the mixture of marine and riverine OM is obtained, which aligns with the terrestrial–marine OM mixing hypothesis (Hedges and Oades, 1997; Goñi et al., 1998; Perdue and Koprivnjak, 2007).

Therefore, a two-end-member mixed model with organic carbon isotope is employed to calculate the relative proportion of terrestrial and marine OM sources (Equations 1, 2). Appropriate maritime end-member δ13C values were selected to assess the contribution from U3 to U1 during the seawater depositional stage. One end member comprises suspended particle OM from the deep chlorophyll maximum layer of the inner shelf of the southern ECS (Liu Q. et al., 2018; Liu X. T., et al., 2018). The other consists of the OM found in the form of particulate matter in the Yangtze River (Liu et al., 2020), which is believed to have a significant influence on the YRD, the HZB, and the ECSS since the Holocene (Bi et al., 2015; Zhang et al., 2021; Gao et al., 2023). The following equations summarize the contributions of these two end members:





where CR and CM denote the proportion of riverine and marine OM, respectively, and δ13CorgR and δ13CorgM represent their δ13C value end members (see Table 2). Riverine and marine end members are −25.6 and −20.6, respectively.


Table 2 | The Holocene OM contribution from riverine and marine OM contributions in the ECSS sedimentary system.



The results from the mixing model indicate a predominant increase in riverine-derived OM from the sediments of U3 to U1. The riverine-derived OM remains distinct in these three deposition units, with the fractions of riverine OM in U1 and U2 being 68% and 74%, respectively (Table 2), both exceeding that in U3 (59%).

The sediments in U3 (12.3 ka BP to 9.0 ka BP) are interpreted as being deposited in a paleoestuarine or tidal flat sedimentary environment. The higher percentage of marine-derived OM in U3 may have resulted from favorable environments for the production or preservation of marine OM (Hedges and Oades, 1997) and weak riverine transport due to strong East Asian winter monsoons triggered by a YD cooling event (Liu et al., 2017). This suggests that paleoclimate variations possibly influenced the changes during the fast transgression period in the Asian margin region.

During the U2 stage (9.0 ka BP to 6.0 ka BP), over 30% of marine-derived OM was deposited and preserved due to the presence of fine-grained sediment with high sedimentation rates (see Figure 2; Burdige, 2007). These high percentages of marine-derived OM suggest a depositional environment characterized by continuous seawater filling (Hori et al., 2001; Dong et al., 2020).

The contribution of riverine OM contribution is from 68% in U2 to 78% in U1. This upward trend in riverine OM can be associated with the strengthening of the river’s carrying capacity, particularly the southward transport of materials by the Yangtze since the mid-late Holocene (Zhang et al., 2015; Zhang et al., 2019; Wang et al., 2023). In addition, East Asia monsoon events may have also played a role in the accumulation of riverine organic carbon in the estuary area (Cao et al., 2018; Zhao et al., 2019; Jiang et al., 2023).

Similarly, the mixing model results show a pattern of changes in the mixture of terrestrial and marine OM with variations in Holocene sea levels in the river–coastal–shelf sediments system (refer to Figure 4). This suggests depositional environments characterized by gradual landward inundation by seawater.




Figure 4 | The δ13C mixing model results for Holocene riverine and marine OM contributions in the East China River–coastal shelf sedimentary systems. Typical core locations are seen in Figure 1. The SE03 core in the inner of HZB (Jiang et al., 2023), the CM97 core in YRD (Tang et al., 2006), and the EC2005 core in ECSS (Liu X.T. et al. 2021).



HZB (41% for the HZW1907 core) and the ECSS (36% for the EC2005 core) exhibit greater marine OM contributions than the QTR estuary (14% for the SE03 core) and the YRD (27% for the CM97 core) during 13~8 ka BP. The signal for marine organic carbon was observed at 13.1 ka BP in the ECSS (the EC2005 core) sediments (Liu et al., 2020), while the outer HZB (the HZW1907 core) and the Yangtze Estuary (the HSD core) sediments were influenced by marine organic carbon in approximately 12.5~12.3 ka BP. The sea level increased from −60 to −50 in 600–800 years, at an average rising rate of 16.6 mm/a to 12.5 mm/a. This result is similar to the 15-mm/a change observed in the ECSS for the same period (Mix et al., 2001; Li et al., 2014; Li et al., 2017). Therefore, in the ECSS, the transition from terrestrial to marine facies is effectively identified using organic matter. In 8~4 ka BP, all core sediments experienced a notable increase in marine OM contributions compared with the sediments in 13~8 ka BP, suggesting homogeneous sea–land interactive sedimentary environments. The YRD (CM97) exhibited the lowest marine contribution due to the substantial transport of land-based material from the Yangtze River during this period (Hori et al., 2001; Li et al., 2014; Cao et al., 2018). In the late Holocene (4 ka BP to present), there was a gradual decrease in marine OM contributions from the YRD (0.22 for the CM97 core), HZW (0.26 for the HZW1907 core), and the ECSS (0.42 for the EC2005 core), indicating that interactive sedimentary environments formed from 4 ka BP in the East China coast. This sedimentary mode in the ECSS is similar to that in the contemporary southward dispersal system by the Yangtze River and East China Sea (Hu et al., 2012).

Overall, the increasing TOC and TN composition, decreasing gradient of the C/N ratios, and δ13C are crucial records that can enhance our understanding of seawater intrusion in the sediments of the East China coast. The organic matter in core sediments exhibits useful sensitivity to deep-time environmental evolution in the Yangtze River estuary–Hangzhou Bay–inner shelf dispersal systems.




5.2 The evolution of sulfur: its use as a paleosalinity archive

Paleosalinity reconstructions are important in paleoenvironment, paleoclimate, and paleoecological studies (Ingram et al., 1996; Raiswell and Canfield, 2012; Algeo et al., 2015; Wei and Algeo, 2020; Ouyang et al., 2023). The salinity of water bodies in estuarine coastal zones is subject to the effects of terrestrial river flushing and seawater (Dávila et al., 2002); consequently, sediment paleosalinity reconstruction in such areas is more difficult than in stable marine or lacustrine areas. The fluid salinity difference between the QTR estuary and the adjacent shallow sea is nearly 280 times (Lin and Zhang, 2018; Xu et al., 2019). Reconstructing the evolution of salinity since the Late Pleistocene deposition processes is crucial for enhancing our understanding of the sedimentary environment; the cycling of elements such as carbon, nitrogen, and sulfur; and sea-level changes in the land–sea interaction zone.

The sulfate ion content in freshwater is generally low, at a mean value of approximately 0.027 mmol/L (Berner, 1984). In comparison, sulfate (SO42−) is the main form of sulfur in seawater, at an average amount of up to 29 mmol/L (Algeo et al., 2015; Gomes and Johnston, 2017). Seawater sulfate is the world’s largest sulfur reservoir, and it enters marine sediments driven by organic matter mineralization in the marginal sea (Jørgensen et al., 2019). The relationship between sulfur and carbon in sediments can reflect changes in the sedimentary environment, with the changes primarily relating to the salinity of the water (Kitamura et al., 2019). The use of the relationship between sulfur and carbon as an indicator relies on the assumption that sulfide, which is produced by organoclastic sulfate reduction (OSR; Equation 3), is limited by organic carbon instead of sulfate and iron (Morse and Berner, 1995).



However, low C/S ratios or a poor correlation between these two elements, which are usually considered indicators of euxinic conditions (Raiswell and Canfield, 2012), could also be caused by the enrichment of sulfur due to the anaerobic oxidation of methane (AOM; Equation 4).



Both δ13C (‰) and C/N values indicate the entry of marine OM into HZB from the U3 stage, transforming the sediment into a crucial “sink” for seawater OM. A recent examination of the modern depositional system suggests that, for sediments containing >0.5% organic carbon, C/S ratios reaching a value of 10 can effectively distinguish freshwater deposits from brackish and marine deposits (Wei and Algeo, 2020). When plotting the combined TOC and TS content for the HZB and adjunction marine sediments, no obvious correlation between TOC and TS content is observed (refer to Figure 5), suggesting that pyrite sulfur is not sorely derived from sulfate reduction driven by the oxidation of organic carbon (Equation (3), OSR). This suggests that pyrite sulfur may come from a sulfate-driven AOM process (Equation 4).




Figure 5 | Scatter plot of TOC versus TS content for different sedimentary stages, adapted from Liu X. T. et al. (2021). (A) Brackish environment period; (B) High sea level period; (C) Transitional period; (D) Terrestrial period. The C/S ratio of 2.8 ± 1.5 represents modern normal marine sediments (Berner, 1984), while the C/S ratio of 7 indicates mobile tropical deltaic muds (Aller, 2014). The core SE03 core in the inner of HZW (Jiang et al., 2023), core CM97 (Tang et al., 2006), core HSD in YRD (Chen et al., 2021), and core EC2005 in ECSS (Liu X. T. et al., 2021) are shown in Figure 1. The TOC and TS contents of coastal sediment samples (Ge et al., 2015) and cold seep sediments (Sato et al., 2012) are presented for comparison.



Sediments from the QTJ estuary, outer HZB, and ECSS mud belt undergo distinct C and S preserving processes. Unit 5 and unit 4 in the HZW1907 core (approximately 33.6~12.3 ka BP) exhibit a high ratio of C/S (more than 8) and are positioned below the regression line of C/S ratio = 2.8 ± 1.5 (see Figure 5D). This suggests that core sediments from units 5 and 4 were deposited in a freshwater environment. When juxtaposed with C/S results from the SE03 and EC2005 cores, these findings suggest that the depositional systems of the Qiantang River estuary–Hangzhou Bay–East China Sea Shelf were predominantly influenced by freshwater transport and depositional processes prior to the Holocene.

The East China Sea Shelf and the Eastern China estuarine area underwent gradual inundation by seawater from the Holocene (Li et al., 2014). The C/S ratio in U3 declined rapidly, possibly triggered by a shallow suboxic–anoxic boundary resulting from a high sedimentation rate, attributed to brackish water intrusion (Boetius et al., 2000; Zheng et al., 2011; Sato et al., 2012). During the period (12.3~9.0 ka BP), the C/S ratio in the QTR estuary (the SE03 core) and the ECSS (the EC2005 core) decreased synchronously. However, both the QTR estuary and HZB experienced more intense fluctuations, exhibiting lower C/S ratios than the ESCC (refer to Figure 5C), suggesting that the higher sedimentation rate induced sulfate reduction by facilitating an OSR process (Chen et al., 2020; Liu et al., 2020; Yang et al., 2022). The significant fluctuation in C/S indicates that particle size plays a crucial role in OM preservation (Bianchi et al., 2018). Lin et al. (2004) suggested that the floodplain facies (U4) is a promising target for shallow biogenic gas and continuing emission into U3 in the HZB area; therefore, the AOM process would also promote sulfur preservation in U3.

Almost all sediments from unit 2 (ca. 9.0~6.0 ka BP) are situated above the regression line of C/S ratio = 2.8 ± 1.5, and the majority fall within the normal range of marine deposition (refer to Figure 5B). The stable C/S ratio ranging from 2.8 to 4.3 in U2 is interpreted as indicating a highstand sea level, suggesting a sustained seawater condition (Arndt et al., 2013). Compared with the early Holocene (12.3~9.0 ka BP), a noticeable increase in deposited sulfur is observed through the declining C/S ratio in U2, implying a gradual strengthening of the OSR and AOM processes (e.g., pyrite; Leavitt et al., 2013).

In the mid-late Holocene (approximately 6.0 ka BP), most sediments from unit 1 are situated above the regression line of C/S ratio = 2.8 ± 1.5 (see Figure 5A), suggesting a normal marine deposition environment. The notably low C/S ratios (<0.5) in U1 may be attributed to more extensive AOM processes compared with U2, stemming from the eruption of methane originating from U2 and U4 (Lin et al., 2015; Song et al., 2023).

Aqueous Sr, which is present in much higher concentrations in seawater than in freshwater, is readily adsorbed onto clay minerals and, to a lesser degree, organic matter and Fe-ox hydroxides, resulting in substantially higher Sr/Ba ratios in marine sediments compared with freshwater sediments (Shen et al., 2015). The amounts of Sr and Ba in the HZW1907 core were published by Gao et al. (2023), who indicated that the ratio of Sr/Ba in U5 and U4 is lower than 0.2, while C/S values are relatively high, suggesting that freshwater depositional environments are involved in the U5 and U4 stages (refer to Figure 6). The ratio of Sr/Ba in U1 and U2 was higher than 0.25, while C/S values were lower, suggesting seawater depositional environments in the U1 and U2 stages. The ratio of Sr/Ba in the U3 stage was between 0.2 and 0.25, indicating a transitional environment from freshwater to seawater. In summary, despite being affected by various diagenetic processes, freshwater and marine environments dominate the differential TS contents (see Figures 5, 6). We strongly advocate the systematic use of C/S proxies to support paleosalinity interpretations.




Figure 6 | Discrimination plot of C/S versus Sr/Ba for the bulk sediments of the HZW1907 core. Element contents of Sr and Ba for the sediments from Gao et al. (2023). The purple dotted line is the boundary between freshwater and brackish environments, where Sr/Ba is 0.2 according to Wei and Algeo (2020).






5.3 C–N–S in HZB: implications for the study of the East China River–coastal shelf sedimentary systems

As an important conjunction with the ECSS, HZB contains crucial evidence that can inform discussions on how depositional evolution impacts the preservation of nitrogen, carbon, and sulfur, as well as the variation of the three elements with climate and sea-level changes. The elements Cr and Th are reliable indicators in the reconstruction of the East China River–coastal shelf sedimentary systems, its sediment source-to-sink transport processes, and major controlling mechanisms involved since the Pleistocene. The inner shelf mud and HZB sediments predominantly originated from the Changjiang River when there were lower sea levels in the Holocene, and were significantly affected by the Zhe–Min Rivers when there were high sea levels in the late Pleistocene (Bi et al., 2017; Zhang et al., 2021; Gao et al., 2023). The sediments of the U5 and U4 stages in the HZW1907 core are more felsic, and they have lower Cr/Th levels, indicating that sediments were deposited from the Qiantang River basin when the area had lower sea levels (Gao et al., 2023). In periods when the sea level was higher, the sediments of U3 to U1 are more mafic, suggesting that Changjiang mud either reached the Qiantang River valley directly by southward advection of the freshwater plume of the Changjiang or was resuspended from the inner-shelf mud wedge and transported landward into the Qiantang River system by flood tidal currents and sea waves (Zhang et al., 2021). The composition of sedimentary organic matter (δ13C, TOC/TN, TOC/TS) also provides evidence for the marine transgression of coastal areas (see Figures 7A–C). However, the mass ratio of total organic carbon and total sulfur (C/S ratio, R2 = 0.8) is a more sensitive proxy for seawater intrusion than organic carbon isotope (R2 = 0.1), total organic carbon, and total nitrogen (R2 = 0.6). Similarly, interpretations obtained by examining TOC concentration, TOC/TN, and TOC/TS in the HZW1907 core are consistent with those obtained from interpretations of the ratio of Mg/Ti, which has been used to examine paleoclimate changes (see Figures 7D-F; Nesbitt and Young, 1982; Roy and Roser, 2013; Zhang et al., 2013; Gao et al., 2023). The changes in Mg/Ti objectively reflect climatic variations in the source area, which is affected by the evolution of the East Asian monsoon (refer to Figure 6; Wang et al., 2001; Rasmussen et al., 2014; Tao et al., 2016; Cheng et al., 2020; Zhou et al., 2022). The stalagmite oxygen isotope records from approximately 34.0 ka BP indicate that the summer monsoon became increasingly warmer despite the appearance of several cooling events (Wang et al., 2005). As the climate warmed, the Mg was steadily enriched but Ti in the weathering products. The δ13C, TOC/TN, and TOC/TS in the core sediments exhibit some positive correlation with Mg/Ti, suggesting that the strengthening monsoon climate was a crucial factor that had a significant influence on the inputs of OM in the estuary. This sensitivity of organic matter fractions to monsoon climate had also been observed in the deposition in the Pearl River estuary (Zong et al., 2006). The weak variation of sedimentary organic matter in the Changjiang Estuary to the Holocene monsoon variability may be caused by large water and sediment fluxes, rapid accumulation, and increasing anthropogenic activities since 14 ka BP (Zhou et al., 2006). However, the correlation between climate and organic matter deposition was found to be strong in the HZW1907 core, where freshwater constantly mixed with brackish-salt water since the Holocene. Therefore, the depositional setting in the estuary and inner shelf may be a sink that can provide crucial information on climactic changes, particularly regarding the deposition of particulate organic matter.




Figure 7 | Correlations of organic matter with indices of sea-level change and weathering indices in HZB sediments (A–F). The relationship indicates the sea-level change by climate warming control on organic matter characteristics. Element contents of Cr, Th, Mg, and Ti for the sediments in core HZW1907 from Gao et al. (2023).



Previous studies have demonstrated that C/S and C/N ratios, which are sensitive to sea-level and climatic changes in the ECS inner shelf (Liu X. T., et al., 2021; Chang et al., 2023), can be examined together to reveal the depositional evolution from terrestrial to marine environments. Additionally, as mentioned above, the content of OM in the HZW1907 core is likely to be limited by the condition of the environment. There are relatively apparent correlations between C/S and C/N ratios in sediments and the ratio of Cr/Th, with their R2 being more than 0.6 (see Figures 7B, C). Additionally, there is a robust correlation between C/S and C/N ratios and Mg/Ti (R2 = 0.9 and 0.3, respectively; refer to Figures 7E, F) for climate change, suggesting that the C/S ratio can be used more sensitively to distinguish between freshwater and marine/brackish environments.

The C/N and C/S ratios indicate that the sediments in units 5 and 4 of the HZW1907 core were deposited in a terrestrial freshwater environment. OM deposited in this period comprises freshwater organic matter, algae, and C3 vascular plant detritus (see Figure 3B), representing a typical terrestrial fluvial/lacustrine environment. Terrestrial components dominate in the region, which is indicated by the elevated C/N ratios (Hu et al., 2007; Acharya et al., 2015; Chen et al., 2015). The strong oxidation conditions also generate particularly low TS content in the freshwater environment. Consequently, almost all values of C/S ratio are higher than 6 (refer to Figure 8), corresponding to the recently proposed S/TOC threshold of 0.1 (Wei and Algeo, 2020), as well as results from the terrestrial fluvial sediments (17.3–13.1 ka BP) in the EC2005 core (Liu et al., 2022) and the Zhejiang coast (Sanmen Bay) glacial sediments (Chang et al., 2023). Both C/S and C/N ratios in unit 3 declined from 7 to 1.3, indicating a transitional environment from a terrestrial to a marine environment in the early Holocene, during which seawater intensified OSR and AOM processes (Berner, 1984; Boetius et al., 2000). This result was observed in the EC2005 core from the ECSS (see Figure 8; Liu X. T. et al., 2021). Units 2 and 1 were deposited in a normal marine environment, which is significantly different from that found in the ECSS (the EC2005 core; Liu X. T. et al., 2021), but is relatively similar to interglacial sediments in the NDGK2 core obtained from the Zhejiang coast (Chang et al., 2023). These results suggest that HZB sediments were deposited in a “sea–land transitional zone” rather than in a brackish environment such as that in the ECSS (refer to Figure 7) even though organic carbon isotope signatures revealed more sea-sourced OM substances in U2.




Figure 8 | The mean values of C/S and C/N ratios and the range of the HZW1907 core indicate environmental evolution. The core EC2005 from Liu X. T. et al. (2021); Zhejiang coast (Sanmen Bay) glacial and interglacial sediments in the NDGK2 core from Chang et al. (2023).



In summary, the depositional conditions of the study area were impacted by sea-level changes that could significantly influence the C–N–S conditions. The C/N and C/S ratios can provide supplementary evidence for identifying the sedimentary environment for the East China River–coastal shelf sedimentary systems. A C/S ratio of less than 1 is relatively normal in a seawater environment, while that greater than 8 is normal in a freshwater environment. In comparison, a “sea–land transitional zone” sedimentary environment often has a C/S ratio ranging from 1 to 6 (shown in Figure 8). However, there is a need for further investigations on the chemical and isotopic composition of pore water obtained from different geological and marine backgrounds.





6 Conclusion

Due to the transition of their sedimentary environment from a terrestrial to a marine environment since the last deglaciation, the HZB and its adjacent sea areas provide an ideal natural laboratory for the study of the link among carbon, nitrogen, and sulfur with significant alongshore sediment dispersal. Alongside the results from samples of the ECSS core sediments and river sediments, our results reveal that C–N–S levels in the HZW1907 core sediments vary due to marine transgression and that the sedimentation process could significantly impact the diagenetic path.

1) The mass ratios of TOC, TN, and δ13C in the HZW1907 core suggest a river-dominated organic carbon deposition process. The TOC/TN ratio and δ13C content are shown to be sensitive to sea levels in the Yangtze River estuary–Hangzhou Bay inner shelf dispersal systems. The TOC and TN content in the HZW1907 core exhibits an increasing gradient pattern accompanied by a decreasing gradient for C/N ratios, suggesting large inputs of organic matter, with the supply of the organic matter since the Last Glacial Period being from different sources. Freshwater organic matter, algae, and C3 plant fragments are the main sources of organic matter in U5 and U4 (33.4–12.3 ka BP). The impact of marine organic matter or marine algae is evident in their absorption into U3–U1 since 12.3 ka BP. The δ13C mixture model for the HZW1907 core indicates that riverine OM in U1 and U2 are 68% and 74%, respectively, with the proportions of both in U1 and U2 being greater than they are in U3 (59%). Additionally, the δ13C mixture model is a relatively effective factor for identifying organic matter sources in the Yangtze River estuary–HZB inner shelf dispersal systems.

2) The gradient of C/N and C/S ratios can serve as supplementary indicators for identifying the characteristics of sedimentary environments, including identifying freshwater and brackish environments present since the Late Pleistocene along the East China Sea coast. However, the C/S ratio is a more effective indicator of seawater intrusion. We propose a C/S ratio of less than 1 to 2.8 to be considered a normal seawater environment, while that greater than 8 can be considered a normal freshwater environment. Additionally, for the Yangtze River estuary–HZB inner shelf dispersal systems, we propose that a C/S ratio between 1 and 6 can be considered a “sea–land transitional zone” sedimentary environment. The results of this study indicate that identifying marine transgressions and their magnitude using C–N–S amounts has significant value in deep-time studies of the paleoenvironment, even though the results require verification through further study.
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