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Editorial on the Research Topic 
Sedimentary evolution and hazardous geology during the Holocene in the Yangtze River and the Red River Deltas and the neighboring coastal areas


The Yangtze River and Red River both originate from the Tibetan Plateau and are among the top ten rivers in Asia in terms of sediment discharge (Milliman and Meade, 1983). These rivers have a significant impact on the global carbon cycle (Gao et al., 2017). The Yangtze River Delta is located on the west coast of the East China Sea, while the Red River Delta occurs on the west coast of the Gulf of Tonkin in the South China Sea. Both deltas began forming during the early to middle Holocene with the stabilization of global sea level (Hori and Saito, 2007). There is a growing body of literature on the evolution of the deltas and the neighboring coastal areas (e.g., Tanabe et al., 2006; Liu et al., 2023; Song et al., 2013), yet further research is required to enhance our understanding of the intricate interplay between sea-level and climatic changes, hydrodynamic processes, and human activities for these delta areas. Fortunately, collaborative research on these delatic settings between geoscientists from China and Vietnam has increased understanding on the sedimentary record for the past ca. 10,000 years and potential geologic hazards.
The objective of this Research Topic is to explore new findings on sedimentary evolution and geologic hazards in the Yangtze River and Red River deltas and the adjacent coastal areas during the Holocene. This study is part of the collaborative research effort between China and Vietnam, and this collection of manuscripts focuses on the following aspects:
1) Studying the sedimentary evolution and stratigraphic records in the deltas and coastal areas under the influence of sea level changes, climate variations, sediment sources and dynamics, and human activities.
2) Investigating the source-to-sink processes in the deltas and coastal areas during the Holocene.
3) Analyzing the types, distribution, formative mechanisms, and trends of geohazards in the deltas and coastal areas.
We provide a summary and analysis of the nine papers associated with this Research Topic on the Sedimentary Evolution and Hazardous Geology during the Holocene in the Yangtze River and the Red River deltas and the Neighboring Coastal Areas.
Two articles by Chen et al. and He et al. discuss recent advancements in the study of the sedimentary evolution of the Jiangsu coast, which is located at the northern end of the modern Yangtze River Delta. Chen et al. conducted a comprehensive analysis of two cores obtained from the central North Jiangsu Plain (NJP) to reconstruct the sedimentary history of the area since MIS 2. They discovered a significant shift in sediment source from the Yangtze River to the Yellow River during the early Holocene in north central NJP. This change may be or is attributed to the transport of Yellow River sediments by strong tidal currents and waves or the southward migration of the Yellow River. He et al. investigated the formation and evolution of the radial tidal sand ridge (RTSR) off the Jiangsu coast in the South Yellow Sea, which is a remarkable and distinctive seabed formation. The analysis of sedimentological and paleoecological data from cores retrieved from the Jiangsu Plain and offshore from the sand ridges indicates that the RTSR originated 9,000 cal yr BP under transgressive conditions. These forms persisted throughout the Holocene but experienced significant development after 1128 AD, coinciding with the southward flow of the Yellow River into the Yellow Sea.
Sun et al. conducted a study on the formation of authigenic pyrites and gypsums in core JC-1, located offshore of Zhoushan Islands near the current delta of the Yangtze River. They discovered the presence of gypsum minerals or the coexistence of pyrite and gypsum in the enriched authigenic pyrites in different sedimentary facies. The results indicate that local environmental acidification leads to the formation of authigenic gypsums, with sulfate derived from overlying seawater and pyrite oxidation. This research provides important insights into the impact of sea level rise and climate change on different sedimentary environments.
Qiu et al. conducted an analysis of sediment thickness and source during the Holocene in Sanmen Bay, located on the Zhejiang coast. The study aimed to understand the sedimentary processess of the bay in relation to the transport of sediments from the Yangtze River. These results indicate that the fine-grained sediments in Sanmen Bay primarily originate from the Yangtze River and that the bay serves as a significant sink for these sediments. This study documented a high rate of sedimentation during the early and late Holocene, which decreased notably during the mid-Holocene. Thess changes in sedimentation rate are attributed to the southward transport processes of Yangtze River sediments under the influence of the East Asian Winter Monsoon. The study emphasizes the important role of coastal bays in Zhejiang coast for the source-sink process of Yangtze River sediments.
Tong et al. conducted a study of core G02 on the northwestern continental slope of the South China Sea (SCS) to investigate the variations in organic matter sources and distribution over the past ∼8,600 years. Core G02 showed a significant increase in δ15N values between 8.4 and 4.6 cal kyr BP, indicating the intrusion of low-oxygen subsurface water from the Kuroshio Current into the northern SCS. Furthermore, they found negative δ13C values from 8.3 to 3.0 cal kyr BP, suggesting a weakening of the East Asian Monsoon. In turn, positive δ13C values during 3.0–1.4 cal kyr BP may indicate the weakening of the Indian Summer Monsoon. The study also highlighted the increasing influence of human activities on organic carbon production and burial since 1.4 cal kyr BP. These findings contribute to our understanding of organic matter source-sink processes and the factors influencing these processes on continental slopes in low-latitude marginal seas.
Dong et al. used end member modeling analysis (EMMA) and grain size trend analysis (GSTA) to study the sediment transport in the nearshore seabed of Hai Hau, Nam Dinh Province, southwest of the Red River Delta. They found that sediments from the Hai Hau coast are eroded and deposited in the center of the study area due to various dynamic processes. The fine-grained components of transported sediments may originate from the Ba Lat River mouth, and the sand component from the Ba Lat River mouth which is partially transported to deeper water areas (below 28 m depth). This study provides new insights into the offshore sediment transportation for the Red River Delta.
Three articles in this issue focus on the research of geological hazards in the study region. The article by Jiang et al. investigates the type, distribution, and origin of geological hazards in the Oujiang estuary on the Zhejiang coast. Through analysis of shallow seismic profiles and boreholes, the authors identify various geological hazards, such as shallow gas pockets, active sand waves, shallow-buried irregular bedrock, erosion channels, steep submarine slopes, and buried paleochannels. Jiang et al. also provide maps of recoginzed geologic hazards. The formation of these hazards is influenced by the geological structure and external dynamic forces, including sea-level changes, modern hydrodynamics, and human activities. The other two articles explore the origin and hydrochemical characteristics of confined groundwater in coastal areas, enhancing our comprehension of the formation and evolution of saline groundwater in coastal areas. Zhan et al. analyze the hydrochemistry of 87 groundwater samples collected from five confined aquifers in the Yangtze River Delta. They propose that the groundwater samples have two different origins, marine-continental and continental, with distinct hydrochemical characteristics. These results indicate that human activities have caused the infiltration of saline water into the groundwater near surface aquifer over the past century. Gao et al. compare the hydrogeochemical characteristics and relationships between saline groundwater and the sedimentary environment in two representative muddy coastal zones, the Yellow Sea coast (YSC) and the Bohai Sea coast (BSC). The findings demonstrate that the enrichment of total dissolved solids (TDS) in the BSC and YSC is primarily caused by freshwater-seawater-brine and freshwater-seawater mixing, respectively. The salinity of groundwater is mainly due to saltwater intrusion, followed by water-rock interactions.
In summary, this Research Topic has brought together state-of-the-art studies on sedimentary evolution and hazardous geology during the Holocene in the Yangtze River and the Red River deltas and their nearby coastal areas, and sheds new light on the deeper understanding of the Holocene sedimentary history and geo-hazardous mechanism. It is our belief that a thorough and unbiased evaluation of the geological investigation and research results, in conjunction with the latest advancements and innovative findings, could potentially shed light on the most favorable ways for future research.
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In order to reveal the evolution of sediment provenance and paleoenvironment of the central North Jiangsu Plain (NJP) since marine isotope stage 2 (MIS 2), we analyzed lithology, accelerator mass spectrometry (AMS) 14C dating, macrofossils and foraminifera, grain size, and geochemical compositions of sediments from two sediment cores (Core M and Core Y) recovered in the northern side of the Yangtze River. Our results show that fluvial environments prevailed in the central NJP during MIS 2, followed by alternations of coastal-marsh environments and shallow-bay environments in north central NJP and coastal-marsh environments in south central NJP during MIS 1. Provenance analysis suggests a major change in sediment provenance from the Yangtze River to the Yellow River at early MIS 1 in north central NJP; these Yellow River sediments might be transported from previously deposited sediments by strong tidal currents and intense waves to this area or be a reflection of a southward shift of the Yellow River during this period. However, the Yangtze River-derived sediments dominated the south central NJP since MIS 2. The depositional succession and sediment supplies since MIS 2 were dominantly controlled by sea-level fluctuations, regional geomorphic patterns, shift of the rivers, etc.
Keywords: sedimentary environment, provenance, environmental evolution, Core Y, Core M, North Jiangsu Plain
1 INTRODUCTION
Coastal sedimentary records are important archives to understand the links between climate and sea levels. In situ-preserved sediments contain valuable information on marine–terrestrial interactions. Many studies have deciphered the sedimentary records from coastal areas worldwide to understand the history of relative sea-level changes (Hanebuth et al., 2000; Li et al., 2001; Shi et al., 2021), coastal stratigraphy, and environmental evolution on different spatial and temporal scales (Liu et al., 2016; Liu et al., 2018; Johnson et al., 2020; Zhou et al., 2021; Sun et al., 2022).
As a large sedimentary sink, the North Jiangsu Plain (NJP) is a key region connecting the land and ocean in the east of China, and it has preserved abundant environmental change information and provides a good medium for studying regional environmental change. In addition, the NJP is an important sediment reservoir for two globally large rivers: the Yellow River and the Yangtze (Changjiang) River. Therefore, sediments from the NJP will contain important paleoenvironmental information that is relevant to studying sea-level and tectonic variations, source-to-sink processes, etc. Great progress has been made in understanding the sedimentary evolution of the NJP since the Quaternary, especially over the Late Quaternary (e.g., Yang et al., 2002; Wang et al., 2006; Zhang, 2009; Zhang et al., 2010; Chen, 2016). Results have revealed that sedimentation in this region is characterized by the alternation of marine and terrestrial deposits. Comprehensive analyses of sediment cores from the central NJP reveal that sedimentary environmental changes since MIS 5 were strongly controlled by sea-level fluctuations, with most of the preserved sediments deposited in MIS 5, MIS 3, and MIS 1 (Chen, 2016). Using foraminifera abundances, one transgression layer has been identified in Core XH1 and Core XH2 (Figure 1B) (Zhang, 2009).
[image: Figure 1]FIGURE 1 | Left map (A) [modified after Yang et al. (2006)] showing the study area (the red rectangle area) and changes in the course of the lower Yellow River during the past 4000 years [Chen et al. (2012)]; right map (B) [modified after the Provincial Geomatics Center of Jiangsu Province (2004) and Gu et al. (1983)] showing the locations of the drill cores M and Y (M, Maoshan; Y, Yuduo), XH1 and XH2 (Zhang, 2009), and CSJA3 (Yu et al., 2016) in the northern part of the Yangtze River Delta; blue arrows denote the flow direction of possible sediment sources of the study area (AYR, Abandoned Yellow River).
As the important sediment reservoir for the Yellow River and the Yangtze River, however, whether and to what extent the Yellow River and the Yangtze River supplied sediments to the central NJP is still controversial. Yang et al. (2002) noted that the Yangtze River had prevailed in the Jiangsu coastal plain sedimentation during the early stage of the Holocene, while the Yellow River dominated the area during the late Holocene. A study on the major, trace, and rare earth element characteristics of sediments in the Huaibei Plain demonstrated that the Yellow River may have migrated in the Huaihe River catchment during the last deglaciation (∼13.2 ka) at least (Zhang et al., 2016). This result demonstrates that the influence of the Yellow River on the formation and shaping of the NJP may have been underestimated.
Given the complicated environment and provenance change, more case studies of sedimentary records from various locations around the NJP are needed, and investigations of high-resolution proxies of environmental changes will provide a better understanding of the sedimentary history in relation to the sea-level change. In this paper, two sediment cores (Core M and Core Y) with ∼15 km apart in the northern side of the Yangtze River were obtained. Based on the lithology, AMS 14C dating, grain size, and geochemical analyses of Core M and Core Y, changes in the sedimentary environment and provenance in the central NJP since MIS 2 were discussed. The results could provide important information for a better understanding of the formation and evolution of the NJP.
2 STUDY AREA
The central NJP is located between the Old Yellow River in the north and the Tongyang Grand Canal in the south (Figure 1). The topography of this area is dominated by lowland with a ground elevation below 5 m, and it declined from the Beijing–Hangzhou Grand Canal in the west toward the east along the Northern Jiangsu coast, with the lowest place around the Xinghua-Old Sheyang Lake area (Figure 1B). The Yangtze River and the Yellow River enter the East China Sea and the Bohai Sea, respectively. Although both rivers do not directly flow into the Yellow Sea at present, it was reported that they had frequently entered the Yellow Sea through the NJP during the Late Quaternary (Ren and Shi, 1986; Milliman et al., 1987; Chen and Stanley, 1995). For example, the deposition of huge amounts of sediment within the river channel and along the alluvial plain has caused frequent and extensive changes in the Yellow River’s lower course (Figure 1A). The Yellow River shifted its river course from Shandong Province to the north Jiangsu coastal area in 1128 AD and delivered huge amounts of sediment to the coastal area and the Yellow Sea until 1855 AD; the coastline prograded rapidly, and the Abandoned Yellow River subaqueous delta was developed during this period (Ren and Shi, 1986; Milliman et al., 1987) (Figure 1). Following the capture in 1128–1855 AD by the Yellow River, the Huaihe River became a tributary of the Yellow River (Editorial Board on Records of Huaihe River, 1997). Abundant sediments supplied by the Yellow River also make the topography in the north NJP (near the Old Yellow River course) obviously higher than that in the south (Xinghua-Old Sheyang Lake area).
Sedimentary sequences of the Late Quaternary in the Jiangsu coastal plain and the northern Yangtze River Delta have been studied extensively on the basis of analysis of sediment cores (Li et al., 2001; Sun et al., 2015). The thickness of the Last Glacial Maximum (LGM) strata ranges from 2 m to 10 m, at a burial depth of 3–25 m, increasing eastward in burial depth and decreasing eastward in sedimentary thickness. This stiff clay layer was inferred to be compound ones resulting from alternating deposition and pedogenesis on the palaeo-interfluve of the Yangtze River, which became very hard after being exposed and dewatered (Li and Wang, 1998; Chen et al., 2008). At the end of the LGM, the topographic form in the area was tilted and uplifted from southeast to northwest, which significantly influenced the postglacial transgression (Chen et al., 1995). The paleo-coastline in the North Jiangsu Plain even reached the Huaiyin–Gaoyou–Yangzhou area (Pan, 1983), and a huge estuary of the Yangtze River with the apex at Zhenjiang and Yangzhou areas was formed when postglacial transgression reached the maximum (Li et al., 2000). After 7000 a BP, the sea level gradually tended to be stable, and this was evidenced by a series of shelly sandbars parallel to the present coastal line at the central part of the northern Jiangsu coastal plain area, which was developed at the Funing–Yancheng–Dongtai–Hai’an area with ∼200 km long from north to south and ∼60 km west of the present coastline (Figure 1B) (Gu et al., 1983).
3 MATERIALS AND METHODS
3.1 Core sampling
Two borehole cores (Core M and Core Y) were obtained in March 2014 from the back of the northern part of the Yangtze River Delta (Table 1; Figure 1). Core M and Core Y were split, descried, photographed, and subsampled in the laboratory immediately after the completion of drilling. In this study, we mainly focused on the upper 20 m of the whole core, where the age framework was effectively established by the AMS 14C results.
TABLE 1 | List of cores drilled from central NJP.
[image: Table 1]3.2 Sediment grain-size analysis
Subsamples were generally taken at 10–50 cm intervals for grain-size analysis: intervals that, on visual inspection, appeared of relatively homogenous grain size were sampled less dense; intervals with more variations were sampled denser. A total of 75 and 46 samples were obtained from the upper 20 m of Core M and 10 m of Core Y, respectively. Each sample was 2 cm thick. The grain size was measured using a Malvern Mastersizer 2000 laser particle size analyzer. Before measuring grain size, samples were pretreated with 10% H2O2 and 0.1 N HCl to remove organic matter and biogenic carbonate, respectively. The results from the laser particle size analyzer were statistically processed using GRADISTAT software (Blott and Pye, 2001). The Folk and Ward (1957) classification scheme was adopted in this study. Analyses of grain size were carried out in the Key Laboratory of Coast and Island Development of the Ministry of Education, Nanjing University.
3.3 Elemental analysis
Bulk sediments were used in this study for chemical analysis. A measure of 0.1 g powdered samples of the sediment was digested with concentrated 1 ml HNO3, 0.5 ml HClO4, and 5 ml HF in a clean Teflon vessel at ∼90°C for about 4 h until the digested solution was evaporated to dryness. Then, it was eluted with 1.5 ml aqua regia (3:1 HCl: HNO3) and 8.5 ml distilled water. Concentrations of major and trace elements were measured by ICP-AES (OPTIMA 5300DV, produced by PerkinElmer Company, United States of America). The contents of 17 elements (Al, Ca, Fe, K, Mg, Mn, Na, Ti, P, Ba, Cr, Cu, Li, Ni, Sr, V, and Zn) were tested. The detection limit was 0.00X-0. X mg/L, RSD≤2%. Chinese standard materials, GSS2 and GSS5, and several sandbank samples were analyzed with the sample sets in order to monitor the analytical precision and accuracy. The results show that relative deviations between measured and certified values are generally less than 10%, indicating satisfactory recoveries. Chemical analyses of all samples were carried out in the Center of Modern Analysis, Nanjing University.
3.4 Species identification of macrofossils and foraminifera
Four samples of macrofossils (i.e., bivalves and gastropods) were analyzed in the Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences. They were rinsed with clean water and dried thoroughly before being analyzed. Zheng (2013) and Zhang (2008) are the main references used in the species identification of macrofossils. Eight samples of foraminifera of Core M and five of Core Y were analyzed in the Marine Science and Technology College, Zhejiang Ocean University. Wang (1988) and Loeblich and Tappan (1988) are the main references used in the species identification of foraminifera.
3.5 AMS 14C dating
Of the selected molluscan shells, plant debris, or organic-rich mud from these two cores, eight AMS 14C ages were measured by Beta Analytic Inc. (Table 2). Age determinations were estimated based on a Libby half-life of 5568 years. To deal with the marine reservoir effect on the gastropod and shell samples, the ΔR value (135 ± 42) of a coastal sample from northwest Taiwan reported by Yoneda et al. (2007) was used.
TABLE 2 | AMS 14C dating results of Core M and Core Y.
[image: Table 2]4 RESULTS
4.1 Sedimentary changes
Based on a comprehensive analysis of the testing results of Core M and Core Y, for example, sediment colors and components, sedimentary textures and structures, grain size, and macro- (i.e., bivalves and gastropods) and microfossils (i.e., foraminifer), the sediments in Core M and Core Y can be divided into five and three depositional units, respectively (Figure 2; Figure 3).
[image: Figure 2]FIGURE 2 | Comprehensive column of lithology, grain size, foraminiferal abundance, and species in Core M with AMS 14C ages and interpreted sedimentary environments.
[image: Figure 3]FIGURE 3 | Comprehensive column of lithology, grain size, foraminiferal abundance, and species in Core Y with AMS 14C ages and interpreted sedimentary environments.
4.1.1 Sedimentary changes in Core M
Layer 5 (17.20–11.90 m): This layer is comprised of hardened or semi-hardened yellowish-brown stiff clayey silt, with abundant small black Fe-Mn nodules. The mean grain size is 5.09–6.93 ϕ, averaging 6.09 ϕ. No foraminifer was found in this layer. The contact relation between this layer and the underlying layer is transitional. This stiff mud layer is interpreted to be composed of river floodplain deposits that formed during MIS 2.
Layer 4 (11.90–9.94 m): Layer 4 is comprised of gray–black sandy silt with occasional wavy bedding, cross-bedding, and a few plant debris and mica pieces. The mean grain size ranges between 4.20 and 5.91ϕ, averaging 4.93ϕ. No foraminifer was found in this layer. The bottom contacts the underlying layer via an obvious erosion surface. Based on the aforementioned analyses, this section is interpreted as composed of freshwater lacustrine swamp deposits.
Layer 3 (9.94–4.10 m): Layer 3 is comprised of dark gray sandy silt, with occasional waving bedding, cross-bedding, and abundant mica pieces. A section of 6.71 m–7.00 m contained black mud, and plenty of intact or fragmentary shells were found. The mean grain size is 4.19–6.07ϕ, averaging 4.69ϕ. Foraminiferal abundances in this layer are extremely high, even reached to ∼30,000/50 g dry sample, with 8–14 species. Within the foraminiferal assemblage, Ammonia takanabensis (Ishizaki) is the most abundant, followed by Epistominella naraensis, Ammonia beccarii (Linné) var, Cribrononion vitreum, Astrononion tasmanensis, Brizalina striatula, and Florilus atlanticus, all of them being the common benthic species in the present northern Jiangsu coastal area. Planktonic species Globigerina spp., which is both typical shallow marine and stenohaline species, was also identified in this layer, but all of them were young specimen fossils. All of the aforementioned foraminiferal species are attributed to the hyaline group. In addition, the porcelaneous group, with two specimens of Quinqueloculina akneriana rotunda (Gerke) and 12 specimens of Quinqueloculina spp, was observed in a sample at a burial depth of 8.85 m. Foraminiferal assemblage of benthic and planktonic species and euryhaline and stenohaline species, which are mixed with sandy silt, with high abundance and diversity, indicates that they might be transported by the tidal current for a long distance. Corbicula cf. amurensis (Schrenck), belonging to bivalves, was identified. The contact relation between this layer and the underlying layer is transitional. Based on the aforementioned analyses, this layer is interpreted as composed of shallow bay deposits.
Layer 2 (4.10–1.00 m): This layer is primarily comprised of gray–black and yellowish-brown clayey silt, with occasional wavy bedding and cross-bedding. At the bottom of the layer (3.45–4.00 m), plenty of plant debris, intact shells, and shell fragments were observed. The mean grain size ranges between 4.78 and 6.35ϕ, averaging 5.54ϕ. Corbicula cf. amurensis (Schrenck), belonging to bivalves, was identified, some of which had two valves hinged, indicating that they were in situ buried. Abundant foraminifera were observed in a sample at a burial depth of 2.45 m, but the foraminiferal assemblage is very monotonous; only Ammonia beccarii (Linné) var. was found. No foraminifer was found at 3.75 m. In addition, some of the foraminifers were etched and partially or wholly decalcified, presenting the antique white color. The contact relation between this layer and the underlying layer is transitional. This layer is interpreted as composed of coastal marsh deposits. Monotonous species and the one commonly dominating species of foraminifers are the most important characteristics of coastal marsh deposits (Wang et al., 1985). Results from Murray (1968) have shown that the diverse fields of hyposaline lagoons are very low, particularly for samples rich in silt and clay.
Layer 1 (1.00–0 m): This backfill soil layer is mainly comprised of gray–black and gray–yellow clayey silt, with a few rock dregs, plant roots, and debris.
4.1.2 Sedimentary changes in Core Y
Layer 3 (9.26–4.00 m): This layer is mainly comprised of hardened or semi-hardened yellowish-brown, olive green stiff clayey silt, with abundant small black Fe-Mn nodules. The mean grain size is 5.83–6.61ϕ, averaging 6.36ϕ. A total of 25, 4, and 2 specimens of Quinqueloculina akneriana rotunda (Gerke), Cribrononion vitreum, and Elphidium limpidum were recognized in a sample at a burial depth of 7.53 m, respectively. The contact relation between this layer and the underlying layer is transitional. Based on the aforementioned analyses, this stiff mud layer is interpreted to be composed of river floodplain deposits that were formed during MIS 2. Foraminifers in this layer are very likely due to the reworking, transportation, and redeposition of sediments from the exposed marine strata, which were caused by paleo-storm during the LGM (Xia et al., 2013). Foraminifera are also found in the stiff clay mud of more than half of the sixteen cores, including cores T2, T4, T5, T6, T7, T9, T10, T13, and T15 (located in the Yangtze River Delta) (Chen et al., 2008). In addition, a few marine or estuarine shell fragments and calcareous nannofossils of core 07SR01 (located in the middle Jiangsu coast) and the marine shell fragment-mixed sand layers of core T9 were also found in the stiff muds (Zhao et al., 1997; Xia et al., 2013).
Layer 2 (4.10–1.00 m): This layer is primarily comprised of brownish-gray clayey silt, with occasional sand–mud thin layers. The mean grain size ranges between 5.40 and 6.45ϕ, averaging 5.98ϕ. At the bottom of the layer (3.3 m–3.7 m), plenty of intact shells and shell fragments were observed. Littorinopsis cf. intermedia (Philippi) and Littorinopsis cf. scabra (Linne), belonging to gastropods, were identified with one in each species, which usually inhabit near the high tide line. Corbicula leana Prime, belonging to bivalves, was present abundantly. Plenty of foraminifers were recognized at 3.64 m, and no foraminifer was found at 2.92 m in the core. The contact relation between this layer and the underlying layer is transitional. This layer is interpreted as coastal marsh deposits.
Layer 1 (1.00–0 m): This backfill soil layer is mainly comprised of gray–black and gray–yellow clayey silt, with a few rock dregs, plant roots, and debris.
4.2 Dating results
AMS 14C dating results of Core M and Core Y indicated that the lower sections analyzed are older than 43,500 a BP and 26,490 ± 110 a BP (Table 2), respectively. Hence, they are considered to represent the Late Pleistocene.
4.3 CONCENTRATIONS OF MAJOR AND TRACE ELEMENTS IN THE CORE SEDIMENTS
Elemental compositions of Core M and Core Y are given in Figure 4 and Figure 5. Major and trace elements show variable trends in concentrations of different depositional units of Core M (Table 3). Concentrations of most elements of sediments are generally higher in MIS 2 than in MIS 1 (Figure 4; Table 3). Except Na2O and TiO2, the rest of the elements all showed a decreasing trend (Figure 4), and concentrations of most elements (e.g., Al, Fe, K, Cr, Li, Ni, V, and Zn) are relatively close to the Yangtze River sediments (Table 3). Concentrations of most elements are slightly lower during MIS 1 but as a whole remain fairly stable; in spite of a sudden fluctuation at ∼3.5 m, the average concentrations of most of the elements (e.g., Al, Fe, Mg, Ti, Cr, V, and Zn) are very close to the Yellow River sediments (Table 3).
[image: Figure 4]FIGURE 4 | Elemental compositions of Core M sediments from the central North Jiangsu Plain (major elements in % and trace elements in μm/g).
[image: Figure 5]FIGURE 5 | Elemental compositions of Core Y sediments from the central North Jiangsu Plain (major elements in % and trace elements in μm/g).
TABLE 3 | Element concentrations in the sediments of Core M and Core Y (major element*: % and trace element: μm/g).
[image: Table 3]Concentrations of most of the elements in sediments of Core Y show little variation since MIS 2 (Figure 5; Table 3), and the average concentrations of many elements (e.g., Fe, K, Ba, Cr, Ni, V, and Zn) are very similar to the Yangtze River sediments (Table 3).
5 DISCUSSION
5.1 Chronostratigraphic framework
The establishment of a reliable chronostratigraphic framework is the foundation for studying and explaining many geological problems. Multiple layers of stiff clays, which are mottled dense argillaceous strata and easily distinguished due to their stiffness and abrupt contacts with overlying strata, have been found in the Late Quaternary sedimentary records of several major river deltas in the world, such as the Mississippi River Delta (Aslan and Autin, 1998) and the Yangtze River Delta (Li et al., 2002; Chen et al., 2008). For example, the first stiff clays that were found at depths of 3–28 m in the Yangtze River Delta possess a marked boundary with the overlying Holocene deposits and a diffuse boundary with underlying grayish-yellow littoral or fluvial silt and sandy clay (Chen et al., 2008). Therefore, the first stiff clays in the Yangtze Delta are useful and important regional markers in the stratigraphic framework of the eastern coastal areas of China. By using the AMS 14C dating results, together with the first stiff clays for reference, a chronostratigraphic framework was established for the sedimentary succession of Core M and Core Y.
According to analyses of abundant 14C dating results of a large number of drill cores in the Abandoned Yellow River Delta region of Jiangsu coastal plain, 14C ages dated by organic carbon from clayey silt tend to be older owing to increased reworking and admixture of older carbon during transportation (Xia et al., 2015). Residues of the acid–alkali–acid extraction of the peaty layers and organic macrofossils such as larger wood fragments, in situ root remnants (Hanebuth et al., 2000), and shells (Xia et al., 2015) yielded the most reliable ages. For Core M, AMS 14C age dated by plant debris from clayey silt at 19.88 m is >43,500 a BP, which could provide certain reference significance. AMS 14C age dated by organic-rich mud from clayey silt at 12.33 m of Core M is 30,510 ± 160 a BP, which might be reliable. The material dated from the bottom of Layer 2 (3.89 m) was recognized as in situ buried marine shells that yielded an age of 6400 ± 30 a BP. AMS 14C ages at 1.40 m and 7.28 m of peaty layers were also found to be reliable. For Core Y, AMS 14C ages dated by organic carbon from clayey silt at the bottom (8.33 m) and the top (5.30 m) of Layer 3 are 15,370 ± 50 a BP and 26,490 ± 110 a BP, respectively. The material dated from the bottom of Layer 2 (3.56 m) was recognized as in situ buried marine shells that yielded a reliable age of 6420 ± 30 a BP.
Therefore, on the basis of the dates of global sea-level changes during the Late Quaternary ( Waelbroeck et al., 2002), together with the AMS 14C dates, and using the first stiff clays for reference, in Core M, Layer 6 (coastal marsh deposits), Layer 5 (floodplain deposits), Layer 4 (freshwater lacustrine swamp deposits), Layer 3 (shallow bay deposits), and Layers 2 and 1 (coastal marsh deposits) are interpreted to have been formed in the late MIS 3, MIS 2, early MIS 1, early to middle MIS 1, and middle-to-late MIS 1, respectively (Figure 2). In Core Y, Layer 4 (coastal marsh deposits), Layer 3 (floodplain deposits), and Layers 2 and 1 (coastal marsh deposits) are interpreted to have been formed in the late MIS 3, MIS 2, and middle-to-late MIS 1, respectively (Figure 3).
5.2 Evolution of sedimentary environments since MIS 2
The floodplain deposits suggest that in the area around the Core M and Core Y sites, a terrestrial environment prevailed during MIS 2. With the initiation of dramatic global cooling, the polar ice sheets advanced very quickly, and the sea level began to fall rapidly. The sea level of the Yellow Sea was situated at about −120 m during the LGM and later progressively rose to stabilize or slightly decrease at −100 m level and 16 cal ka BP (Figure 6) (Liu et al., 2004). Because of the extremely dry and cold climate during the LGM, a yellowish-brown-to/or-olive-green stiff clay mud was well developed in the northern side and southern side of the Yangtze River Delta with a buried depth of 3–25 m, which was the product of the ongoing accretion and pedogenesis on the floodplain during this period (Chen et al., 2008). This floodplain deposit was also well developed in the study area, and the stiff clay mud layer was recorded with a sedimentary thickness of 5.30 m in Core M and 5.26 m in Core Y. The burial depth in Core M and Core Y was 11.9–17.2 m (the depth of Core M and Core Y referred to in this study was the actual burial depth, not considering the compaction effect) and 4.0–9.3 m, respectively. As there was an erosion surface at the top of the MIS 2 deposit, the actual sedimentary thickness of this layer in Core M was certainly more than 5.3 m. The difference in sedimentary thickness of LGM deposits on the floodplain was a common phenomenon due to topographic fluctuations, distance from the river bed, and different water dynamic conditions in the Yangtze River Delta and the North Jiangsu Plain area (Chen et al., 2008).
[image: Figure 6]FIGURE 6 | Stepwise postglacial sea-level rise in the western Pacific (after Liu et al., 2004).
The deglacial period began at ∼15 cal ka BP as a result of global warming. The step-like and rapid rise of the postglacial sea level occurred as a result of global meltwater pulses (Figure 6) (Fairbanks, 1989; Liu et al., 2004). Freshwater lacustrine swamp, shallow bay, and coastal marsh deposits were developed in Core M during this period, and the corresponding grain size showed a coarse–coarse–fine pattern, indicating strong–strong–weak hydrodynamic conditions. The obvious erosion surface and sudden increase in grain size also demonstrated strong water dynamics during the postglacial period, which reflects that the top layer of the stiff clay mud formed during MIS 2 in Core M was eroded. Transgression layers with obvious erosion surfaces at the bottom were extensively distributed during the postglacial period in the continental shelves in eastern China (Li and Wang, 1998; Xia et al., 2013). The postglacial deposit thickness of Core Y is relatively small; only a 4 m coastal marsh deposit with fine grain size was developed, indicating relatively weak water dynamics.
Since the sea level reached a maximum at around 7000 a BP, the paleo-coastline at NJP even reached the Huaiyin–Gaoyou–Yangzhou area (Figure 1B), and a huge estuary of the Yangtze River with the apex at Zhenjiang and Yangzhou areas was formed when the postglacial transgression reached the maximum (Li et al., 2000). After 7000 a BP, the sea level gradually tended to be stable (Figure 6); this was evidenced by a series of shelly sandbars (formed at ∼7 ka BP, 4.6 ka BP, and 3.8 ka BP from west to east, respectively) parallel to the present coastline in the NJP, which have been found in Funing–Yancheng–Dongtai–Hai’an area (Figure 1B, Gu et al., 1983). These shelly sandbars, together with the north sandbank of the Yangtze River and the south sandbank of the Huaihe River, surrounded the central NJP, making this area a big shallow coastal lagoon that was separated from the open sea by shelly sandbars, which were linked with the open sea by a number of inlets (Pan, 1983). Core M and Core Y sites all developed coastal marsh deposits after 7000 a BP. Few foraminifer assemblages in Core M and Core Y during this period might be a reflection of a relatively long distance from the open sea or could be due to the etch of the calcareous shell at a low pH. Results from Murray (1968) have shown that the foraminifer assemblage in hyposaline lagoons diminishes sharply with the increasing distance to the open sea as salinity decreases from the back to the mouth.
5.3 Sediment provenance variation in the central NJP
5.3.1 Quantification of source contribution using the PI model
The sedimentation in the NJP is primarily controlled by large volumes of sediment derived from the surrounding large rivers (e.g., the Yangtze and Yellow rivers) and the smaller rivers (e.g., the Huai River). The modern Changjiang and Huanghe rivers, respectively, deliver 470 Mt and 1100 Mt of suspended sediments annually to the East Asian marginal seas (Milliman and Farnsworth, 2011). The contribution of other small localized rivers to the study area (e.g., the Huai River) is likely negligible because of the relatively low suspended sediment flux in total (e.g., ∼14 Mt/yr of the Huai River) from these rivers (Milliman and Farnsworth, 2011). It has been well established that source rock compositions and weathering mechanisms basically impose constraints on the distinct geochemical compositions of the Yangtze River and the Yellow River sediments (Zhao and Yan, 1992; Chen et al., 2000; Yang et al., 2002). The Yangtze River sediments are characterized by high enrichment of transition metals (e.g., Cu, Zn, Pb, Fe, Co, Ni, Mn, Sc, and Ti), whereas the Yellow River sediments have relatively high concentrations of alkali and alkaline earth elements (e.g., Na, Ca, Sr, and Ba) (Zhao and Yan, 1992; Yang et al., 2002) (Table 3). Therefore, the marked difference in elemental compositions between both rivers’ sediments could provide a basis for the discrimination of sediment sources in the North Jiangsu Plain. For the discrimination of the core sediments, five elements, namely, Al, Ti, Ni, Cr, and V, were chosen because these metals show big differences in concentrations between the Yangtze River and Yellow River and moreover, are known to behave conservatively in sedimentary environments (Taylor and McLennan, 1985; Yang et al., 2002). A two-end-member mixing model was adopted by assuming that the Yangtze River and the Yellow River are two provenances to the North Jiangsu Plain sediments and that the sediments from other sources (e.g., Huaihe River-derived sediments and sediments from other local small rivers, etc.; in fact, these rivers are too confined or too small to contribute much sediment) are negligible (Yu and Oldfield, 1989). This model has been applied in the modern Yellow River Delta (Yang et al., 2001), the north Jiangsu coastal plain (Yang et al., 2002), and west of the South Yellow Sea sediments (Lu, 2013) in China. A detailed computational process can be seen in Yang et al. (2002).
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where PI indicates provenance index; Ai1 and Ai2 represent degrees of similarity for element i of the sediment sample to the end-members 1 (Yellow River-derived sediment) and 2 (Yangtze River-derived sediment), respectively; Cix, Ci1, and Ci2 are concentrations of element i in the sediment sample and end-member sediments 1 and 2, respectively; the range is the difference between the maximum and minimum concentrations of element i in the sample and end-member sediments altogether; and n is the number of determined elements. Since the Yellow River and Yangtze River sediments are regarded as end-members 1 and 2, respectively, their theoretical PI values are expected to be 0 and 1, respectively. The whole composition of a sediment sample approximates that of end-member 1 if the PI nears 0, otherwise approximates that of end-member 2 if the PI approaches 1. Considering the bulk sample being used to determine element concentration in this paper, the values of Al, Ti, Ni, Cr, and V are derived from Zhao and Yan (1992).
Almost all of the PI values of the MIS 2 sediments of Core M are more than 0.50 with an average of 0.59 (Figure 7), implying that the sediments have been derived predominantly from the Yangtze River, whereas most of the PI values of the MIS 1 sediments are less than 0.50 (0.13–0.62) with an average of 0.32, representing a dominant influence from the Yellow River. Almost all of the PI values exceed 0.50 for the sediments of Core Y, averaging 0.59 (Figure 7); this indicated a relatively stable sediment source from the Yangtze River for Core Y since MIS 2.
[image: Figure 7]FIGURE 7 | Depth profiles of PI values in Core M and Core Y.
5.3.2 Sediment provenance discrimination using element ratios
The differences in elemental compositions between the Yangtze River and Yellow River sediments can be used as provenance indices to better understand the evolution and formation of the North Jiangsu Plain. Some element ratios, i.e., Fe/Al, K/Al, and Ti/Al, have especially been used to identify the sediment sources due to their relatively conservative behaviors during the sediment formation process (Han et al., 2019; Sun et al., 2019). K/Na is usually used as a proxy for the chemical maturity of sedimentary units. Chemical weathering is stronger in the Yangtze River basin than in the Yellow River basin, where physical weathering predominates (Yang et al., 2001). Therefore, the geochemical compositions of sediments derived from the Yangtze River and Yellow River can be distinguished based on the different weathering patterns and rock compositions (Yang et al., 2001). In this study, Fe/Al–Ti/Al and Fe/Al–K/Na scatter diagrams were used to identify the sources of sediments in the study area.
Figure 8 shows that the upper part (0–11.9 m) of the M core is clearly different from the lower unit (11.9–17.2 m) using plots of Fe/Al vs. Ti/Al and Fe/Al vs. K/Na, which indicates that the upper and deeper core units may have different provenances. The Fe/Al (0.36–0.52) and Ti/Al (0.05–0.11) values from 0 to 11.9 m in the M core fall within the ranges of the Yellow River field, implying that its source may be from the Yellow River. The Fe/Al (0.44–1.01) and Ti/Al (0.05–0.17) values of the lower part (11.9–17.2 m) are relatively widely distributed with some samples falling within the range of the Yellow River field and others seemingly falling within the range of the Yangtze River field (Figure 8). This implies that the source conditions of the deeper sediments are mainly composed of Yangtze and Yellow River sediments during MIS 2. Almost all samples of Core Y (0–4.10 m and 4.10–9.26 m) located in the Yangtze River field show very little variation and are unambiguously different from the Yellow River sediments (Figure 8); this trend can be interpreted to mean that the Y core sediments were primarily sourced from the Yangtze River.
[image: Figure 8]FIGURE 8 | Cross plot of Fe/Al vs. Ti/Al (A) and Fe/Al vs. K/Na (B) of the M and Y core sediments from the NJP. Yellow River and Yangtze River element data are derived from Yang et al. (2002).
Consequently, Fe/Al-Ti/Al and Fe/Al-K/Na ratios suggest that sediments settled on the study site during MIS 2 were mainly controlled by the Yangtze River, and later, Core Y in the southern part of NJP was dominated by Yangtze River sediments, whereas Core M in the northern part was supplied by the Yellow River for the last 10 ka.
5.4 Factors controlling environmental and provenance changes since MIS 2
Both PI values and Fe/Al-Ti/Al and Fe/Al-K/Na ratios indicate an alternating influence of the Yellow River and the Yangtze River on the North Jiangsu Plain since MIS 2. The Yangtze River sediments dominated the study area during MIS 2, and the MIS 1 sediments of Core Y still received the Yangtze River sediments, while Core M was controlled by the Yellow River-derived sediments.
The Yellow River-derived sediments in Core M were dark gray sandy silt and a large number of mica pieces were observed, indicating that these sediments might have been transformed and accumulated in this area by the transport of previously deposited sediments by strong tidal currents and intense waves during the transgression period. According to Chen (1989), sediments of the Yellow River usually show light yellow or yellow–brown color, which is composed of silt or silty sand, whereas once the sediments were transformed, the color would be darker because of the river–sea interaction. Waves and tides represent the dominant hydrodynamic forcing for the coast-shelf environment (Gao and Collins, 2014), especially in shallow waters, wave-generated currents can cause intense sediment transport (Dyer, 1986). The tidal current is often responsible for landward transport. Waves can cause landward transport of sand and gravel on the continental shelf (Gao and Collins, 2014), and the coarse grain size of PG sediments of Core M also indicates strong hydrodynamic conditions (Figure 2). Furthermore, the tidal current is also recognized as the primary agent of foraminifera transport, and the small size, high diversity, and stenohaline species of the foraminiferal assemblage are important marks of a strong-medium tidal estuary (Wang et al., 1986). The foraminiferal assemblage at 4.10 m–9.94 m in Core M is a mixture of benthic and planktonic species and euryhaline and stenohaline species, with high abundance and diversity, which might also be a reflection of strong tidal currents during this period.
Based on the lithologic characteristics of several cores, Chen (1989) concluded that the Yellow River sediments began to influence the North Jiangsu Plain in the Late Pleistocene. Liu et al. (1987) thought that the Yellow River might have directly flowed into the Yellow Sea in the northern Jiangsu coastal area for quite a long time during the Pleistocene. Zhang et al. (2016) proposed that the Yellow River invasion into the Huaihe River drainage basin occurred during the last deglaciation (∼13.2 ka). In addition, on the basis of geochemical analysis, Yang et al. (2002) also detailed that the Yellow River supplied considerable sediments to the north part of the Jiangsu coastal plain by tidal reworking or southward shift of the Yellow River during 7000–3000 a BP and somewhat to the central and southern parts. Some differences were observed when the Yellow River began to influence the North Jiangsu Plain since the postglacial period. These studies were primarily concentrated on the northern Jiangsu coast plain region, and the deposition rate of this area is usually not only higher but also strongly eroded; compiled with the late frequent scouring and redeposition, the stratigraphic sequence is extremely complex, which might disturb the proper understanding of the stratum development history (Li and Wang, 1998). However, the study area in this paper is located at the back of the northern part of the Yangtze River Delta and west of the northern Jiangsu coastal plain, with the relatively weak influence of the strong coastal hydrodynamic condition and physical and biological disturbances since the LGM, which might be a potential area for high-resolution stratigraphic study (Li and Wang, 1998). The results in this study clearly showed that the Yellow River supplied considerable sediments to part of the central North Jiangsu Plain during the postglacial period. The Yellow River probably had shifted its course to the south and may have directly flowed into the northern Jiangsu coastal area during the postglacial period. In addition, the Yellow River sediments might have accumulated in this area by the transport of previously deposited sediments by strong tidal currents and intense waves during the transgression period.
Although Core M and Core Y are only ∼15 km apart, our research results show that the sedimentary environment and sediment source recorded by the two boreholes vary greatly. The burial depth of the MIS 2 deposit in Core M and Core Y was 11.9–17.2 m and 4.0–9.3 m, respectively. Therefore, the terrain of Core Y in the south of the study area is nearly 9 m higher than that of Core M in the north at late MIS 2. This topographic relief was an important factor controlling the direction and scope of transgression in the postglacial stage. Coupled with the climate change, sea-level fluctuation, and river channel migration of the Yangtze River, Yellow River, and Huaihe River in the historical period, the paleogeography and paleoenvironment evolution were extremely complex in the NJP; sediment stratigraphic records of the adjacent borehole even vary considerably, not only in the number of transgression layers but also in the lateral variation of sedimentary facies (Li and Wang, 1998). In fact, it is a common phenomenon in the Yangtze River Delta and the NJP area. For example, 3 and 4 transgression layers were recorded in Core M and Core Y since the middle Pleistocene, respectively (Chen, 2016). However, 1 transgression layer in XH1 and XH2 and 3 in CSJA3 were recorded since the Quaternary, respectively (Figure 1), which were only 10–20 km away from Core M (Zhang, 2009; Yu et al., 2016). A thorough review was carried out by Chen et al. (2020) on the distribution of buried channels in the region of NJP and the western South Yellow Sea; the results show that paleo-river channels are particularly developed in the region left behind by the paleo-Yangtze River since the Quaternary, resulting in a more complicated sedimentary environment and sediment source.
6 CONCLUSION
Based on a comprehensive analysis of Core M and Core Y, the evolution of the sedimentary environment and changes in sediment supplies of the central NJP were discussed.
River floodplain deposits were developed during MIS 2 in the central NJP. Coastal marsh deposits were developed in the south central NJP during MIS 1, and coastal marsh and shallow bay deposits were developed in the north central NJP during early MIS 1 when the postglacial transgression reached the maximum (∼7000 a BP); after the postglacial transgression reached the maximum, the sea level tended to be stable, the paleo-coastline advanced to the east of the study area, and coastal marsh deposits were again developed in the north central NJP.
Sediments delivered to the study site during MIS 2 were mainly derived from the Yangtze River and were later dominated by the Yangtze River in the south and the Yellow River in the north. These Yellow River sediments might be transported from previously deposited sediments by strong tidal currents and intense waves to this area or be a reflection of a southward shift of the Yellow River during this period. Changes in sediment supplies and the sedimentary environment in the central NJP were controlled primarily by sea-level fluctuations, regional geomorphic patterns, and shift of the rivers.
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The radial tidal sand ridge (RTSR) off the Jiangsu Coast in the south Yellow Sea is one of the most fantastic and unique natural landscapes in the world. A large number of investigations on geomorphology and marine geology have been implemented during the last several decades. The formation and evolution of the RTSR, however, are still under debate. To resolve this issue, 10 ∼30–60 m-long cores were retrieved from the Jiangsu coastal plain and offshore sand ridge field in 2018–2019. Stratigraphic transects chronologically constrained by abundant radiocarbon dates were built based on sedimentological and paleoecological (i.e., foraminifer) data from selected cores. Combined with well-documented core stratigraphy from earlier studies, an age–depth plot with a local sea-level change curve revealed that the RTSR initiated approximately 9,000 cal a BP in a sandy bedform shape under transgressive conditions, continued throughout the Holocene, but developed mostly after 1128 AD, when the Yellow River flowed southward into the Yellow Sea. Abundant sediment supply, thus, appears to have played a major role in the formation and evolution of the RTSR in the south Yellow Sea.
Keywords: tidal sand ridge, sedimentary evolution, south Yellow Sea, Yellow River, age–depth curve
1 INTRODUCTION
Shelf sand ridges having longitudinal crests that are over tens of kilometers long with spacings of hundreds to thousands of meters are well known from ancient and modern continental margins (Emery, 1968; Johnson, 1977; Brenner, 1980; Wagle and Veerayya, 1996; Park et al., 2003; Wu et al., 2017; Chiarella et al., 2020; Longhitano et al., 2021). They generally form parallel to the dominant current flow on sediment-laden shelves, regardless of tidal or storm origin (Houbolt, 1968; Swift, 1975; Swift et al., 1978; Stride, 1982). Well-documented examples of tide-dominated shelf sand ridges have been reported from the south-eastern North Sea (Davis and Balson, 1992; Trentesaux et al., 1999), the English Channel and the Celtic Sea between Ireland and France (Berne et al., 1998; Reynaud et al., 1999), the western Yellow Sea off China (Liu et al., 1989; Li et al., 2001), the inner shelf off Korea (Park and Lee, 1994; Chough et al., 2004), the southern Yellow Sea and the East China Sea (Yang, 1989; Berne et al., 2002; Liu et al., 2007), the Bohai Strait (Liu et al., 1998), the Taiwan Strait (Liao and Yu, 2005), and the southwest Florida inner shelf (Davis et al., 1993). Storm-dominated sand ridges have been described in the U.S. Atlantic Bight (Swift and Field, 1981; Goff et al., 1999; Snedden et al., 2011), the Brazilian shelf (Figueiredo et al., 1982), the Argentinean shelf (Parker et al., 1982), the Japanese Sendai shelf (Saito, 1989), the Canadian shelf (Hoogendoorn and Dalrymple, 1986), the central Dutch coast (van de Meene and van Rijn, 2000), the German shelf (Antia, 1996), and the West Florida shelf (Twichell et al., 2003; Knobles et al., 2008).
Surface characteristics of shelf sand ridges have been extensively studied since the early 1970s by using various techniques in the hot-spot region, such as the U.S. Atlantic Bight (Swift et al., 1972; Goff et al., 1999; Pendleton et al., 2017). Early approaches to shelf sand ridges mainly focused on acoustic observations and surficial sampling (Green, 1986; Davis and Balson, 1992). Further progress in understanding the origin and evolution of shelf sand ridges was derived from the measurement of high-resolution seismic profiles and longer vibracores with a few radiocarbon dates (Park et al., 2006; Snedden et al., 2011). Recent studies of sand ridges have gradually turned to hydrodynamic model simulations, in situ underwater video camera observations, and remote sensing satellite monitoring (Vis-Star et al., 2007; Shi et al., 2011; Yoshikawa and Nemoto, 2014).
Previous studies have documented that shelf sand ridges predominantly occur in passive continental margins and broad continental shelf areas (Amos and King 1984; Snedden and Dalrymple 1999). Their morphological characteristics are closely related to the dominant ocean current (Galloway and Hobday, 1983) and are controlled by geologic (i.e., relative sea-level rise, shoreline transgression, and antecedent morphological relief), oceanographic (i.e., storms, tidal currents, and offshore-directed currents), and other (i.e., sediment supply and net sediment transport direction) processes (McBride and Moslow, 1991; Park et al., 2006; Nnafie et al., 2014; Ridente, 2018). However, two different hypotheses have been proposed for the origin of shelf sand ridges. The first hypothesis states that they represent relict features of the transgression, such as deltas or estuarine shoals, which became stranded, eroded, reworked, and then eventually submerged after a relative sea-level rise (McClennan and McMaster, 1971; McBride and Moslow, 1991). An alternative thought is that sand ridges were formed and stabilized by post-transgressive oceanographic processes related to the inherent dynamic interactions between the hydrodynamic force and sandy beds (Swift and Freeland, 1978; Trowbridge, 1995; Twichell et al., 2003). High-resolution seismic measurements in various sea regions supported the relict hypothesis (Berne et al., 1998; Jung et al., 1998; Park et al., 2006), whereas numerical modeling and hydrodynamic simulations were in favor of the hydrodynamic hypothesis (Calvete et al., 2001; Uehara et al., 2002; Vis-Star et al., 2007). A lack of studies on Holocene stratigraphic sequences with accurate chronological constraints in shelf sand ridge regions might explain these different views (Ridente, 2018).
The radial tidal sand ridge (RTSR) off the Jiangsu Coast in the south Yellow Sea is one of the world’s unique geomorphic units. It is famous for its radial current pattern, which includes dozens of large either subaerial or subaqueous radial sand ridges and high suspended sediment concentrations (Figure 1A; Wang, 2002; Liu and Xia, 2004). To understand the origin and mechanism of this unique unit, a variety of field investigations have been carried out in this region since the 1960s, including geomorphology, geology, meteorology, hydrology, and sediment dynamics (see the summary in Wang Y. et al., 2012). Since then, a large number of papers have been published on sand ridge morphology, sediment characteristics and provenance, sedimentary dynamic mechanisms, sand ridge migration, and genetic models (Geng et al., 1983; Wang et al., 1999; Li et al., 2001; Yin et al., 2008; Yin et al., 2016; Gao, 2009; Wang Y. et al., 2012; Zhang C. et al., 2013; Rao et al., 2015; Xu et al., 2019; Liu et al., 2021). However, the timing and mechanisms of formation of the Jiangsu radial tidal sand ridge are still largely under debate (Li and Zhao, 1995; Wang et al., 1998; Li and Yin, 2013; Yin et al., 2016). Several cores with long-time sequences, accurate dating, and seismic profiles have been documented in detail in this region (Sun et al., 2015; Yin et al., 2016). Nevertheless, these data clarified neither the origin nor the timing of formation of the RTSR, due to lack of detailed sea–land stratigraphic correlation, especially from the tidal sandy coast to the inner-shelf sand ridge (see the “tidal-genetic sandy deposition” in Li et al., 2001). Based on the analysis of sedimentary facies, stratigraphy and relatively precise chronology from 10 ∼30–60 m-long cores recovered in the Jiangsu coast plain and in the radial sand ridge region in 2018–2019 (Figure 1C), and numerous previously published boreholes, this study aims to 1) reconstruct the detailed stratigraphic architecture from the coastal plain to the sand ridge region, 2) examine its late Pleistocene evolution, and 3) explore the mechanisms and timing of formation of the Jiangsu radial tidal sand ridge.
[image: Figure 1]FIGURE 1 | Radial tidal sand ridge and distribution of borehole data in this study. (A) Remote sensing satellite map of the Yellow Sea and East China Sea captured by NASA’s Terra satellite at 9 November 2017. Notice that the suspended sediment plume of the great Yangtze bank and radial tidal sand ridges is outlined by the red dashed–dotted line and the dotted line, respectively. The yellow cross lines represent the distribution of M2 current ellipses (crosses) and magnitudes of semi-major axes (Uehara et al., 2002). (B) Schematic map of geological sedimentary units in the study area, modified from Li et al. (2001) and Xue et al. (2010). (C) Distribution of 10 boreholes and other previously published boreholes in the north Jiangsu coastal plain and in the radial tidal sand ridge region. The black dashed–dotted line represents the limit of the Holocene maximum transgression in the northern Jiangsu Coast (Xue et al., 2010). The red dashed line indicates the old Yellow River course between 1128 and 1855 AD.
2 GEOLOGICAL SETTING
2.1 Modern radial tidal sand ridge off the Jiangsu Coast
The modern RTSR distributes at the apex of Jianggang (town) and forms a radial underwater topography with alternating ridges and troughs off the Jiangsu Coast in the south Yellow Sea (Figure 1B). Sand ridges are ∼260 km long in the N–S direction and over 150 km long in the W–E direction, with a total area of ∼30,000 km2 (Liu and Xia, 2004). More than 70 sand ridges alternating with tidal current channels have been identified in this area. At least 19 large-scale submarine sand ridges were found, most of which are ∼10–100 km in length and ∼10–15 km in width. The depth of tidal current channels between sand ridges is ∼10–30 m, and the maximum depth is ∼48 m (Wang, 2002).
Sand ridges at the apex (Jianggang) are cut by grooves, and sand bodies are small, diverse, and disordered (i.e., a length of ∼4.4 km around Tiaozini, Figure 1C), whereas sand ridges are well developed with an average of ∼52 km in 13 major ridges outside the apex (Wang, 2002). The heads and tails of each sand ridge are narrow (mostly <2 km), whereas the middle parts are wide (∼15 km wide in the major ridges (Liu and Xia, 2004)). Within each sand ridge, the head has the highest elevation. As the sand ridge extends outward, its elevation also decreases. The troughs between sand ridges become wider and deeper from the shallow to the deep sea (Ren, 1986).
Bounded by Jianggang, the north slope of the sand ridges is steeper than the south slope on the northern side of Jianggang (Figure 1C). Sand bodies are large and densely distributed, and troughs are generally shallow. As troughs in the NE direction are adjacent to the open sea, erosion is present on both sides of the sand ridges and troughs, and sand ridges gradually retreat and disappear (Wang et al., 2004). On the southern side of Jianggang, in general, the southern slopes of the sand ridges are steeper than the northern slopes. This region is characterized by low sediment accumulation and erosion with scattered deep troughs. The coastal tidal flat gradually silts into the sea, and a new sand ridge is formed at the top of the tidal channel. Even so, the overall deposition pattern is relatively stable in the southern region (Wang, 2002).
Sediment at the surface of the sand ridges generally consists of well-sorted fine sand and silty sand within 100 km of the apex (Wang, 2002). The proportion of fine sand is >80%, including the sand ridges and tidal current channels (Liu and Xia, 2004). Low-lying sectors contain small amounts of silt, whereas in tidal current channels, gravelly sand is quite abundant (∼29%) with medium grain sizes between 1.2 Ф and 2.6 Ф in local major channels, and grain size becomes smaller (2.9–5.0 Ф of medium grain sizes) at both sides (Wang et al., 1999; Wang, 2002). Clayey silt is distributed in the outermost parts of the sand ridge region, where water depth is commonly 18–20 m. The radial apex is generally composed of silty sand and sandy silt and turns to a muddy tidal flat landward. On the whole, grain size gradually decreases from the core area to the periphery of the RTSR, which is consistent with the pattern of hydrodynamic strength (Liu and Xia, 2004).
2.2 Coastal hydrology of the south Yellow Sea
The study area is adjacent to the south Yellow Sea (SYS), where tidal currents, waves, and coastal currents are prevailing (Figure 1A). The Yellow Sea is a semi-enclosed sea that is generally influenced by two types of tidal waves: a progressive tidal wave from the Western Pacific region and a local reflected tidal wave formed by the obstruction of the Shandong Peninsula in the northwest (Zhang et al., 1999; Su and Yuan, 2005). These two tidal waves converge offshore the Jiangsu Coast in the south Yellow Sea, forming the rotating tidal wave systems and the radial tidal field in the north and east of Jianggang (Wang, 2002).
The Jiangsu coastal area generally rules the regular semidiurnal tide, with very short duration (an average of ∼.38 h) between tidal rise and fall (Wang, 2002). In addition, the onshore shallow water area and radial sand ridge field, such as Xinyang Harbor and Jianggang, rule the irregular semidiurnal tide with a relatively long duration (4–5 h) (Liu and Xia, 2004). Tidal ranges normally average 2.5–4 m in the study area but can reach up to 9.28 m in the Huangshayang Channel, which is the maximum value recorded in the China Seas (Ye et al., 1988). In the RTSR field, tidal currents are very strong, averaging a velocity of ∼1.5–2 m s−1 in the spring tidal current, with a maximum tidal current velocity exceeding 4.0 m s−1 (Wang, 2002).
The Jiangsu Coast is primarily affected by northward and northeastern main waves, with remarkable seasonal changes. Wind-induced waves commonly go toward the southeast during the summer, whereas waves from northerly and northeasterly directions prevail in the winter (Wang Y. et al., 2012). The height of wind-induced waves ranges between .5 m and 3 m in this region, occasionally exceeding 4 m during typhoons and severe storms (Liu and Xia, 2004; Liu et al., 2010).
The oceanic circulation in the SYS generally includes the Yellow Sea Warm Current (YSWC) and Shandong–Jiangsu coastal currents (Su and Yuan, 2005). The YSWC is a branch of the Kuroshio Current that carries warm and salty water northward into the Yellow Sea (Lan et al., 1986). In the China Seas, coastal currents with relatively low salinity due to the input of riverine water typically flow southward in winter and northward in summer. However, the YSWC is too weak to reach north of 35°N in summer because the southward-flowing cold water mass in the central SYS hinders the warm currents (Su and Yuan, 2005). Given the northward and northeastern main waves in the Jiangsu Coast throughout the year, the Jiangsu coastal currents flow persistently southward during both summer and winter (Beardsley, 1983). Recent studies of green tide (Enteromorpha prolifera) along the Jiangsu–Shandong coast revealed that coastal currents may flow northeast for a short period during the summer (Lee et al., 2011; Song et al., 2018).
2.3 River diversion of the lower Yellow River courses since 20 ka BP
The Yellow River is well known for its high sand content (Ren and Shi, 1986). The annual sediment load carried by the Yellow River has been ∼1.1 × 109 tons over the past 2,000 years (Wang et al., 2007a). When the Yellow River flowed through the central mountain area into the flat, lower alluvial plain, it easily plugged and breached; therefore, its lower reaches migrated because of its huge sediment load (Cheng and Xue, 1997; Wang et al., 2007a). Previous studies revealed that at least seven times of major diversions occurred in the lower Yellow River course over recorded history (Xue et al., 2003; Wang and Su, 2013), with the river flowing north into the Bohai Sea and south through the Huaihe River into the south Yellow Sea (Figure 2).
[image: Figure 2]FIGURE 2 | River diversion of the Lower Yellow River course in recorded history modified from Xue et al. (2003), Wang and Su (2013). Despite the Yellow River changing its course southward to Yellow Sea several times, the overall flowing time is limited between 1128 and 1855 AD.
It is to be noted that no direct sedimentary record suggests that the Yellow River delivered sediments into the south Yellow Sea during the Holocene, except for 1128–1855 AD. Instead, since 7,000 a BP, the Yellow River has entered the Bohai Sea and formed at least seven phases of deltas in the Bohai Coast (Xue, 1993; He et al., 2019). During the early Holocene, the Yellow River appeared to flow through the Bohai Strait into the north Yellow Sea, forming the Shandong mud–clinoform deposits during 9,600–5,000 a BP (Liu et al., 2004; Liu et al., 2010; Xue et al., 2018). Recent study of the ancient river channel in the Bohai Bay revealed that the ancient Yellow River seems to pass through the Bohai Bay and flow eastward consistently between 21.8 and ∼9 ka BP (Lei et al., 2021), although some research studies on Late Pleistocene losses in the Huaihe River Basin implied that the Yellow River may partly go across the Huaihe River Basin and empty into the south Yellow Sea during the MIS 2 (marine isotope stage 2) period (∼13.2 ka BP) (Zhang et al., 2016).
2.4 Abandoned Jiangsu Yellow River Delta
To hold back the invasion of the Jurchen army from North China, many dykes in the south bank of the Yellow River were artificially destroyed at 1128 AD in central Henan Province, resulting in a major southward shift of the Yellow River Channel since then (Figure 2; Liu et al., 2013). During a period of more than 700 years (1128–1855 AD), the Yellow River captured several tributaries of the Huaihe River and emptied into the Yellow Sea, where it formed a large delta lobe along the Jiangsu Coast (Xue et al., 2003; Xue et al., 2011). Furthermore, the Yellow River largely shifted its course from the Yellow Sea back to the Bohai Sea after 1855 AD, leading to the abandonment of the Jiangsu Yellow River Delta.
The terrestrial part of the abandoned Jiangsu Yellow River Delta is distributed on the east side of 1128 AD ancient shoreline in northern Jiangsu (Figure 1B). Bounded by the old Yellow River mouth, an asymmetrical, long-oval shape of deltaic bodies was formed, of which the southern part may extend to the Jianggang area under the action of the consistently southward longshore current, and the northern part expands to the Lianyungang region (Figure 1B; Xue et al., 2010; Liu et al., 2013). Additionally, the proximal subaqueous Jiangsu Yellow River Delta is mainly distributed near the abandoned Yellow River mouth, but the distal part is widely dispersed on the broad shelf of the south Yellow Sea and can even be transported to the slope of the platform edge (water depth below 20 m) under the action of late erosion (Liu et al., 2010; Zhou et al., 2014). Up until now, the boundary between the abandoned Jiangsu Yellow River Delta and the radial tidal sand ridge is not exactly defined in the study area, no matter whether it is on the shoreface or offshore (the south Yellow Sea shelf). Previous studies commonly recognized the dividing line of clayey silt/sand as the boundary, which approximately distributes eastward along the Xinyang Harbor (Li et al., 2001; Liu et al., 2010).
3 MATERIALS AND METHODS
A total of 10 cores, each 90 mm in diameter, were retrieved from the Jiangsu coastal plain and radial tidal sand ridges by rotary drilling in 2018–2019 (Figure 1C). Their coordinates, elevations, lengths, and coring recovery rates (always >90%) are summarized in Table 1. The lithology of each core as well as its sediment color, composition, sedimentary structures, bedding, grain size, and fossils was examined to identify the sedimentary facies.
TABLE 1 | General information about the 10 cores investigated in this study.
[image: Table 1]A total of 54 samples were collected and analyzed for 14C dating with an accelerator mass spectrometer (AMS) by Beta Analytic (Miami) and Pilot National Laboratory for Marine Science and Technology (Qingdao), respectively. These samples included mollusk shells, plant fragments, organic matter, and organic sediments. Age determinations were based on a Libby half-life of 5,568 years. Radiocarbon ages were corrected for the regional marine reservoir effect (ΔR = −100 ± 36 a), a regional average determined for the Yellow Sea by Southon et al. (2002), and calibrated using Calib Rev. 7.02 with one standard deviation (1σ) uncertainty (Reimer et al., 2013).
A total of 23 samples were collected for optically stimulated luminescence (OSL) dating from relatively homogeneous silty-sandy layers. Each sample was sealed into two black, opaque cartridges, 6 cm in height and 3.5 cm in diameter, in a dimly lit environment. All samples were kept in shockproof and lightproof bags and finally examined in the Inspection & Test Center of Marine Geology (Ministry of Natural Resources of China), using the method of Murray and Wintle (2000). The contents of U and Th required for dose rate calculation were obtained by a CANBERRA-E3830 high-purity germanium γ spectrometer, while the content of K was detected by an IRIS Intrepid Ⅱ XSP plasma emission spectrometer. The equivalent dose was obtained using the Lexsyg research luminescence meter, and the experimental excitation light source was a blue light diode (λ= 470 ± 30 nm), with the instrument’s irradiation source being 90Sr/90Y.
About 800 samples were collected for grain size analysis in cores JSWZK01, JSWZK03, and JSWZK07. The average sampling interval was ∼.15 m. The weight of each sample was about 10 g. Grain size was determined using a Mastersizer 2000 laser particle size analyzer after pre-treating with 10% H2O2 and .10 N HCl to remove organic matter and carbonates. The range of particle sizes was .02–1,000 μm; standard deviations were <1% of the mean values; and reproducibility (φ50) was also <1%. Grain-size classification was based on the Krumbein phi (Ф) scale (Krumbein and Sloss, 1963). Size parameters were calculated based on the methods of Folk and Ward (1957).
A total of ∼300 foraminiferal samples were collected in cores JSWZK01, JSWZK03, and JSWZK07. The average sampling interval was ∼.2 m in silty and muddy layers and ∼1 m in sandy beds. All samples were dried at 50°C in an oven and weighed at around 50 g per sample. About 10% H2O2 was added to soak the sediment for full dispersion and then washed over a 63-μm sieve. After drying, foraminifera were concentrated and separated using the CCl4 flotation method (Wang et al., 1985). Sample subdivision was carried out when the foraminiferal abundance of a sample was very high. A representative number of more than 200 individuals was commonly obtained for each assemblage. Otherwise, all available tests were picked and identified under a Zeiss optical stereoscope. The “foraminiferal abundance” parameter in this study is the number of foraminifera per 50 g of dry sediment. The “simple diversity” is the number of foraminiferal species in each sample.
4 RESULTS
4.1 Dating results
Tables 2, 3 list 54 radiocarbon dates and 23 OSL ages that were obtained from the 10 boreholes in the Jiangsu coastal plain and radial tidal sand ridges. For radiocarbon dating results, about three-quarters of these data are less than 10,000 years old, which are mostly reliable except for a few reversals (old layers at young ages; see the similar reversals in Stanley and Chen, 2000). The remaining quarter of dating ages are more than 35,000 years old, close to the carbon-14 dating limit. These old data, which are usually collected from deep sampling points, can only be used for reference purposes.
TABLE 2 | Radiocarbon dating results of 54 samples from the investigated boreholes.
[image: Table 2]TABLE 3 | OSL dates of 23 samples from the investigated boreholes.
[image: Table 3]For OSL ages, similarly, more than two-thirds of the dates are less than 100 ka old, which is within the range of confidence. The rest is more than 100 ka old, even older than 150 ka, which exceeds the OSL dating limit and can only be used for reference.
4.2 Sedimentary facies
A total of 12 facies associations (hereinafter called “facies,” Figure 3) were grouped into five depositional systems (alluvial, coastal, deltaic, subtidal, and shallow sea deposits). Individual facies associations were differentiated on the basis of sedimentological and fossil features, reflecting changes in depth, salinity, and degree of confinement. Diagnostic grain size characteristics for facies identification are summarized in Table 4. Depositional systems and their component facies are described from updip to downdip locations.
[image: Figure 3]FIGURE 3 | Representative photographs of facies in the Jiangsu coastal plain and radial tidal sand ridges. (A) River channel (depth 18.7–19.16 m) in the core JSWZK02; (B) floodplain (depth 13.4–13.87 m) in the core JSWZK05; (C) lacustrine bog (depth 59–59.4 m) in the core JSWZK03; (D) tidal river channel (depth 31–31.4 m) in the core JSWZK01; (E) supratidal flat (depth 1.8–2.2 m) in the core JSWZK01; (F) tidal flat (depth 9.7–10.1 m) in the core JSWZK05; (G) lagoon (depth 9.6–10 m) in the core JSWZK01; (H) delta front (depth 18.7–19.1 m) in the core JSWZK02; (I) prodelta (depth 11.8–12.2 m) in the core JSWZK08; (J) tidal sand ridge (depth 13.4–13.8 m) in the core JSWZK05; (K) tidal sand flank (depth 20.9–21.3 m) in the core JSWZK03; and (L) offshore (depth 7.4–7.8 m) in the core JSWZK10. All column lengths are 40 cm.
TABLE 4 | Summary of grain size characteristics of facies associations.
[image: Table 4]4.2.1 Alluvial deposits
Three facies (river channel, floodplain, and lacustrine bog) were recognized within alluvial deposits. These facies are described in detail as follows.
4.2.1.1 Facies I: River channel
This facies, commonly 3–10 m thick, is dominated by light gray fine-medium sand and gray coarse silt, with an overall fining upward trend (Figure 3A). The facies has a mean grain size (Mz) of 2.72–5.93 Ф with a sand proportion of 11%–83%, locally as high as 90%. Sorting is moderate to poor with a standard deviation (SD) of .85–1.55 Ф. The grain size frequency curve generally shows a unimodal distribution with a narrow peak (2–4 Ф of peak value) (Table 4). The grain size accumulation curve commonly exhibits a two-tier mode (Figure 4A). The saltating component dominates the curve with a proportion of >70%. Black organic mottles and calcareous concretions were occasionally found in some layers. No obvious marine fossils were found, except for some severely abraded shell fragments occasionally presenting in this facies. This facies generally has a sharp or erosional boundary with the underlying depositional units, typically representing a floodplain.
[image: Figure 4]FIGURE 4 | Grain size frequency (blue curve) and accumulation curves (red polyline) of typical sedimentary facies in the Jiangsu coastal plain and radial tidal sand ridges. (A) River channel at a depth of 25.55 m in the core JSWZK11; (B) floodplain at depths of 36.65 m (solid) and 40.75 m (dotted) in the core JSWZK04; (C) lacustrine bog at a depth of 15.35 m in the core JSWZK01; (D) tidal river channel at a depth of 26.45 m in the core JSWZK01; (E) supratidal flat at a depth of 1.75 m in the core JSWZK01; (F) tidal flat at a depth of 4.45 m in the core JSWZK02; (G) lagoon at a depth of 5.65 m in the core JSWZK01; (H) delta front at a depth of 1.25 m in the core JSWZK10; (I) prodelta at a depth of 4.25 m in the core JSWZK08; (J) tidal sand ridge at a depth of 16.35 m in the core JSWZK02; (K) tidal sand flank at depths of 20.55 m (solid) and 20.65 m (dotted) in the core JSWZK03; and (L) offshore at a depth of 7.45 m in the core JSWZK10.
Thick sand bodies with lower erosional boundaries, an overall fining upward trend, and a lack of marine fossils are the characteristic features of fluvial deposits (Galloway and Hobday, 1983; Miall, 1992; Hori et al., 2001). Both the frequency and accumulation curves of this facies reveal a high-energy and steady single flowing-direction water environment (Folk and Ward, 1957). Accordingly, we interpret this facies as formed in laterally accreting river channels. Two AMS 14C ages and eight reliable OSL ages ranged from 12,955 cal a BP to 106 ± 10 ka BP. These ages mostly fall within marine isotope stages 2 and 4. This facies, thus, seems to have been deposited through multiple cycles of fluvial activity during the Late Pleistocene.
4.2.1.2 Facies II: Floodplain
This facies, generally 2–6 m thick, consists of gray to grayish-yellow silty clay and silt, locally interbedded with sandy silt layers (Figure 3B). The mean grain size ranges between 3.58 Ф and 7.71 Ф with poor to very poor sorting (SD: 1.07–2.65). Sand, silt, and clay contents are <10%, 24.2%–82.8%, and 2.65%–40.9%, respectively (Table 4). The grain size frequency curve principally outlines a unimodal-tailed distribution with a wide peak (4.5–6.5 Ф of peak value). The grain size accumulation curve commonly displays a two-tier mode (Figure 4B). The suspension component dominates the curve with a proportion of >80%. This facies generally contains plant material, iron manganese oxides, and calcareous concretions in some layers.
Scattered iron manganese oxides and calcareous concretions are good indicators of pedogenic processes in a subaerial terrestrial environment (Galloway and Hobday, 1983; Tanabe et al., 2006). Both the frequency and accumulation curves indicate a low-energy environment with gradually waning flows (Mycielska-Dowgiałło and Ludwikowska-Kędzia, 2011). Based on the aforementioned features, this fine-grained, poorly sorted facies is interpreted to represent a well-drained floodplain environment (Miall, 1992). No chronological data are available from this facies. However, as this unit is generally sandwiched between two river channel sediment bodies (i.e., facies Ⅰ), it is likely that this facies may also be assigned to MIS 4 and 2.
4.2.1.3 Facies III: Lacustrine bog
This facies is dominated by steel gray to dark gray silty clay and clayey silt, partly interbedded with silt layers (Figure 3C). The thickness range is commonly 2–4 m. The mean grain size ranges from 5.8 to 7.1 Ф, with poor to very poor sorting (SD: 1.48–2.26). Sand, silt, and clay contents are .99%–12.14%, 68.77%–79.71%, and 14.38%–27.83%, respectively (Table 4). The grain size frequency curve mainly presents a unimodal-tailed or bimodal-tailed distribution with a very wide peak (4.5–7 Ф of peak value). The grain size accumulation curve commonly displays a one- or two-tier mode (Figure 4C). The suspension component dominates the curve with a proportion of >90%. Horizontal bedding and bioturbation are well displayed locally. Fe-Mn nodules and calcareous concretions were commonly found in the clay (Figure 3C). Some small freshwater gastropods, including Radix sp. and Biomphalaria sp., can be found in some beds.
Sediments in this facies invariably overlie with a sharp contact river–channel deposit, reflecting an abrupt channel abandonment (Amorosi et al., 2008). Horizontal bedding and bioturbation with very fine grain size reflect a low-energy sedimentary environment, consistent with grain size accumulation curves. Fe-Mn nodules and calcareous concretions commonly indicate the pedogenic processes in a terrestrial environment (Galloway and Hobday, 1983). Given the presence of a typical freshwater fauna, this facies is considered to have formed in a bog after channel abandonment (Hori et al., 2004). Like for floodplain deposits, neither AMS 14C data nor OSL data are available from this facies.
4.2.2 Coastal deposits
Coastal deposits have been recognized in all study cores and can be subdivided into five facies referable to the tidal river channel, supratidal zone, tidal flat, and lagoon.
4.2.2.1 Facies IV: Tidal river channel
This facies, with a thickness of ∼3–8 m, is mainly composed of gray fine sand and silt containing some marine and brackish water mollusk shells (Figure 3D), such as Talonostrea and Corbicula fluminea. The mean grain size ranges from 3.36 Ф to 6.42 Ф; the standard deviation (.77–1.76 Ф) indicates moderate to poor sorting. Sand, silt, and clay contents are 7.5%–78.49%, 18.7%–74.2%, and 1.42%–16.32%, respectively (Table 4). The grain size frequency curve mainly shows a bimodal distribution with a coarse main peak (2.8–4.2 Ф of peak value) and a fine secondary peak (6–7.3 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4D). Two saltation components dominate the curve with a total proportion of >90%. The fine saltation component generally has worse sorting but a higher content than the coarse saltation component (Figure 4D). Average foraminiferal abundance and simple diversity in this facies (core JSWZK01) are 419 and 4, respectively. Benthic foraminifers are dominated by euryhaline taxa, such as Ammonia beccarii varsus (average percentage: 46.6%), Protelphidium tuberculatum (32.7%), and Elphidium magellanicum (11.18%) (Figure 5).
[image: Figure 5]FIGURE 5 | Comprehensive stratigraphic log of the core JSWZK01, showing lithology, grain size, and foraminiferal content. The borehole is divided into six sedimentary facies from the late Pleistocene tidal river channel and floodplain to the Holocene tidal sand flank, lagoon, and supratidal zone. It is to be note that the foramiferal data (i.e., abundance) changed abruptly at depths of 23.3 m and 13.4 m, indicating the end of Late Pleistocene marine transgression and the initiation of Holocene aggression in the core JSWZK01, relatively. For more detailed foraminiferal data, see Supplementary Table S1 in the attachment.
This facies has similar lithologic characteristics as the river channel facies, being characterized by well-sorted sandy deposits. However, the presence of mollusk shells and of a few euryhaline foraminifers indicates that these deposits accumulated in a brackish environment (Hori et al., 2001; Hori et al., 2004; Tanabe et al., 2006). The grain size frequency curve and accumulation curve are also different from those of the river channel facies, which commonly miss the fine secondary peak and the fine saltation component (Figures 4A, D). Thus, this facies association is interpreted to reflect a tidal river channel that was intermittently influenced by tidal currents. A few AMS 14C and OSL data in cores JSWZK01 and JSWZK07 reveal two stages of development for this facies, namely, ∼30–40 ka BP and ∼100 ka BP, which approximately correspond to stages MIS 3 and 5, respectively.
4.2.2.2 Facies V: Supratidal flat
This facies association consists of brown to yellowish-gray silt, partly interbedded with gray clayey silt or silty clay, containing abundant plant roots and ferruginous nodules (Figure 3E). Organic material and peat are locally present. Freshwater and brackish shells are common, including Radix swinhoei and Gyraulus albus. The range of Mz is 5.99–6.71 Ф, and the standard deviation of 1.58–2.51 Ф indicates poor to very poor sorting. Sand, silt, and clay contents are .66%–5.24%, 76.47%–81.19%, and 13.82%–21.3%, respectively (Table 4). The grain size frequency curve mainly shows a unimodal-tailed distribution with a wide peak (5–6 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4E). The suspension component dominates the curve with a total proportion of >50%.
Ferruginous nodules suggest subaerial exposure and pedogenic modification (Liu et al., 2016). Abundant plant roots, organic materials, and brackish/freshwater mollusk shells are commonly found in coastal marsh environments, which are typically located in the upper tidal flat to the supratidal zone (Hori et al., 2004). The dominant suspension component with a unimodal-tailed distribution also reveals a low-energy environment with gradually waning flows, which is possible during the ebb and flood. Based on distinct grain sizes and fossil characteristics, this facies is considered to have formed in a supratidal flat environment.
4.2.2.3 Facies VI: Tidal flat
This facies consists of alternating gray to yellowish-gray silt with gray clayey silt or silty clay (Figure 3F). Wavy bedding and lenticular bedding are clearly recognized, whereas bioturbation and iron oxides are occasionally found. The mean grain size of this facies ranges from 4.56 Ф to 6.88 Ф with .88–2.06 Ф of standard deviation, indicating moderate to poor sorting. Sand, silt, and clay contents are 2.27%–45.66%, 45.78%–86.13%, and 3.81%–25.23%, respectively (Table 4). The grain size frequency curve and accumulation curves are similar to those of the tidal river facies association, with a bimodal distribution with a coarse main peak (4.3–5.1 Ф of peak value) and a fine secondary peak (7–8.2 Ф of peak value) in the frequency curve (Figure 3F). The grain size accumulation curve also displays two- or three-tier modes. The two saltation components dominate the curve with a total proportion of >80%. The fine saltation component has poorer sorting but a higher content than the coarse saltation component. The average foraminiferal abundance and simple diversity of this facies are 273 and 6 in the core JSWZK03, respectively. Similar to tidal river deposits, this facies is dominated by euryhaline foraminifera, such as A. beccarii vars (46.9%), P. tuberculatum (26.7%), and E. magellanicum (16.2%) (Figure 6).
[image: Figure 6]FIGURE 6 | Comprehensive stratigraphic log of the core JSWZK03, showing lithology, grain size, and foraminiferal content. The borehole is divided into five sedimentary facies from the Late Pleistocene lacustrine bog, tidal sand ridge, and floodplain to the Holocene tidal sand ridge, tidal sand flank, and tidal flat. It is to be noted that the OSL ages are older than 130 ka BP below the depth of 45 m, indicating an age-unconstrained strata in this borehole. For more detailed foraminiferal data, see Supplementary Table S2 in the attachment.
Wavy bedding and lenticular bedding are reliable indicators of tidal processes (Galloway and Hobday, 1983). The grain size frequency and accumulation curves reveal a low-energy, multi-sourced, or bimodal current environment (Wang and Ke, 1997). The foraminiferal assemblage indicates the transition from a marine to a brackish/freshwater environment. As a whole, this facies is interpreted as a tidal flat. According to several AMS 14C and OSL dates from the study cores, the development of the tidal flat took place at least in three distinct stages, including MIS 3, the early Holocene, and modern times.
4.2.2.4 Facies VII:Lagoon
This facies is composed mainly of gray to dark gray coarse silt alternating with gray silty clay (Figure 3G). The range of Mz is 4.39–6.82 Ф, and the standard deviation is 1.17–2.25 Ф, thus indicating poor to very poor sorting. The sand, silt, and clay contents are .9%–36.11%, 57.24%–82.93%, and 3.91%–22.83%, respectively (Table 4). The grain size frequency curve mainly shows bimodal or multimodal distributions with a wide peak (4.2–6.2 Ф of peak value). The grain size accumulation curve commonly displays three-tier or multiple-tier modes (Figure 4G). The two saltation components dominate the curve with a total proportion of >70%. Tiny marine shells or fragments are commonly found, including Potamocorbula laevis, Umbonium thomasi, and Mactra veneriformis. The average abundance and simple diversity in core JSWZK01 are 319 and 6, respectively. The dominant foraminiferal species are A. beccarii vars (37.1%), P. tuberculatum (30.2%), and E. magellanicum (13.18%) (Figure 5).
The rhythmical alternation of silt clay layers and the foraminiferal assemblage in this facies association are characteristic features of tidal flat deposits. However, frequency and accumulative curves are clearly distinct between lagoon and tidal flat facies (Figure 4; Wang Y. Z. et al., 2012). In addition, the brackish-dominated macrofaunal assemblage, some plant roots, and the small size of marine fossils indicate a high-salinity, barred marine environment, such as a lagoon (Como and Magni, 2009). Consistent with stratigraphic relations with underlying tidal sandy deposits, this facies is interpreted as having formed in a lagoon environment under conspicuous tidal influence. The lagoon likely evolved to a more restricted environment, as documented by the gradual decrease in abundance and simple diversity of foraminiferal assemblages from the bottom up in the core JSWZK01 (Figure 5). The AMS 14C dates fall between 6,200 cal a BP and 5,410 cal a BP in the core JSWZK01, indicating that this facies association developed in a back-barrier environment at the onset of progradation of coastal barriers or delta systems during the middle Holocene (Li and Wang, 1991).
4.2.3 Deltaic deposits
Deltaic deposits were mostly recognized in cores from the NW part of our study area. Two distinct facies, namely, delta front and prodelta, were identified.
4.2.3.1 Facies VIII: Delta front
This facies is composed of gray coarse silt that in its lower part is interbedded with light gray fine sand and clayey silt (Figure 3H). It contains Potamocorbula laevis, Talonostrea, and Mitrella bella. No bioturbation was observed in the upper part of this facies. The range of Mz is 4.28–6.17 Ф, with a standard deviation of .95–2.01 Ф, indicating moderate to poor sorting. Sand, silt, and clay contents are 6.84%–36.1%, 61.25%–77.38%, and 2.66%–20.32%, respectively (Table 4). The grain size frequency curve mainly shows a bimodal distribution with a coarse main peak (3.8–5.2 Ф of peak value) and a fine secondary peak (6–7.5 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4H). The two saltation components dominate the curve with a total proportion of >80%. The fine saltation component has poorer sorting but a higher content than the coarse saltation component. The average benthic foraminiferal abundance is ∼647, whereas simple diversity reaches ∼18 in the core JSWZK07 (Figure 7). The dominant foraminiferal species are A. beccarii vars (36.7%), A. pauciloculata (14.8%), and Nonionella decora (10.2%) (Figure 7).
[image: Figure 7]FIGURE 7 | Comprehensive stratigraphic log of the core JSWZK07, showing lithology, grain size, and foraminiferal content. The borehole can be divided into six sedimentary facies from the Late Pleistocene lacustrine bog, tidal river channel, river channel, and floodplain to the Holocene tidal flat–shallow sea, delta front, and tidal flat. It is to be noted that the foramiferal data (i.e., abundance) changed abruptly at the depths of 24 m and 15.2 m, indicating the end of MIS 3 marine transgression and the initiation of Holocene aggression in the core JSWZK07, relatively. For more detailed foraminiferal data, see Supplementary Table S3 in the attachment.
Relatively well-sorted coarse silt and the nearly absence of bioturbation in the upper part of this facies may reflect high-energy conditions and high sediment accumulation rates (Abrahim et al., 2008; Liu et al., 2009). Silt-sand alternations in the lower part of this facies and the bimodal distribution are inferred to reflect a combined hydrodynamic environment. Considering the euryhaline foraminiferal assemblage and stratigraphic relations with adjacent facies, this facies likely represents a delta front deposit (Galloway and Hobday, 1983), whereas its lower and upper parts represent distal to proximal sandy bars, respectively. The overall yellowish color in this facies suggests that the sediment source may have derived from the Yellow River (Cheng and Xue, 1997; Figure 3H). A few AMS 14C and OSL dates from this facies fall between 3.3 ka BP and 145 cal a BP in the core JSWZK07.
4.2.3.2 Facies IX: Prodelta
This facies consists of gray to dark gray silty clay, alternating with light gray silt and fine sand layers or lenses. Lenticular bedding is common, and bioturbation is moderate (Figure 3I). This facies contains a few fragments of mollusk shells, such as Arca subcrenata, Anomia chinensis, Dosinia biscocta, P. laevis, and Pelecyora trigona. The mean grain size of this facies ranges from 4.79 Ф to 7.25 Ф, with a standard deviation of 1.18–2.06 Ф, indicating poor to very poor sorting. Sand, silt, and clay contents are .58%–28.13%, 58.84%–87.73%, and 6.13%–31.78%, respectively (Table 4). The grain size frequency curve principally shows a unimodal-tailed distribution with a wide peak (4.2–7 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4I). The suspension component dominates the curve with a proportion of >50%.
The high proportion of suspended load, concurrently with a moderately abundant marine fossil assemblage and a moderate degree of bioturbation, is a reliable indicator of a low-energy, stressed marine depositional environment. This sedimentary environment was likely close to a fluvial mouth, such as a prodelta (Coleman and Wright, 1975). The overall brownish-yellow color (Figure 3I) may indicate direct sediment supply from the Yellow River (Cheng and Xue, 1997). This facies association developed during two distinct periods on the basis of a few chronological data, including MIS 3 and the late Holocene.
4.2.4 Subtidal deposits
Subtidal deposits are well exposed in seaward cores. They can be subdivided into two facies, namely, the tidal sand ridge and tidal sand flank.
4.2.4.1 Facies X: Tidal sand ridge
This facies is dominated by yellowish-gray to gray fine-medium sand and coarse silt (Figure 3J). Mz ranges from 2.23 to 5.27 Ф, and the contents of sand, silt, and clay are 11.35%–93.06%, 6.08%–73.93%, and .71%–20.34%, respectively. Sorting is moderate to poor. Like the tidal river facies, the grain size frequency curve mainly shows a bimodal distribution with a coarse, narrow peak (2–4.2 Ф of peak value) and a fine peak (6–7.5 Ф of peak value) (Figure 4J). The grain size accumulation curve commonly displays a three-tier mode. The two saltation components dominate the curve with a total proportion of >80% (Table 4). The fine saltation component generally has poorer sorting and a lower concentration than the coarse saltation component. Marine mollusk shells are scarce and mostly fragmented. In the core JSWZK03, the average foraminiferal abundance and simple diversity are ∼333 and 6, respectively. Euryhaline A. beccarii vars (57.3%) and P. tuberculatum (10.1%) are the dominant foraminiferal species (Figure 6).
Relatively well-sorted coarse sediments and a few marine shell fragments are characteristic of a high-energy, marine-influenced environment. The bimodal distribution and three-tier mode with two saltation components of grain size curves are consistent with a to-and-fro movement in a tidally influenced environment. Although it is difficult to distinguish this facies from tidal river channel deposits on the basis of grain size analysis alone (Figures 4D, J), the fossil assemblages showed some marked differences. For example, the tidal channel river facies had some brackish shell fragments, such as Corbicula fluminea, which were only rarely found in this facies. This facies also had a higher diversity of foraminifers (4–10) than those of the tidal river channel (2–5) (see Figures 5, 6), indicating a subtidal environment. Additionally, the grain size frequency curve of this facies commonly displays a bimodal distribution with a coarse narrow peak and a fine peak, which is similar to grain size characteristics of tidal sand ridges detailed by previous studies in the south Yellow Sea (Wang et al., 2019a). This facies, thus, is interpreted as having formed in a tidal sand ridge. Based on numerous AMS 14C and OSL dates in cores JSWZK03, JSWZK04, and JSWZK05, tidal sand ridges developed at least during two distinct phases, namely, the early–middle Holocene and an age possibly older than MIS 5, although OSL data are not conclusive.
4.2.4.2 Facies XI: Tidal sand flank
This facies consists of light gray fine sand, alternating with gray to dark gray clayey silt and silt (Figure 3K). It contains a few fragments of mollusk shells, such as Arca subcrenata and P. laevis. The mean grain size of this facies ranges from 3.6 Ф to 7.02 Ф with a standard deviation of .71–2.56 Ф, indicating moderate to very poor sorting. The sand, silt, and clay contents are 1.05%–73.41%, 23.39%–79.02%, and 1.28%–29.11%, respectively (Table 4). The grain size frequency curve of sandy layers is similar to that of tidal sand ridges, whereas the curve of clayey silt principally shows a unimodal-tailed distribution with a wide peak (4.2–6.5 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4K). The suspension component dominates the curve with a proportion of >60% in the silty layer. The average foraminiferal abundance and simple diversity are ∼716 and 8 in the core JSWZK03, respectively (Figure 6). Euryhaline A. beccarii vars (48.8%) and Haynesina germanica (10.1%) are the dominant foraminiferal species.
The lithological characteristics are quite similar to the “tidal inlet” facies of published boreholes 11DT03 and 11DT04 described by Ji et al. (2015) or the sand ridge bottom facies described by Yin et al. (2016). This facies shows characteristic sand–mud couplets, with obviously contrasting grain size characteristics (see Figure 4K). This facies exhibits a lateral transition to tidal sand ridge deposits and shows intermediate characteristics between the tidal sand ridge and offshore facies in terms of grain size and foraminiferal abundance. Thus, it is inferred to represent a slightly deeper and lower-energy (subtidal) environment than tidal sand ridges, which we interpret as a tidal sand flank.
4.2.5 Shallow sea deposits
4.2.5.1 Facies XII: Offshore
This facies is dominated by dark gray clayey silt and silty clay, locally interbedded with lenses of gray coarse silt and fine sand (Figure 3L). It has an Mz range of 4.52–7.23 Ф, with contents of sand, silt, and clay of 25.8%–78.61%, 2.66%–29.74%, and 1.14%–65.12%, respectively (Table 4). Sorting is poor to very poor. The grain size frequency curve mainly shows a unimodal or bimodal distribution with a coarse main peak (4.3–5.1 Ф of peak value) and a fine secondary peak (7–8.2 Ф of peak value). The grain size accumulation curve commonly displays two- or three-tier modes (Figure 4L). The suspension components dominate the curve, with a proportion of >50%.
Bioturbation is very common. Marine mollusk shells are abundant and include Arca subcrenata, Mactra veneriformis, Potamocorbula laevis, Talonostrea, and Anomia sp. The average foraminiferal abundance of this facies has the highest value (∼1,645 per 50 g of dry sediment) of the whole succession. The average simple diversity is also the highest, up to 25. The dominant foraminiferal species are A. beccarii vars (24.8%), Cribrononion gnythosuturatum (10.3%), Nonionella decora (8.2%), and A. pauciloculata (6.8%) (Figure 7).
The abundance of marine shells and bioturbation, the high diversity, and abundance of foraminifers with high concentrations of relatively stenohaline species coupled with a predominant fine-grained sediment and a dominant suspension component indicate a low-energy offshore environment (He et al., 2018; 2019). The development of this facies association took place at least during two distinct periods, including MIS 3 and the mid-late Holocene, respectively.
4.3 Late Pleistocene to Holocene stratigraphic architecture of the Jiangsu coastal plain and tidal sand ridge area
To reconstruct the Late Pleistocene to Holocene facies architecture in the Jiangsu coastal plain and tidal sand ridge area, we performed stratigraphic correlation among the 10 cores investigated in this study and eight cores from previously published studies (see Figure 1C). The stratigraphy of the study area was depicted through two SW–NE (along-dip)-oriented stratigraphic transects (Figures 8, 9), transversal to the modern coastline, and a NW–SE (along-strike)-oriented transect (Figure 10), parallel to the modern coastline.
[image: Figure 8]FIGURE 8 | Facies architecture along coastal transect X-X′. The core 07SR03 is modified from Zhang et al. (2014).
[image: Figure 9]FIGURE 9 | Facies architecture along coastal transect Y-Y′. Cores Y1 and Y2 are modified from Wang et al. (2015) and Yin et al. (2016), respectively.
[image: Figure 10]FIGURE 10 | Facies architecture along coastal transect Z-Z′. Cores 07SR01, NTCJ3, JC-1203, Sanming, and 07SR11 are modified from Yin and Zhang (2010), Zhang X. et al. (2013), Xiao (2015), Wang Y. et al. (2012), and Sun et al. (2015), respectively.
4.3.1 Along-dip transects
4.3.1.1 Transect X-X′
This transect (Figure 1C) is located in the northern part of the Jiangsu coastal area. From proximal to distal locations, it includes cores JSWZK07, JSWZK08, JSWZK10, 07SR03, and JSWZK11 (Figure 8, core 07SR03 modified from Zhang et al., 2014).
Two major intervals with marine or mixed marine-coastal deposits represent a prominent feature across the whole transect. Marine and coastal deposits are invariably separated from underlying laterally continuous alluvial units by distinctive transgressive surfaces (Figure 8). The marine influence is highest at or a few meters above the transgressive surfaces, where shallow marine deposits are dominant. Offshore clays are generally overlain by prograding deltaic or subtidal sandy complexes. There is also clear distal to proximal transition from thick tidal sand ridge and shallow sea sediments in the NE to deltaic and tidal river channel facies in a more SW position. A large number of AMS 14C and OSL dates assign the uppermost marine interval (tidal flat and shallow marine sediments) to the early Holocene, suggesting that marine ingression in the current tidal sand ridge area occurred before 8,800 cal a BP. According to the available radiocarbon dates and based on the morphological evolution of the study area, the overlying, prograding delta complex is thought to be the old Yellow River Delta of northern Jiangsu during the period in which the Yellow River captured the Huaihe River in 1128–1855 AD (Xue et al., 2010; Liu et al., 2013).
Unlike the Holocene marine interval, the older one is made up predominantly of tidal river channels and deltaic deposits, testifying to a more complex fluvial–marine interaction. The age of this older marine deposit is centered around 35–38 ka BP, with a few data ranging between 28 and 39 ka BP (Figure 8). This suggests an age attribution to the MIS 3 period. Clearly, deltaic progradation during MIS 3 occurred more seaward than Holocene progradation, which is consistent with the significantly lower eustatic rise during MIS 3.
4.3.1.2 Transect Y-Y′
This transect is located in the south of the Jiangsu coastal plain and partly across the shelf tidal sand ridge area, about 60 km south of transect X-X′. From proximal to distal locations, this transect includes cores JSWZK01, JSWZK02, JSWZK03, Y1, Y2, JSWZK04, and JSWZK05 (Figure 9, cores Y1 and Y2 are modified from Wang et al. (2015) and Yin et al. (2016), respectively).
The stratigraphy reconstructed from seven boreholes displays striking similarities with the facies architecture illustrated along transect X-X′; two major intervals of marine sedimentation, bounded by prominent transgressive surfaces, are separated by a thicker alluvial unit (Figure 9). Along transect Y-Y′, marine sediments consist entirely of tidal sand ridge facies at seaward locations, whereas the landward areas are dominated by coastal facies, including lagoon and tidal river channel deposits (Figure 9).
A large number of radiocarbon dates from transect Y-Y′ reveal that the uppermost marine interval, about 10–30 m thick, is of Holocene age. Sedimentary facies in the westernmost core JSWZK01 are composed of tidal sand bar and lagoon facies that gradually transition seaward to tidal sand ridge and tidal sand flank facies (Figure 9). Multiple dating along this transect suggests that the sea may have reached the current sand ridge region around 9,000 cal a BP (see core JSWZK05 in Figure 9).
The older marine deposits are mainly tidal sand ridge and tidal sand flank facies in landward transition to tidal river channel deposits. Several AMS 14C dates from this marine interval yielded ages older than 40,000 a BP, which may not be reliable due to the limit of carbon-14 dating. In contrast, a few OSL dates cluster around 110–170 ka BP (though they may exceed 130 ka BP locally—Figure 9), suggesting that the older marine interval may have formed during MIS 5.
Alluvial deposits between these two marine intervals are mostly river channel and floodplain facies and yielded ages ranging between 20,000 and 90,000 a BP, suggesting deposition between MIS 2 and MIS 4. Unlike section X-X′, MIS 3 deposits were not encountered in transect Y-Y′, which may imply that they originally were relatively thin or that they were eroded by subsequent fluvial activity.
4.3.2 Along-strike transect
4.3.2.1 Transect Z-Z′
This transect runs along strike, parallel to the present coastline of the northern Jiangsu coastal plain, including cores JSWZK09, JSWZK10, 07SR01, JSWZK03, NTCJ3, JC-1203, Sanming, and 07SR11 from north to south, respectively (Figure 10, cores 07SR01, NTCJ3, JC-1203, Sanming, and 07SR11 modified from Yin and Zhang (2010), Wang Y. et al. (2012), Zhang X. et al. (2013), Sun et al. (2015), and Xiao (2015), respectively).
Similar to the along-dip transects, two intervals of marine or coastal-marine sedimentation and two intervals of alluvial deposits can be found in most cores along this transect. The uppermost marine interval in this transect mainly consists of Holocene tidal sand ridges that gradually turn into deltaic sediments from south to north. A few radiocarbon dates reveal that deltaic deposits were the subaqueous delta part of the old Yellow River Delta between 1128 and 1855 AD in Jiangsu Province. The tidal sand ridge seems to have formed earlier than 4,800 cal a BP near the present coastline (see Figure 10).
Older (Late Pleistocene) marine or coastal-marine deposits in transect Z-Z′ are (i) suspected tidal sand ridge and tidal sand flank facies in the southern part of the study area, likely assigned to MIS 5, and (ii) deltaic deposits in the north, attributed to MIS 3. The ∼30-m-long boreholes in the northern side may be too short to unravel MIS 5 deposits. On the other hand, transgressive MIS 3 deposits in the south are missing. The southernmost core (07SR11) lacks Holocene tidal sand ridge/sand flat facies, which are replaced by thicker tidal flat to shallow marine deposits, indicating the limit of tidal sandy influence.
5 DISCUSSION
5.1 Changes in sedimentation rates and Holocene radial tidal sand ridge development
The formation of the RTSR in this area has been widely discussed by several studies (Li and Zhao, 1995; Li et al., 2001; Wang Y. et al., 2012; Yin et al., 2016). A consensus has been reached that a convergent–divergent tidal current field and large amounts of sediment are prerequisites for the formation of the RTSR (Zhu, 1998). Thus, the initiation of the convergent–divergent tidal current field and periods of high sediment flux appear to be critical to understanding the evolution of the RTSR.
According to simulations of regional paleotidal currents since the Holocene (Wang et al., 1998), the convergent and divergent tidal current fields in the study area were established between 10 and 8.5 ka BP, which implies that the RTSR could develop in the coastal area of Jiangsu Province after 10 ka BP. Zhu and Chang (2001) generally agreed with this opinion; however, they considered the early Holocene RTSR smaller than the present one due to reduced sediment supply during the early Holocene. Based on the evolution history of large rivers flowing to the SYS and a few ancient charts in the study area (Zhang, 1988), Liu and Xia (2004) proposed that the present RTSR could have formed since 2 ka BP and that it developed rapidly in response to the southward migration and supply of a large amount of sediment by the Yellow River after 1128 AD. Strong tidal currents could have shaped the radial morphology of the RTSR after the Yellow River flowed northward to the Bohai Sea since 1855 AD. Yin et al. (2016) concluded likewise that the formation of tidal sand ridges was highly related to remarkable sand input from the old Yellow River Delta after 1128 AD, as some radiocarbon ages from their cores indicated the initiation of tidal ridges since 600 years ago.
On the basis of seismic profiles and core data from the subaqueous sand ridge field, Wang et al. (1998) hypothesized that the RTSR could have formed after the early Holocene transgression, like other Holocene sand ridges around the world (McBride and Moslow, 1991; Park et al., 2006). This hypothesis also agrees with simulations of regional paleotidal currents since the Holocene (Wang et al., 1998; Wang, 2002). Moreover, based on detailed sequence stratigraphic analysis of the SYS area since the MIS 5 period, Xia et al. (2012) delineated the relationship between relative sea-level change and the evolution of the RTSR, suggesting that the RTSR could start to develop after the submergence of the study area, following the early Holocene sea level jump around 9 cal ka BP.
However, contrary to the investigations of subaqueous sand ridges, studies from terrestrial tidally influenced sandy sediment attached to the present RTSR presented a different interpretion on the formation history of the Jiangsu coastal area (Figure 1C). Chen et al. (1995) recognized the terrestrial tidally influenced sandy sediment as the earliest sand ridges after detailed analysis of sedimentary facies, which were related to large sediment input from the Yangtze River around 7–6.5 ka BP, during the Holocene maximum transgression. Li et al. (2001) argued that the RTSR developed after 7.5 ka BP, prograding seaward under the Holocene normal regression. Chough et al. (2004) also considered that the RTSR off the Jiangsu Coast may represent “regressive,” highstand deposits that formed when sea level reached the present position at about 6 ka BP.
In summary, contrasting opinions about the formation and evolution of the RTSR mainly focused on when and where the original sand ridges developed, and distinct views led to highly different reconstructions. In order to contribute new data to this debate, in this study, we applied to the Holocene RTSR a technique based on age–depth plots from previous work (Figure 11A), which has proved to be an effective method to figure out the complex sedimentary evolution of depositional systems under high sediment supply conditions (He et al., 2019). The initiation of the RTSR in the study area is defined by the oldest depositional age obtained from tidal flat deposits, namely, ∼9,000 cal a BP (Figure 11A; Liu et al., 2013; Xue, 2014).
[image: Figure 11]FIGURE 11 | (A) Age–depth plot of collected drilling cores in the RTSR; (B) different sedimentary rates of the tidal sand ridge during 9,000 a BP–1128 AD and 1128–1855 AD.
Using published chronological data from cores, we found that sedimentation rates are clearly distinct before and after ∼800 cal a BP. In particular, sedimentation rates range between .37 mm/a and 3.3 mm/a during ∼9,000–800 cal a BP, but they dramatically increase to 18.9–108.7 mm/a after ∼800 cal a BP (Figure 11B). This abrupt increase in the sedimentation rate of tidal sand ridges strikingly coincides with the moment (1128–1855 AD) in which the Yellow River delivered sediments to the Yellow Sea, following the capture of the Huaihe River (Xue et al., 2010; Liu et al., 2013). Thus, the growth of the RTSR can be subdivided into two stages. The first stage of bedform migration, from ∼9,000 cal a BP to 1128 AD, is characterized by generally slow deposition, with locally increasing sedimentation rates under highstand conditions (since 5,000–3,000 a BP). The second stage, after 1128 AD, is a period of rapid development, when the sand ridge field received a large amount of sediment from the Yellow River and rapidly built its modern shape. A significant development of the RTSR following maximum marine ingression, particularly during the latest Holocene, can be clearly observed in the stratigraphic cross sections of Figures 9, 10. According to the available data, no direct evidence was found for the renewed growth of the sand ridges after the Yellow River re-entered the Bohai Sea northward in 1855 AD.
5.2 Sedimentary evolution of the radial tidal sand ridge region since the Late Pleistocene
According to the stratigraphic analysis of 10 continuous cores and previous data (Figures 8–10), the study area documents a cyclic sedimentation pattern of alluvial and coastal/shallow marine deposits that define transgressive–regressive successions deposited over the last two interglacial–glacial cycles. Along-dip facies changes include a transition from fluvio-deltaic deposits in the northern part of the study area to tidally influenced sand deposits to the south.
5.2.1 MIS 5 and older periods (>100 ka BP)
Although results from OSL dating are not conclusive about its age, the sand tidal ridge facies assigned to the early MIS 5 (and possibly to older periods) is well preserved in the southern part of the study area (e.g., core JSWZK03) (Figures 9, 10). Previous numerical simulations have revealed that the formation and evolution of the tidal current system in the south Yellow Sea were mainly controlled by the interaction between the East China advancing tide wave and the position of the Jiangsu–Shandong paleocoastline, especially the Jiangsu paleocoastline (Wang et al., 1998; Uehara et al., 2002), as the bedrock coast of the Shandong Peninsula has basically kept steady since the Early Cretaceous (Wang S. J. et al., 2009). The reconstruction of Pacific sea-level changes since the Late Pleistocene implies that the early MIS 5 sea-level position was comparable to the present position (Chappell et al., 1996). The sediment source for the MIS 5 RTSR likely was the paleo Yangtze River (Wang et al., 2007b; Wang Y. et al., 2012; Wang et al., 2019b).
No early MIS 5 deposits were encountered in the north because of insufficient borehole depth (Figures 8, 10). However, two ∼70-m-long cores (SYS-0701 and SYS-0702) from the south Yellow Sea, adjacent to the northernmost part of the study area, at a water depth of ∼33 m, revealed the presence of a MIS 5 nearshore to shallow marine facies (Liu et al., 2010). Neither prominent deltaic deposits nor tidal sand ridge facies were encountered in the northern area. Tidal river deposits assigned to the early MIS 5 were observed on the basis of individual (JSWZK01) core data.
5.2.2 Late MIS 5 and MIS 4 periods (∼60–100 ka BP)
Terrestrial deposition, including riverine and floodplain environments, dominated the study area during the late MIS 5 and MIS 4. River channel facies made up of thick, homogeneous coarse sand bodies was recognized in most cores (e.g., JSWZK04, Figure 9). Severely abraded marine shell fragments locally floor erosion surfaces, indicating the widespread occurrence of condensed stratigraphic intervals and hiatal surfaces during this period (see core JSWZK04 in Figure 9). The sedimentary evolution of the study area was highly related to sea-level fluctuations during the Late Pleistocene in the Yellow Sea (Liu et al., 2010).
5.2.3 MIS 3 period (∼24–60 ka BP)
Tidal flat and shallow marine deposits assigned to MIS 3 mark the onset of renewed (minor) transgression in the study area. These deposits are overlain by a characteristic prograding succession of deltaic deposits in northern cores (e.g., JSWZK09 and JSWZK10) (Figures 8, 10), whereas tidal river deposits can be found in landward cores (e.g., JSWZK07 and JSWZK08).
The existence of marine deposits assigned to MIS 3 on the Jiangsu Coast has been debated in previous studies. Sedimentological analysis of cores BY1, 07SR01, and Longgang indicates that marine-influenced environments likely existed during MIS 3 (e.g., Zhang et al., 2010; Xia et al., 2013; Xia and Zhang, 2018); this hypothesis is also supported by numerical modeling of the MIS 3 transgression along the Jiangsu and Fujian coasts (Ye et al., 2016; Yu et al., 2016). Conversely, nearby boreholes, such as cores 07SR09 and 07SR11 (Sun et al., 2014; 2015), showed that MIS 3 deposits are entirely of continental origin. Unfortunately, most chronologic attributions to MIS 3 lack supporting OSL dates or are mostly constrained by AMS 14C ages ranging between 35,000 and 40,000 a BP, which is close to the dating limits and could be questionable (Yin and Zhang, 2010; Zhang et al., 2010; Xia et al., 2013; Sun et al., 2014; Sun et al., 2015; Xia and Zhang, 2018).
Marine deposits have been reported at −20–−50 m elevation around the present coastline on the basis of macro- and micro-fossil (foraminifers) analyses from cores JC-1204 and 07SR01 (Xia et al., 2013; Xiao, 2015). Liu et al. (2013) confirmed the presence of MIS 3 deltaic deposits from core SYS-0701 through OSL dating in the southern Yellow Sea. Gao et al. (2021) detailed a mass of post-infrared (IR) IR-stimulated luminescence (pIRIR) ages and found no MIS 3 marine deposits in the core JCP01 beyond the limit of Holocene marine ingression. Therefore, it thus appears to exist a marked correlation between the formation of MIS 3 marine deposits and the distance from the coastline.
Although dating of JSWZK10 deltaic deposits yielded two AMS 14C ages >40 ka BP and two OSL results ranging between 28 ka and 75 ka BP, the adjacent core JSWZK07 provided consistent OSL results in tidally influenced strata (36.8 ± 5.4 ka BP and 39.4 ± 7.1 ka BP, respectively) (see Figures 7, 8). We considered these adjacent tidal and deltaic deposits as indicators of coeval MIS 3 sedimentation because of the same elevation (−20–−30 m) and short distance between them. Our findings support the presence of a large active delta during MIS 3, which had been recognized from a series of seismic profiles and core data in the south Yellow Sea (Liu et al., 2010). The delta likely formed between 40 ka BP and 28 ka BP in the late MIS 3. Progradation of the MIS 3 delta took place in a more seaward position relative to its Holocene counterpart (Figure 8), which is consistent with a lower relative sea-level position during this period (Chappell et al., 1996).
It is remarkable that almost no MIS 3 deltaic or marine sediments were found in the southern part of our study area (Figures 9, 10), though thin marine layers have been reported from cores 07SR09 and 07SR04 in adjacent areas (Sun et al., 2014; Sun et al., 2015). This could be related to a relatively weak MIS 3 marine transgression and/or later (MIS 2) intense fluvial erosion in the region.
5.2.4 MIS 2 and the early Holocene period (∼9–24 cal ka BP)
The whole south Yellow sea shelf was mostly subaerially exposed when sea-level position retreated to the Okinawa trough during the Last Glacial Maximum and early Holocene (Li et al., 2014). At that time, terrestrial, riverine, and lacustrine environments dominated the study area. A ∼2–4-m-thick stiff clay layer was found in several cores, such as JSWZK01 (13.4–16.2 m), JSWZK04 (17.18–19.68 m), JSWZK06 (10.4–12.3 m), and JSWZK07 (15.08–18.1 m) (Figures 9, 10), thus representing a laterally continuous marker bed for stratigraphic correlation in the southern Jiangsu Plain and in the Yangtze deltaic area (Li et al., 2001; Sun et al., 2015). This overconsolidated horizon represents a stratigraphic unconformity of worldwide significance; it corresponds to a weakly developed paleosol that formed at the MIS 3/2 transition in response to the last phase of sea-level fall (Amorosi et al., 2017), and it is likely correlative with the development of the adjacent Yangtze River incised-valley systems (Saito et al., 2001; Li et al., 2002).
5.2.5 9,000–7,000 cal a BP
Marine ingression occurred in the present RTSR field area during the early Holocene sea-level jump, around 9,000–8,500 cal a BP (Hori and Saito, 2007). This transgressive trend is documented by the presence of typical tidal flat facies in the seaward-most cores (i.e., core JSWZK05) (Figures 8, 9, 12A). Radial tidal sand ridges are supposed to have been formed during this period by numerous hydrodynamic model simulations (Wang et al., 1998; Zhu and Chang, 2001). Our detailed sedimentary facies analysis, corroborated by several radiometric dates, supports this hypothesis, indicating that tidal sand ridges were active since about 9,000 cal a BP.
With rapid relative sea-level rise, the shoreline reached its present position around 8,200–8,500 cal a BP (see the cores JSWZK01 and JSWZK09 in Figures 8, 10). In the northern region, tidal flat and shallow marine environments developed with no apparent influence of radial tidal currents. In contrast, tidal sand ridges (bedforms) migrated in the southern area. A coastal barrier–lagoon system was reconstructed from the core JSWZK01 (Figure 9), confirming that tidal sand deposition occurred during the Holocene transgression.
5.2.6 7,000–1,128 cal a BP
The Holocene maximum marine ingression took place around 7,000 cal a BP in the SYS region (Liu et al., 2004; Xue, 2014—Figures 8–10, 12B). Previous model simulations revealed that the apex of the radial tidal current was located at the paleo Yangtze River Channel mouth (Uehara et al., 2002; Figure 12B). In the southern region, tidal sand ridges gradually received more abundant supplies of sediment, while in the northern part, sedimentation occurred in a shallow marine environment and a chenier–coastal marsh sedimentary system on the landward side (Figure 12C; Wang and Ke, 1989). As the coastline prograded seaward after 7,000 cal a BP, the study area was gradually subdivided into a northern (deltaic) area and a southern (tidal sand ridge) area.
[image: Figure 12]FIGURE 12 | Synoptic geomorphological diagram revealing the relationships between Holocene evolution of the tidal sand ridge and relative sea-level change and sediment supply in the south Yellow Sea. The relative sea-level curve on the East China Sea shelf is modified from Xue (2014). The curve of estimated sediment influxes in the study area is referred to as the estimated sediment discharge of the Yellow River by Wang et al. (2007a). (A) 9 ka BP: initiation of tidal sand ridge bedforms during the rapid sea-level rise at the early Holocene; (B) 7 ka BP: the tidal flat and shallow sea environments well developed in the study area during the Holocene maximum transgressive period. The tidal sand ridge may mostly occur outside the Yangtze River mouth according to Li et al. (2001); (C) 5 ka BP: the tidal sand ridge developed slowly in the south Yellow Sea, while the cheniers and coastal marshes are well developed in the coastal area (Wang and Ke, 1989); (D) 1128–1855 AD: rapid growth of the tidal sand ridge after the Yellow River capturing the Huaihe River and subsequently delivering a large amount of sediment into the study area; and (E) 1855 AD–present: dynamic adjustment of the radial tidal sand ridge after the Yellow River emptying back into the Bohai Sea.
5.2.7 1128–1855 AD
The Yellow River captured the Huaihe River from the north of Jiangsu to the sea after 1128 AD (Liu et al., 2013). With 1 billion tons of sediment discharge into the south Yellow Sea per year, a new Yellow River Delta lobe formed in the north of Jiangsu, and the shoreline migrated southward at an average rate of 250–300 m/a (Zhang, 1984). Moreover, a large subaqueous delta also emerged in the northern part of the study area (Zhou et al., 2014; Figure 1B; Figures 8, 10). During this period, the tidal sand ridge system was fed by a huge amount of sediment, which is reflected in very high sediment accumulation rates (Figure 11), and the size of the RTSR dramatically increased in height and width (Liu and Xia, 2004). The submerged sand ridges gradually emerged, especially their nearshore portion (Figure 12D; see several ancient charts collected by Su et al., 2017a).
5.2.8 After 1855 AD
The Yellow River went back to the Bohai Sea after 1855 AD, and the Jiangsu Yellow River Delta was abandoned. The Jiangsu coastline and underwater bedforms were continuously and dynamically adjusted with the abrupt decrease in sediment influx (Zhou et al., 2014). The abandoned subaqueous delta suffered severe erosion under the combined effect of tidal currents and alongshore waves (Liu et al., 2013). Meanwhile, the huge deposit left by the Yellow River was gradually shaped by tidal currents into a new submarine linear bedform (Liu and Xia, 2004). This bedform combined with the southern sand ridges to form the present Jiangsu offshore sand ridge system (Figure 12E; Su et al., 2017b).
5.3 Controlling factors on the formation and evolution of the RTSR
Previous studies highlighted that sand ridge formation, growth, migration, and eventual drowning on storm-dominated shelves are the results of geologic processes (i.e., relative sea-level rise and shoreline transgression), oceanographic processes (i.e., storms and offshore-directed currents), and other factors (sediment supply and antecedent geology) (Figueiredo et al., 1981; McBride and Moslow, 1991; Nnafie et al., 2014). These factors can also be essential to explain the distribution, evolution, and morphology of the RTSR on the tide-dominated Yellow Sea shelf.
5.3.1 Relative sea-level rise and marine transgression
Holocene coastal and shelf sedimentary systems, including the sand ridge facies, were sensitive to sea-level changes in the East China Sea (Gao and Collins, 2014; Li et al., 2014). The same holds for Late Pleistocene sea-level changes, which clearly affected the sedimentary evolution of the shelf in our study area.
The magnitude of eustatic rise since the Late Pleistocene primarily controlled the formation of sand ridge facies in the SYS. Previous research on paleo sea-level reconstructions indicated that the extent of the MIS 3 transgression was smaller than that of the Holocene and MIS 5 ages (Chappell et al., 1996). This implies that no sufficient accommodation was created in the Yellow Sea to host a thick tidal system during this period. Indeed, an alternation of terrestrial and marine facies prevailed in the northern region, and barely no marine facies developed in the south during MIS 3 (Figure 10). In contrast, at least 15-m-thick tidal sand ridge facies accumulated in the study boreholes during the Holocene and MIS 5 (See Figure 9, 10).
In addition, changes in the rates of relative sea-level rise likely affected sand ridge growth and migration in the SYS shelf. Liu et al. (2004) outlined a classical stepwise post-glacial sea-level rise in the western Pacific and postulated a close tie between phases of rapid relative sea-level rise and distinct meltwater pulse events. Rapid relative sea-level rise, especially in the early Holocene around 9,000 cal a BP, largely favored the development of transgressive depositional systems, including the sand ridge facies (Hori and Saito, 2007; Xia et al., 2012). Sand ridges developed as bedforms or sandy shoals during this phase of rapid relative sea-level rise and migrated landward under continuing transgression. When the relative sea-level rise decelerated and kept steady after 7,000 cal a BP, the tide-wave system had enough time to shape the sandy bedforms or shoals into the final form of the RTSR.
5.3.2 Sediment supply
Sediment provenance is another aspect of debate about the evolution of the RTSR. Based on the interpretation of shallow seismic profiles and stratigraphic correlation between the northern Jiangsu plain and Yangtze River Delta, early studies indicated that the tidal sand ridge area represented an independent “desert accumulation” during the LGM (Zhao, 1991). However, based on grain size analysis and the clastic mineral composition of sediments in the tidal sand ridge area, Wang et al. (1999) proposed that the sediments of the RTSR were mainly derived from the ancient Yangtze River. This hypothesis has been recently supported by detrital zircon geochronology in the SYS (Su et al., 2018). However, based upon heavy minerals and geochemical analysis from cores in the northern Jiangsu land area and in the tidal sand ridge area, most researchers believe that the ancient Yellow River and Yangtze River catchments were the major sediment sources for the RTSR, with the relative influence of each river depending on the distance from the ancient river mouth (Li et al., 2001; Yang et al., 2002; Wang Y. et al., 2009; Wang et al., 2013; Wang Z. B. et al., 2019). Moreover, Liu and Xia (2004) postulated multiple sources for the sand ridge systems: 1) Yellow River provenance for its southern part, mainly supplied in the historical period; 2) Yangtze River provenance for the southern sand ridge; and 3) glacial terrestrial sediments for the SYS shelf.
Although the debate is still open, most authors agree that a huge amount of sediment was necessary for the development of the enormous RTSR in the SYS (Li and Zhao, 1995; Zhu, 1998). Our age–depth plot of core data may provide new insights into this subject. The rates of tidal sand ridges were consistently 1.1–3.3 mm/a before 1128 AD, slightly 2–3 times than the average sedimentary rate on the SYS shelf, and dramatically increased to 18.9–108.7 mm/a after 1128 AD. We, thus, believe that the Yellow River played a key role in the rapid accretion (growth) of the RTSR through enormous sediment input into the Yellow Sea during 1128–1855 AD.
5.3.3 Oceanographic processes
The morphology of sand ridges on terrigenous shelves is generally parallel to the dominant current flow. This is particularly clear for the tidal sand ridges on the SYS shelf (Figure 1A). In this area, the radial morphology of the RTSR coincides with the directions of the current flow in the present radial tidal field (Wang, 2002).
There is some uncertainty about the relationship between ancient ocean dynamics and sand ridge growth in the study area. Although several hydrodynamic model simulations revealed that the radial tidal field could have formed off the Jiangsu Coast around 10,000–8,500 a BP, the radial center of tidal currents migrated north and south repeatedly, following the movement of the Jiangsu paleocoastline (Li et al., 2001; Uehara et al., 2002). This means that the formation and migration of the sand ridges could have been very complex due to unpredictable hydrodynamic conditions since the early Holocene in the SYS area.
As a matter of fact, the typical morphology of the RTSR became radial in shape only after 1900 AD, which is consistent with previous ancient charts (Zhang, 1988). In addition, wave currents appear to have dominated the Jiangsu Coast, leading to the formation of coastal barrier–lagoon systems in the northern Jiangsu coastal plain between ∼8,500 a BP and 1128 AD (see studies of shelly sand bars by Wang and Ke, 1989; Ling, 2002; Xue et al., 2010). A large amount of Yellow River sediments emptied into the Yellow Sea and filled the Jiangsu Coast during 1128–1855 AD, resulting in the formation of the northern Jiangsu Yellow River Delta (Xue et al., 2010). In the meanwhile, the SYS shelf became wide and had a low gradient, which likely weakened wave activity and strengthened the influence of local tidal currents. After the Yellow River re-entered the Bohai Sea, tidal currents played a prominent role in redistributing the abandoned subaqueous deltaic sediments, shaping the irregular morphologies of the sand ridges into their present radial form (Liu and Xia, 2004).
6 CONCLUSION
A total of 10 ∼30–60 m-long cores were retrieved from the Jiangsu coastal plain and offshore a sand ridge field in the south Yellow Sea (SYS) during 2018–2019. Based on a comprehensive analysis of sedimentary facies, grain size, foraminifers, radiocarbon dates (AMS 14C), and optically stimulated luminescence (OSL) ages, we reconstructed the detailed Late Pleistocene sedimentary evolution of the radial tidal sand ridge (RTSR) region. This area evolved from a tidal sand ridge system during the late MIS 5 to an alluvial plain, with river channels and floodplains during MIS 4. A deltaic sedimentary system, reconstructed in the northern part of the RTSR region, developed approximately in the early MIS 3. After a period of fluvial incision, channel belt sedimentation, and paleosol formation during the Last Glacial Maximum, the RTSR began to form during the early Holocene. Our stratigraphic correlation of along-dip and along-strike transects indicates that deltas and tidal sand ridges are important sedimentary components in this region, representing the relative sea-level change history since the Late Pleistocene. Age–depth plots reveal that the RTSR likely initiated in a sandy bedform shape at approximately 9,000 cal a BP, with sedimentation rates of 1.1–3.3 mm/a and continued throughout the Holocene. Sedimentation rates increased rapidly to 18.9–108.7 mm/a after 1128 AD, when the Yellow River captured the Huaihe River, flowing southward into the Yellow Sea. This study suggests that increased sediment supply played a major role in the formation and evolution of the Holocene RTSR in the south Yellow Sea. Relative sea-level change created sufficient accommodation to host a thick tidal system during this period in the SYS and also likely affected sand ridge growth and migration by changing the rates of relative sea-level rise in the SYS shelf. Oceanographic processes, namely, the radial current flow in the SYS, dominated the formation of radial morphology in the RTSR. Thus, our studies also highlight that relative sea-level change and oceanographic processes were important controlling factors of the distribution, evolution, and morphology of the RTSR on the tide-dominated Yellow Sea shelf.
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INTRODUCTION
Coastal sediment movements are often determined using numerical models, which draw on two different physics: hydrodynamic flow and particle motion. The former is resolved in the frame of the computational fluid dynamic (CFD). It is based mainly on Navier–Stokes equations, with the development of Reynolds-averaged Navier–Stokes approaches (RANS, URANS, etc.). Once known, fluid characteristics (speed and direction) are put into a second set of equations to compute the particle behavior. Once built, numerical models must be validated, that is, proof must be made of their accuracy to reproduce true and natural simulated processes. To do so, field measurements of processes are needed. For the speed, direction, and variation of the free surface elevation (in the case of tide), current meters—for example, acoustic Doppler current profilers (ADCPs)—are deployed at some points in the studied area, giving accurate measurements considered as a reference for the numerical model. The CFD part of the hydro-sedimentary model is validated when it gives the same results as ADCP measurements. The sedimentary part of numerical models is more tedious to validate. The choice of which particle motion equations to apply is the first main difficulty, but this aspect is not within the scope of the present paper. The second difficulty is the measurement and determination of the true sediment transport in the studied coastal area, which is still challenging. Approaches such as radionuclide tracers can give highly accurate information on sediment transport, but as such methods are cumbersome in their implementation and required equipment, they cannot be used everywhere. Therefore, methods to provide more easily and widely available information must still be developed or enhanced.
Grain size distributions, textural parameters, and curve shapes are related to the transport behavior and size-sorting processes of sediments in specific depositional environments (Flemming, 2007). In general, sediments are composed of mixtures of particle populations derived from different sources and transport processes (Flemming, 1988). The descriptive mean grain size, standard deviation, and sorting are not always sufficient to decipher related sediment processes (Weltje, 1997). From a statistical point of view, Weltje (1997) and Weltje and Prins (2003) proposed an end member modeling approach for analyzing grain size distributions to provide information about sediment provenance, transport processes, and depositional environments. After 25 years of development, EMMA is now available in various numerical contexts, such as FORTRAN code (Weltje, 1997), Matlab script (Dietze et al., 2012; Patersion and Helslop, 2015), and the R package EMMAgeo (Dietze and Dietze, 2019). This method has been successfully and widely applied in many studies, including Prins et al. (2002), Dietze et al. (2012), Collins et al. (2016) and López-González et al. (2019). The method, when combined with other available information such as wind conditions, tides, bottom flow has been used to determine sediment transport processes, provenance, and paleo-climate changes, including in Greenland, Lake Donggi Cona in China, the Harney Basin in eastern Oregon (United States), and the Alboran Sea. For example, Prins et al. (2002) established that during ice-rafted detritus events, continental material of likely Greenlandic origin increased up to 87%, and that bottom-current-derived material contains up to 40% mid-oceanic ridge fines, probably of Icelandic origin. Dietzel et al. (2012) showed that an end member with a major mode in the clay domain accounts for 34% of variance within the grain size data set. It may represent the sedimentation of suspension load from linear and laminar runoff during heavy precipitation events in summer. The clay and medium-silt end members are robust features of detrital sedimentation within Lake Donggi Cona in Qinghai Province, China.
Sediment trend analysis (STA©), first introduced by McLaren (1981), is a one-dimensional line-by-line method that establishes patterns of net sediment transport based on the spatial changes of three grain size parameters: mean, sorting, and skewness (McLaren, 1981; McLaren et al., 2007). Based on the McLaren (1981) theoretical principles, two-dimensional methods have been developed (Gao and Collins., 1992; Le Roux., 1994; Asselman., 1999) and identified as grain size trend analysis approaches (GSTAs). These methods define trend vectors (directions and patterns) based on the analysis of particular spatial relationships (trends) between the mean size, sorting, and skewness of seabed sediment (Mc Laren and Bowles, 1985; Gao and Collins, 1992). They have been discussed by Le Roux and Rojas (2007), McLaren et al. (2007), and Poizot et al. (2008). Generally, the line-by-line method is subjective because the directions of the trends must be parallel to the survey lines (Asselman, 1999), while choosing between the methods by Gao and Collins (1992) and Le Roux (1994) still remains a challenge (Poizot et al., 2008). GSTA was accepted as an investigational tool in the coastal projects of US Army Corps of Engineers (Hughes, 2005) and was successfully used in various marine and coastal environments (Gao et al., 1994; Pedreros et al., 1996; Jia et al., 2003; Mclaren and Beveridge, 2006; Duc et al., 2007; Duc et al., 2016; Van Lancker et al., 2004; Poizot and Mear, 2010; O'Shea and Murphy, 2016). A key element of the GSTA approach is the determination of a distance defining the neighboring points to be considered during computation. Gao and Collins (1992) defined the characteristic distance, denoted as Dcr, as the mean spacing between samples. The trend vectors identified for each station are then summed to produce a single vector. In this approach, neighboring stations are within Dcr and correspond to the nearest points surrounding a central station. Geostatistics is used to improve the determination of this parameter. A new distance (Dg) is proposed though the analysis of the semi-variogram (Poizot et al., 2006). The choice of the trend type to be adopted is based on the vector modulus and the number of neighbors satisfying the same trend type condition.
Despite the aim of universality asserted by the initiators of both STA® and GSTA, some works have reported the failure of the model to recover true sediment transports (Masselink, 1992; Carriquiry et al., 2001; Ríos et al., 2002). McLaren et al. (2007) and Poizot et al. (2008) reviewed the various sources of uncertainties in STA®/GSTA methods. In developing the software called GiSedTrend, Poizot and Méar (2010) applied STA®/GSTA analysis, giving the highest possible degree of freedom to scientists in their choice. The aim was to allow a better fit between the application of the method and the studied environment. In particular, the study of every kind of trend case, mixing the statistical parameters alone or combined, was possible for the first time.
In Duc et al. (2007), the nearshore zone of the Red River Delta area, which is also the study area of this article, was the subject of a GSTA analysis, following Gao and Collins’s methodologies and settings. Because developments have arisen in the application of the method, and new tools are now available for conducting a GSTA-like analysis, this study presents the results of combining the EMMAgeo and GiSedTrend approaches in order to clarify the history of seabed sedimentation development in the coastal area of Hai Hau–Nam Dinh, as well as the relationships between sediment provenance and sediment transport, which has been recently affected by human activities such as river damp construction in 1965 and marine harbor construction in 2015.
The combination of EMMA and GSTA methods was addressed in some recent studies (Li and Li, 2018; Paladino et al., 2022). The direction of sediment transport at one point reflects the average of all transport processes affecting the sampling site (McLaren et al., 2007). Since the transport of different grain size fractions (or end members; EMs) is usually closely related to hydrodynamic conditions (Fleming, 2007), the spatial model of the end members should be coordinated with the direction of sediment transport. In turn, an understanding of the processes of sediment transport will have implications for the interpretation of the end members. In addition, combining the EMMAgeo and GSTA methods with information—such as the influence of wave directions and seasonal flows, and calculations of the amount of sediment moving at the estuary mouths—will help answer questions about the provenance, processes, and trends of sediment transport in the study area.
Overview of the study area
The coastal area of Hai Hau–Nam Dinh, which has a length of about 30 km, is currently heavily eroded. The sediment budget calculated by the modeling of shoreline changes shows that the net sediment transport is in the southward direction and that a large amount of fine-grained sediment is lost in deep waters. These two sediment sinks are believed to be the main causes of the serious erosion observed (Hoan et al., 2009). On the other hand, regarding human activity, spatial and temporal analyses of sedimentary facies in relation to late Holocene retrogradation show that the coastal area of Hai Hau has been eroded at a rate of ∼19.5 m/yr since a hydraulic dam was built in the So River. This means that the rapid erosion off the Hai Hau coast was likely caused by the historical flood of 1787 and the construction of the hydraulic dam in 1960 (Nghi et al., 2018). Duc et al. (2003) conclude that the coastal area of Hai Hau lacks sediment because it is not supplied by the Red River and local sediments are transported to the southeast, creating erosion banks.
The coastline of Nam Dinh Province is oriented SW–NE, with the presence of estuaries such as the Day River mouth, the Ninh Co River mouth, the So River mouth, and the Ba Lat River mouth. In the study area, the sea floor topography is characterized by a slight tilt angle and a smooth surface from the shoreline to water depths of about 30 m. The surface sediment consists of sand, sandy silt, and silt, in which the recent sandy surface sediment is deposited along the shoreline at a depth between 0 and 5 m, except near the Ba Lat mouth, where sand reaches a water depth of 15 m. Further offshore, down to a depth of about 25–30 m, the sediment becomes silty with lenses of mud. Further offshore, the old surface sediments consist mostly of sandy silt and sand.
The tide regime is mixed, with a diurnal dominance. The average tidal amplitude is 2–3 m. Waves usually have a dominant direction from the east–northeast during the dry season and from east–southeast during the wet season. The average and maximum wave heights are 0.7–1.3 m and 3.5–4.5 m, respectively, but wave heights can reach over 5 m in severe storms (Duc et al., 2007).
In the Nam Dinh offshore area, there are two clear wind seasons. The winter monsoon (from November to March) is characterized by strong winds blowing from the north, lower temperature, and lower precipitation, whereas the summer monsoon (from May to September) is characterized by moderate winds blowing from the south, higher temperature, and higher precipitation. Wind field data at stations around the Hai Hau area in the transitional months between the two seasons are affected by the continental coastal morphology (Huu et al., 2012). From a geomorphological point of view, the Hai Hau coastal area, along with the development of the Red River Delta, is mainly affected by wave processes (Mather et al., 1996; Mathers and Zalasiewicz, 1999). According to Hoan et al. (2009), the maximum wave heights with 10% frequency in winter and summer are 1 m and 0.6 m, respectively.
The Ninh Co estuary area has a complicated (deep and unstable) flow and a particular cycle mainly influenced by fluvial and marine processes. The estuary is strongly influenced by the alongshore sediment transport from Hai Hau. Based on the calculation of alongshore sediment movements using formulas from energy methods such as CERC (Shore Protection Manual, 1984), Queens, and stress methods (improved Piter–Mayer formula), Huang (2010) showed that: i) from the So River mouth to the Ninh Co River mouth, the amount of sediment carried away is about 600–800 m3/year, higher than that transported to the area, causing the phenomenon of sediment imbalance; and ii) from the southern Ninh Co River mouth to the Nga Son shore, the amount of sediment transported to the area is about 700 m3/year higher than that carried away (Khac Nghia et al., 2003). Each year, the amount of Red River sediment through the Ba Lat River mouth is about 23 million tons, through the Day River mouth about 12 million tons, and through the Ninh Co River mouth about 18 million tons (Pruszak et al., 2002). In the Nam Dinh coastal area, the amount of sediment transported along the shore is about 150,000 m3, with about 70% transported to the south and the remaining 30% transported to the north (Ostrowski et al., 2009).
MATERIALS AND METHODS
Materials
In September 2020, a total of 54 cores were collected from appr. 5–30 m water depth by a gravity core device (Figure 1). The core samples (max. 60 cm in length) covered the entire study area. Surface sediments from 0–5 cm depth were sampled from the tops of gravity cores. In each case, approximately 0.2 g of surface sediments were treated with HCl and H2O2 to remove carbonate and organic matter, respectively. Grain size analyses were performed using the HORIBA Laser Diffraction Particle Size Analyzer LA960. The measurement range was from 0.01 μm to 5,000 μm (20 to −0.5 ϕ). The GRADISTAT v9.1 program from Blott and Pye (2001) was used to calculate textural parameters based on the Folk and Ward (1957) percentile statistics. The results of sediment parameters from GRADISTAT include mean grain size (Md), sort (So), and skewness (Sk), shown in Table 1.
[image: Figure 1]FIGURE 1 | Map of the study area and location of surface sediment samples. Area of shoreline erosion and accretion is after Duc et al. (2007). Thin dashed line divides the delta region mostly affected by rivers, tides, and waves, based on the geomorphology (Mather et al., 1996; Mathers and Zalasiewicz, 1999).
TABLE 1 | Input parameter values of the sediment in the study area.
[image: Table 1]Methods
End member modeling analysis (EMMA)
EMMA, which estimates end member scores based on co-variability within grain size distributions, is a powerful tool yielding information on sediment provenance, transport, and depositional environment. EMMA is based on the study of the grain size distribution of sediment samples. It provides a direct link between particle size changes and the physical laws governing sediment production and transport (Weltje and Prins, 2003; Weltje and Prins, 2007). Particle-sized component results from the Horiba LA 960 were used as input values for the EMMAgeo library for processing and performing the grain size distribution (Dietzel E and Dietzel M, 2012, 2019). The calculation steps are provided by Dietzel et al. (2012); Dietzel and Dietzel (2019), including:
Step 1. Transform raw grain size distributions to a constant sum (e.g., 1 or 100%).
Step 2, rescaling and standardization: Minimize the effects of scale by applying a column-wise weight transformation. A weighted matrix W is derived from the columns of the original matrix X by scaling the columns based on percentiles, P, with lower (l) and upper (100−l) boundaries as weights:
[image: image]
where vectors h and g are defined by hj=Pl(xj) and gj=P100−l(xj) for columns j = 1,2,…,p. A value of l = 0 reflects the minimum and maximum of each column; for example, a value of l = 2.5 gives percentiles between P2.5 and P97.5. For the sake of simplicity, we set lw to 0.05; however, note that the optimal value lopt is found by iteration.
Step 3. Calculate eigenvector and eigenvalue matrices. Extract the eigenvector matrix V and eigenvalue matrix Λ from the minor product matrix Γ given by
[image: image]
Step 4, factor rotation: Apply factor rotation (e.g., VARIMAX) on the eigenspace of q end members to simplify the structure of the end members, thus facilitating factor interpretation. The number of end members (q) needs to be determined by iteration.
Step 5. Normalize the preliminary eigenvector loadings (V) to ensure the non-negativity of the rotated eigenvectors and estimate the eigenvector scores (M) using linear non-negative least squares as the objective function. This matrix contains the relative contributions of each end member to each sample. Usually, scores can be interpreted as time series, depth series, or spatial distribution patterns of end member abundance.
Step 6. Rescale matrices and compute variance explained. Reverse the initial weight transformation to rescale V and M to the original units of the initial data set. Normalize the rescaled matrices to fulfill the constant sum constraint. The rescaled and standardized matrices are denoted as end member loadings (V∗) and end member scores (M∗), respectively. Calculate the variance explained by each end member as the proportion of total scores variance. Scores are the relative contributions of the loadings to a sample and are thus related to the predominance of a process during the formation of the sedimentary deposit.
Step 7. Evaluate goodness of model fit. Calculate the modeled data set and the respective error matrix. Evaluate the goodness of fit, calculating mean row- and column-wise linear coefficients of determinations (R2) between X and X∗. The resulting matrix gives the explained proportion of variance of each sample and each variable, respectively (Dietzel et al., 2012).
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Grain size trend analysis (GSTA)
According to McLaren and Bowles (1985), the direction of net sediment transport from a sediment sample point T1 to another point T2, measured in ɸ, can be either better sorted, finer, and more negatively skewed or better sorted, coarser, and more positively skewed. The vector that indicates the sediment trend is defined by the parameters (Md, So, and Sk) and compared with neighboring samples (stations) through sampling radius (characteristic distance; Dcr). Poizot and Méar, (2010), proposed to define the Dcr parameter (then renamed Dg) after a variogram study process. At a station there may be no or more than one unit trend vectors. In the case of multiple unit trend vectors, a single vector is computed according to Formula 5:
[image: image]
where n is the number of trend vectors identified for the site, [image: image] is a single trend vector (unit vector), and [image: image] is the sum of trend vectors. Each post-calculated trend is determined by an angle and length value.
From the geostatistical analysis initially performed to define the characteristic distance Dg, a model of spatial variation is inferred, allowing for interpolations of the three statistical parameters. This operation aims to build regular grids with points equally spaced to allow the same weight for each surrounding neighborhood during vector field computation (Poizot et al., 2006).
Statistically, there are eight total combinations between the parameters Md, So, and Sk. However, Gao and Collins (1992) suggest that the combination of two of them—1) finer, better sorted, and more negative skewness (FB-) and 2) coarser, better sorted, and more positive skewness (CB+)—can be adopted to define the net transport direction. Field observations validate these combinations, as they present the highest probability of occurrence in the net transport direction.
RESULTS
End member modeling analysis
The grain size distribution of surface (0–5 cm) samples (Figure 2) in the study area is wide-ranging, from 0 to 890 μm, and has frequency peaks between 7 and 300 μm. Samples from most locations are mainly composed of fine particle sediments.
[image: Figure 2]FIGURE 2 | Grain size distribution curve of sediment samples in the study area.
Using EMMAgeo, the Rt2 has been calculated from the data set (Figure 3A) using 2 to 10 EM. The results show that with 2 EM, the coefficient reaches 0.77 and that this value increases gradually (0.855, 0.86, 0.89) as the number of end members increases to 3, 4, and 5. Using 4 and 5 EM, most of the grain sizes from the model results are consistent with the dataset. By increasing the number of end members, the average coefficient does not increase and tends to decrease, showing the optimal model results at 5 EM.
[image: Figure 3]FIGURE 3 | End member analysis of surface sediment grain size data from the study area. (A) Coefficient of determination versus the number of end-members; (B,C) explained variance chart for class and sample; (D) location of mode position with explained variance of each EM; (E) end-member score for each EM.
Figure 3 shows the default graphical output, provided by EMMAgeo, for five end members. Panels b and c depict R2 values (squared Pearson correlation coefficients) organized by grain size class and sample of 0.7 and 0.9, respectively. Overall, the data set was reproduced with a mean R2t of 0.89 (Figure 3A). The mode position and explained variance for EM1–EM5 were 56%, 26%, 6.1%, 9.9%, and 2.1%, respectively.
Each end member clearly has a dominant peak and shows a normal distribution in the grain size distribution curves of the five end members (Figure 3D). The grain size of the dominant peak increases, and the sorting improves toward finer grain size at different degrees from EM1 to EM5. EM1 has a mode position of 7.7 μm, with a majority in the fine silt range. EM2 has a mode of 15 μm, with a majority in the medium silt range. EM3 has a mode of 59 μm, with a majority in the very coarse silt range. EM4 has a mode of 200 μm, with a majority in the fine sand range, and EM5 has a mode of 340 μm, with a majority in the medium sand range. EM1 to EM5 have secondary peaks with lower peak values in the fine silt to medium sand range.
Spatial distribution of end members
Figure 4 shows the spatial distributions of the relative contents of the five end members, which range from 0% to 100%. The content of EM1 was generally higher in the study area (Figure 4A), where the highest values, largely over 70%, are concentrated in the central area (yellow-orange to red zone). The statistics show that samples with content of EM1 > 70% account for 59.2% (32/54 positions), that 12/54 (∼22.2%) positions have a maximum value of 100%, and that only three samples have 0% EM1 content. In general, the large EM1 content (over 70%) has a banded shape, large width, and is oriented parallel to the shore at a water depth of about 15–30 m.
[image: Figure 4]FIGURE 4 | Spatial distribution and relative contents of the five end members in the studied area.
In contrast, the EM2 content is relatively low in the central part of the study area (0%–15%), where the majority of EM1 content is concentrated. The EM2 content exceeded 40% in three areas: 1) the southeast of Ninh Co River mouth, 2) the So River mouth with a banded shape oriented parallel to the shore, and 3) the southeast of study area with a higher content and a thicker contour line, where the highest values were recorded. According to statistics, in the study area, EM2 values were not recorded at 14/54 sites (EM2 values equal to 0%); all these are sites with 100% EM1 content, except at positions D29 and D30.
The content of EM3 is relatively low (Figure 4C), with an average value of 22% throughout the study area, locally higher in the coastal area and highest in the So River mouth offshore area, with the highest content values at D35 (48.5%) and D36 (40.7%), with the rest less than 25%.
The EM4 content is similar to EM3 in terms of locality, but it is mainly distributed in the offshore area, stretching from the east to the southeast (Figure 4D). The higher content is concentrated in locations with a higher depth of seabed; the highest value reaches ∼67% at D52, 56% at D30%, and 40% at D18, while the remaining sites have a content of <10%. The EM5 content is concentrated mainly in the D30 sample area with a maximum value of ∼44% (Figure 4E).
Figure 5 and Figure 6 show the relative content of EM1+2+3 and EM4+5, based on the type of sediment (silt sediment and sand sediment, respectively). It can be seen that EM1+2+3 covers almost the entire study area, while EM4+5 is only locally deposited at the outer border of the study area.
[image: Figure 5]FIGURE 5 | Spatial distribution and relative content (contour line) of EM1+2+3 in the study area.
[image: Figure 6]FIGURE 6 | Spatial distribution and relative content (contour line) of EM4+5 in the study area.
Grain size trend analysis
EM1 and EM2 are quasi-complementary. The highest values of the former are the lowest of the latter, and vice versa. Both EMs gather more than 80% of the EMMA analysis information.
The FB- trend case is clearly correlated with the growing gradient values of EM1. This trend case shows transport from the lower values toward the highest values of EM1. These gradients have the highest values in two areas. The first is inside a strip parallel to the coast and covering 1/3 of the studied area Figure 7, zone A. The second is in the NE-most offshore sector Figure 7, zone B. In the central part of the studied area, corresponding to the highest percentage of EM1 and lowest gradients, FB- trends are rare or even absent. As EM1 corresponds to the finest sediment particle of the study, it can be inferred that the FB- trend case shows the transport of the finest fraction of the sediment. The FB- trend vector field then describes transport directions over the studied area.
[image: Figure 7]FIGURE 7 | Contour lines of EM1 percentage under FB- trend vector field (black arrows) and interpretation (red arrows).
The CB+ trend case shows vectors mainly located over the highest percentage of EM1 (Figure 8). Globally, CB+ vectors are computed over areas where the FB- trend case shows few or even no vectors. Comparisons of the CB+ trend case with the other end members (2–5) do not highlight any particular correlation to the spatial organization. In the context of the current study, the CB+ trend case seems not to represent any kind of transport but more a sediment lag deposit behavior (McLaren, 1981).
[image: Figure 8]FIGURE 8 | Contour lines of EM1 percentage with interpretation of the CB+ vector field.
The combination of FB- and CB+ trends allows the identification of sediment transport vector trends (Figure 9). The patterns show distinct trends in three different zones. In zone 1, with a water depth of 0–15 m, the characteristic sediment transport trend is from the shore to the central area; the part around the So River mouth transports locally towards the northeast, the lower part transports along the coast to the southwest but in small quantity (the length of vector is smaller). Zone 2, at a depth of 25 m upwards, is characteristic of the transport vector from the northeast down and offshore. Transport vectors represented by Gebco bathymetry and the isometric line EM1+2+3 (mud sediment) show that in the region with high content of coarse grain size (specifically sand, where EM4+5 exists), the vectors have a greater module than those in the mud sediment area. In zone 3, the transition between zone 1 and zone 2, at a water depth of about 15–25 m and where mud sediments are dominant, sediment transport trends are unclear.
[image: Figure 9]FIGURE 9 | Spatial distribution of vectors and trends of general sediment transport, background of Gebco seabed depth, and contour line showing the relative content of EM1(%).
DISCUSSION
Morphological and depositional characteristics are directly controlled by the complex hydrodynamic regime, which incorporates the regional monsoon, tides, ocean circulation, and coastal currents (Alexander et al., 1991).
The EMMAgeo model results (Figure 4) show that fine and coarse silt sediments (EM1+EM2) mostly occupy the central part of the study area (about <25 m water depth, for 56% and 26%, respectively). The fine-grained fraction (EM1) is mainly in the central part. The coarser-grained part exists on the two offshore sides of the So River mouth. A small amount of very coarse silt (EM3–6.1%) is found in the So River mouth area, while fine to medium sand (EM4, EM5) is mainly concentrated offshore, at water depths of >25 m.
Based on the distribution and orientation of EMs, combined with geomorphological features (Mather et al., 1996; Mathers and Zalasiewicz, 1999), northeast monsoon conditions (Figure 1), and the dominant wave direction from NE–SW (Duong Ngoc Tien, 2012; Huu et al., 2012), it can be hypothesized that EM1 and EM2 are affected by currents and waves along the coast. The source of EM1 (fine silt) may be erosion from the Hai Hau shore or from the north (Ba Lat River mouth area) and transport by irregular dynamic processes (sometimes strong, sometimes static) down to 28 m water depth. Coarser sediment (medium silt corresponding to EM2) is less affected by the river flow into the sea, and it is probably retained on the two banks of the riverbed. Medium silt observed on the offshore side is likely sourced from the coast of Hai Hau (for the nearshore-distributed part) and from the offshore area (for the locally distributed part). The EM3 fraction (very coarse silt) occurs in the outer area of the So River mouth, being transported from the So River. Sediment represented by EM4+5, due to its size and location (below 28 m), is likely deposited under the influence of the most energetic events of annual recurrence. Its source is tentatively assigned to the Ba Lat mouth, and it accumulates in deeper water environments or is transported from neighboring offshore areas under the influence of bottom currents.
Results of predictions of the general sediment trend from GSTA (Figure 9) in relation to the depth background have documented three distinct zones: in zone 1 (0–15 m water depth), sediment is transported from the shore to the offshore area; in zone 2 (>25 m water depth), sediment is transported from the northeast and from the offshore area; and zone 3 (15–25 m water depth) is a mixed zone in which sediment is transported from the north to the southeast and from the two previous zones. Sediments in this latter zone have no apparent clear trend. It is possible that they are subject to the mixed influence of river–sea interactions, where the impact of the sea is greater (Khac Nghia et al., 2013), causing constant disturbance, which gives the sediments collected in the area poor selectivity of 88.9%.
Representation of prediction results of sediment transport trends from GSTA in relation to mud sediments (EM1+2+3) shows that the higher the mud content, the more complex the direction of sediment transport (Figure 9).
The combination of EMMA and GSTA methods leads to the following three observations. First, sediment transport is closely related to fine-grained end members (EM1+2+3). Second, sediments in the Hai Hau–Nam Dinh offshore region are provided by three main sources, including erosion along the Hai Hau coast, sediment from the Ba Lat River mouth, and deep water environments outside the study area. Sediment transport is dominated by the river–sea interaction, which is evident in the center of the study area. Sediment destruction along the Hai Hau coast is due to the erosion mentioned in recent studies and a lack of natural sediment supply due to damming of the So River (Tranet al., 2018). Third, sediments along the Hai Hau coast are eroded and carried to the sea; most of the fine-grained fraction (EM1+2+3) is transported away from the coast and deposited in the center of the study area under the influence of various dynamic processes. The fine-grained component in the center of the study area may also derive from the Ba Lat River mouth; a part of the sand sediment (EM4+5) from the Ba Lat River mouth is also transported down but accumulates in deeper water environments (over 28 m).
CONCLUSION
Five grain size end members (EM1–EM5) have been identified by the EMMAgeo model. EM1 (fine silt) is possibly originated from sediments eroded in the Hai Hau shore or delivered from the north (Ba Lat River mouth area). The source of EM2 (coarse silt) may be the coast of Hai Hau (for the nearshore-distributed part) and the offshore area (for the locally distributed part). EM3 (very coarse silt) is likely derived from the So River area. EM4+5 (fine-medium sand) is interpreted to have been transported from the Ba Lat River mouth and locally deposited at relatively deep locations.
The combination approach using EMMAgeo and GSTA predicted the transport mechanism of sediments at sampling sites. Sediments in the study area are supplied by three main sources, including erosion along the Hai Hau coast, sediment from the Ba Lat River mouth, and deeper water environments outside the study area. Continuous river–sea interaction is evident in the center of the study area. Sediments along the Hai Hau coast are eroded and carried to the sea; most of the fine-grained sediments (EM1+2+3) are transported away from the shore and deposited in the center of the study area under the influence of various dynamic processes. In addition, the fine-grained components in the center can also derive from the Ba Lat River mouth. A part of the sand sediment (EM4+5) from the Ba Lat River mouth is also transported in deep water areas (below 28 m water depth).
The combination of EMMA and GSTA proved a reliable picture of sediment transport in coastal areas. These two methods are based on same and simple information to get granulometric data. EMMA alone gives footprints of characteristic grain-size distributions, which then help GSTA to better identify the best trend case to compute the transport vector field. Because these two approaches are based on field data sets, the results of their application can be used by hydro-sedimentary numerical models to set and validate sediment transport.
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Confined groundwater is an indispensable resource for the urban security of Shanghai, China, where multi-layer aquifer structures and human activities create a complex groundwater environment. An understanding of the hydrochemical characteristics and evolutionary mechanisms of groundwater is necessary for its protection and effective utilization and will be explored in this study. A total of 87 groundwater samples were collected from five confined aquifers. Hydrochemistry analysis methods such as Durov diagram, Gibbs model and Saturation index were used to determine the origin and hydrochemical evolution of the confined groundwater. The results show that the samples have two different origins, marine–continental and continental, which have different hydrochemical characteristics. Cl− content of 7.5 meq L−1 was used as a demarcation index for the two origins. The groundwater with a marine–continental-origin is dominated by ancient seawater from which Na+ and Cl− are derived, whereas Ca2+, Mg2+, and HCO3− are derived mainly from carbonate dissolution. Groundwater with a continental-origin is dominated by the effects of water–rock interaction, where major ions are derived mainly from silicate weathering and carbonate dissolution. In both types of groundwater, SO42− is mainly derived from insoluble sulfides that are present in low quantities, whereas SO42− in the few samples with high insoluble sulfide content is derived from human activities. Cation exchange is another controlling factor regarding the hydrochemical composition of groundwater, and water from the two origins have different reaction modes as follows: reverse cation exchange is dominant in marine–continental groundwater, whereas positive cation exchange is more common in continental groundwater. Over the past century, saline water has been flowing into the groundwater funnel region due to human activities, which has resulted in changes in the hydrochemical composition. The recent influx of fresh groundwater and artificial recharge has caused groundwater salinization and mineral re-dissolution.
Keywords: hydrochemistry, groundwater origin, Shanghai, water–rock interaction, ion source
1 INTRODUCTION
Confined groundwater is an important high-quality water resource for domestic and industrial purposes (Zhang et al., 2016), but its over-use causes serious problems. Globally, changes in the hydrochemical composition of groundwater threatens resources in many regions, especially in economically developed delta areas (Gan et al., 2018; Wang et al., 2022). Therefore, an understanding of the hydrochemical origins and controlling factors of groundwater is necessary for its development and protection.
The five confined aquifers in the Shanghai study area developed in an unconsolidated alluvial formation deposited under alternating marine and continental sedimentary environments. There is a weak hydraulic connection between the five aquifers, except where the aquifers are physically connected. Large quantities of high-quality groundwater are confined in Shanghai (Zhang et al., 1999), which has provided an enormous contribution to economic development over recent decades (Jang et al., 2012). However, over-exploitation and artificial recharge have greatly affected the groundwater environment, and its hydrochemical composition has considerably changed in some regions. Increasing attention had been focused on fluctuations in groundwater levels because of the serious land subsidence caused by groundwater exploitation (Huang et al., 2021; Li et al., 2021), but there have been few reports on the hydrochemical characteristics and evolutionary mechanisms of groundwater, and the use and protection of groundwater has received little attention. The origins of groundwater, hydrochemical characteristics, and its classification should be considered in detail to delineate groundwater boundaries and predict saline expansion/contraction (Yang et al., 2018; Li et al., 2022). The Yangtze River Delta is an ideal location to conduct such a study.
The aim of this study was to apply hydrochemical methods in (1) describing groundwater hydrochemical characteristics, 2) identifying sources of groundwater and establishing their demarcation index, 3) identifying the sources of major ions in groundwater, 4) explaining the hydrochemical evolution of the water of different origins, and 5) elucidating the influence of human activities on groundwater. As a result, these methods provide a scientific basis for groundwater utilization and protection planning.
2 MATERIALS AND METHODS
2.1 Study area
The study area is the mainland part of Shanghai in the flat alluvial plain of the Yangtze River Delta at the mouth of the Changjiang River with an area of 5,300 km2 within 120°52′–122°12′E and 30°40′–31°53′N (Figure 1). Quaternary deposits are widely distributed in the area with a thickness of 250–350 m increasing W–E. The aquifers are comprised mainly sand and clay in loose Quaternary sediments and include aphreatic aquifers and five confined aquifers (Figure 2). This study focused on the latter.
[image: Figure 1]FIGURE 1 | Map of the study area showing groundwater sampling points. (A) Map of China. (B) Map of the Yangtze River Delta. (C) Map of Shanghai.
[image: Figure 2]FIGURE 2 | Cross-section showing hydrological conditions along the (A,A′) transect.
Aquifers I–V were formed during the early to middle–late Pleistocene and their characteristics are shown in Table 1.
TABLE 1 | Characteristics of aquifers in the study area.
[image: Table 1]The groundwater system in the study area is not a stand-alone system and is part of the Yangtze River Delta system, where confined aquifers are the predominant type. In its natural state, groundwater flows mainly NW–SE. In general, the groundwater is characterized by weak hydrodynamic conditions and a low flow rate. Recharge is mainly through lateral inflow, although artificial recharge has become an important source in recent decades, and discharge is mainly from anthropogenic extraction.
2.2 Sampling and analysis
For sampling, 87 wells were selected to provide a balanced regional distribution. Groundwater samples were collected in September 2018, and 19, 19, 19, 17, and 13 samples were collected from aquifers I–V, respectively (Figure 1).
Prior to filling, all sample bottles were rinsed three times with sample water. Samples for the cation analysis were collected in 500-mL HDPE bottles and then five drops of concentrated nitric acid were added; those for anion analysis were collected in 1000-mL glass bottles without preservatives. All samples were stored on ice in the field and transferred to 4°C storage until ready for analysis.
The concentrations of Na+, K+, Ca2+, Mg2+, Cl−, and SO42− were determined by ion chromatography, HCO3− was determined by acid–base titration, and total dissolved solid (TDS) concentrations were determined using gravimetric analysis (drying at 105 °C). The analysis accuracy was assessed through the ion-balance error of ±5%.
2.3 Durov diagram
The Durov diagram, which is used to study hydrochemical characteristics and facies (An et al., 2014; Gu et al., 2018), comprises two triangles, a central square, and two rectangles (Figure 5). The left and top triangles indicate the concentrations of cations and anions, respectively, the centrals square shows hydrochemical facies, and the right and bottom rectangles indicate TDS concentration and pH, respectively.
2.4 Gibbs model
The Gibbs model is effective in elucidating hydrochemical processes (Gibbs, 1970; Gibbs, 1972). This model is based on groundwater hydrochemical processes being mainly controlled by water–rock interaction, evaporation, and precipitation (Farid et al., 2015; Wang et al., 2022). For this study area, the hydrochemical processes were adjusted to include rock–water interaction, marine-origin, and recharge (including lateral inflow and artificial recharge).
2.5 Saturation index
The saturation index (SI) is used to describe the solubility equilibrium of minerals in water (Rezaei et al., 2005). SI = log(IPA/Ksp), where IPA is the ionic activity product of dissolved mineral constituents and Ksp is the solubility product of the mineral. SI values of 0, >0, and <0 indicate saturated, supersaturated (precipitation may occur), and undersaturated (dissolution may occur) groundwater, respectively.
3 RESULTS AND DISCUSSION
3.1 Hydrochemical characteristics of confined groundwater
The ionic contents of the studied samples are shown in Table 2. The hydrochemical characteristics of aquifers I and II were generally similar, as were those of aquifers IV and V. The ion contents of aquifer III were the most variable with high standard deviation (SD) values, which indicated that the spatial distribution of groundwater is somewhat variable in terms of hydrochemical composition.
TABLE 2 | Analysis results for confined groundwater samples.
[image: Table 2]The pH values of groundwater were in the range of 6.99–8.36, 7.06–8.36, 6.92–9.42, 7.30–9.38, and 7.50–9.09 for aquifers I–V, respectively. Aquifers I–III were neutral to slightly alkaline, and aquifers IV–V were slightly alkaline with the pH increasing from aquifers I to V.
TDS concentrations had a range of 246–16522 mg L−1 and decreased from aquifers I to V (Figure 3). All groundwater samples in aquifer I were saline water with TDS >5000 mg L−1 in the west. In aquifer II, 68.4% of the samples were saline, with most in the southwest having TDS >5000 mg L−1. There was a wide range of TDS concentrations in aquifer III, from 250 to 16522 mg L−1, with fresh water predominating in the west and saline water in the east. In aquifers IV and V, most samples were fresh water. There were a few samples with TDS >2000 mg L−1 in the area connecting aquifers III and IV.
[image: Figure 3]FIGURE 3 | Spatial distribution of TDS in the study area. Dot sizes indicate TDS concentrations as follows: the larger the dot, the higher the TDS concentration. (A) TDS concentrations of all samples in aquifer I were >1000 mg L−1 and gradually increase from east to west; saline water was distributed throughout the aquifer. (B) In aquifer II, 68.4% of samples had TDS concentrations >1000 mg L−1; saline water occupies most of the aquifer. (C) In aquifer III, groundwater TDS concentrations were markedly higher in the east than in the west. Additionally, saline water is mainly distributed in the eastern part of the aquifer, whereas fresh water is mainly distributed in the western part of the aquifer. (D) In aquifer IV, most samples have TDS concentrations <1000 mg L−1 with the exception of one sample from the area connecting aquifers III and IV that had TDS = 7010 mg L−1 and another from the same area in aquifer III that had TDS = 7654 mg L−1. We infer that there is a close hydraulic connection between the groundwater of aquifers III and IV in this area. (E) The groundwater of aquifer V is mainly fresh water, but some brackish water with TDS of 1,000–2000 mg L−1 is also present.
The range of concentrations of the major ions are shown in Figure 4. Na+ was the dominant cation with an order of Na+>Ca2+>Mg2+>K+. Of the anions, Cl− had the highest concentrations with clear dominance among all major ions in aquifers I–III. The concentrations of K+, Na+, Ca2+, Mg2+, and Cl− generally decreased from aquifers I to III but had similar concentrations in aquifers IV and V. Most samples had low SO42−and HCO3−concentrations from all five aquifers (Table 2).
[image: Figure 4]FIGURE 4 | Ranges of major-ion concentrations in confined groundwater aquifers.
3.2 Hydrochemical facies of confined groundwater
The hydrochemical compositions and characteristics of the groundwater samples are indicated by the Durov diagram (Figure 5), where samples from aquifers I and II are concentrated on the Na+ and Cl− sides and those from aquifers III–V are scattered in the upper half of the central square. This indicates that the predominant hydrochemical facies of aquifers I and II are Cl–Na, whereas those of aquifers III–V are variable.
[image: Figure 5]FIGURE 5 | Durov diagram for confined groundwater samples.
The hydrochemical facies of groundwater can also be described in terms of TDS as follows: for TDS of <1000 mg L−1, hydrochemical facies were variable and included HCO3·Cl–Na, Cl·HCO3–Na, HCO3·Cl–Na·Mg, and Cl·HCO3–Na·Mg, which were mainly distributed in aquifers II–V. For a TDS of 1,000–2000 mg L−1, the hydrochemical facies were Cl–Na, Cl–Na·Ca, and Cl–Na·Mg, and these are distributed mainly in aquifers I, IV, and V. For TDS of 2000–5000 mg L−1, the hydrochemical facies were Cl–Na·Ca and Cl–Na, which were mainly distributed in aquifers I and II. For TDS >5000 mg L−1, the hydrochemical facies were Cl–Na and distributed mainly in aquifers I–III.
3.3 Hydrochemical processes in confined groundwater
The Gibbs diagrams for all groundwater samples are shown in Figure 6. Most samples from aquifers I and II are plotted in the marine-origin domain, whereas those from aquifer III are plotted in both the marine-origin and rock–water-interaction domains, and those from aquifers IV and V are plotted in the rock–water-interaction domain. However, some samples from aquifers IV and V deviate from the Gibbs model (Figure 6A). Therefore, we speculate that other factors may affect the composition of groundwater, which makes Na+ rich and Ca2+ poor. A similar pattern of evolution applies to aquifers I–III as discussed in the following section.
[image: Figure 6]FIGURE 6 | Gibbs diagrams for confined groundwater. The red circles indicate samples that deviate from the Gibbs model. (A) Gibbs diagrams of ions. (B) Gibbs diagrams of anions.
Quaternary strata studies (Qiu and Li., 2007) indicate that there were seven marine transgressions in Shanghai during the Quaternary period with aquifers I–III formed during transgression periods. The presence of groundwater of marine–continental- and continental-origin in the study area was verified. The distribution of the former may account for most of aquifers I and II, and the eastern portion of aquifer III. The latter applies to the remaining aquifers, including small portions of aquifers II and III and most of aquifers IV and V. Further evidence is provided in the following section based on an ion-ratio analysis.
3.4 Sources of ions in confined groundwater
The Quaternary sediments in the study area are comprised sand and clay. X-ray diffraction and electron microscopy data for these sediments (Qiu and Li., 2007) indicate that the diagenetic minerals in the aquifers are predominantly silicate (quartz, feldspar, kaolinite, and illite) and carbonate (calcite and dolomite) rocks. Rock weathering and dissolution are naturally controlled by the hydrochemical composition of groundwater (Bau et al., 2004; Kim, 2010) through typical reactions as follows:
Silicate dissolution:
[image: image]
Carbonate dissolution:
[image: image]
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Halite dissolution:
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Ancient seawater is an important source of Na+ and Cl− in the groundwater of marine–continental-origin. The Na+/Cl− equivalence ratio in seawater is 0.87 (Kunwar and Kawamura, 2014). A ratio of <1 indicates that the groundwater is affected mainly by seawater, whereas ratios of >1 indicate that silicate dissolution is more important (Eq. 1) and a ratio of 1 indicates that halite dissolution is the primary source of these ions (Eqs 4, 5; Gianguzza et al., 2004; Panno et al., 2006).
Bivariate plots for Na+ and Cl− are shown in Figures 7A–B, which shows two groups of samples separated by the Cl− = 7.5 meq L−1 line (Figure 7B). Samples from aquifers I and II are distributed mainly below the 0.87:1 line with Cl− >7.5 meq L−1, and samples from aquifers IV and V are distributed mainly above the 1:1 line with Cl− <7.5 meq L−1. Therefore, the Cl− = 7.5 meq L−1 line acts as a demarcation index to identify groundwater origins in the study area. Some samples from the aquifer V plot near the 1:1 line with Cl− >7.5 meq L−1 is due to halite dissolution rather than seawater. Using the demarcation index of Cl− = 7.5 meq L−1, it was determined that the proportions of continental-origin groundwater samples in aquifers I–V were 0%, 26.3%, 52.6%, 70.6%, and 84.6%, respectively.
[image: Figure 7]FIGURE 7 | Relationships between ion contents of confined groundwater samples. (A) Relationship between Na+ and Cl− for all samples. (B) Relationship between Na+ and Cl− for samples with Na+ and Cl− concentration of <50 meq L−1. (C) Relationship between (Mg2++Ca2+) and HCO3− for all samples. (D) Relationship between (Mg2++Ca2+) and HCO3− for samples with (Mg2++Ca2+) and HCO3− concentration of <20 meq L−1. (E) Relationship between (Mg2++Ca2+–HCO3−) and SO42− for all samples. (F) Relationship between SO42− and TDS for all samples.
Carbonate dissolution and silicate weathering are the primary sources of Ca2+, Mg2+, and HCO3− as indicated by the (Mg2++Ca2+)/HCO3− ratio (Kenoyer and Bowser, 1992; Kim, 2010): a ratio of <1 indicates that Ca2+ and Mg2+ were derived primarily from silicate weathering, and ratios of ≤1 indicate they were derived primarily from carbonate dissolution.
Most samples from aquifers I and II and the east part of aquifer III have (Mg2++Ca2+)/HCO3− ratios of >1 (Figure 7C), which suggests carbonate dissolution as a source of Ca2+ and Mg2+. Most samples from aquifers IV and V and the west part of aquifer III have ratios of ≤1, which reflects the predominant contributions of silicate weathering and carbonate dissolution. Calcite and dolomite reach saturation or oversaturation in most samples (SI >−0.5; Figures 10C, D), which indicates that carbonate dissolution occurred throughout geological history. In summary, carbonate dissolution made the greatest contribution to marine–continental-origin groundwater, whereas both silicate weathering and carbonate dissolution contributed to continental-origin groundwater.
In the absence of anthropogenic sources, SO42− is derived mainly from evaporite deposits, such as gypsum, through hydrochemical reactions as follows:
[image: image]
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The SO42− content of most samples was low (Figure 7F), and the correlations between (Mg2++Ca2+−HCO3−) and SO42− were poor (Figure 7E). Furthermore, most samples were undersaturated in gypsum (SI <−2; Figure 10A). Confined aquifers in the study area have excellent sealing properties, low mobility, and long retention times, so evaporite deposits such as gypsum are at low levels and SO42− is mainly derived from insoluble sulfides (Lang et al., 2011), although the high SO42− contents of some samples are attributable to anthropogenic activity.
3.5 Cation exchange
In terms of hydrochemical processes and ion sources, Ca2+, Mg2, and Na+ deviated slightly from the standard model, which implied that the groundwater was affected by other factors. Cation exchange commonly influences the evolution of groundwater composition (Tournassat et al., 2009; Zheng et al., 2021) through typical reactions as follows:
[image: image]
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The reactions on the right are positive cation exchange, and those to the left are reverse cation exchange. The relationship between (Mg2++Ca2+−HCO3−−SO42−) and (Na++K+−Cl−) indicates the mechanism of cation exchange (Figure 8).
[image: Figure 8]FIGURE 8 | Cation-exchange analysis diagram of confined groundwater. (A) Relationship between (Mg2++Ca2+–HCO3−–SO42−) and (Na++K+–Cl−) for all samples. (B) Relationship between (Mg2++Ca2+–HCO3−–SO42−) and (Na++K+–Cl−) for samples with low concentrations. (C) Relationship between Cl− and (Na++K+–Cl−) for all samples. (D) Relationship between Cl− and (Na++K+–Cl−) for samples with low concentrations.
Changes in (Mg2++Ca2+−HCO3−−SO42−) and (Na++K+−Cl−) for the samples were opposite with a correlation coefficient of 0.98, which indicated a strong negative correlation. In general, the anion changes (Cl−, HCO3−, SO42−) in the groundwater were not significant, so this negative correlation mainly reflects (Ca2+, Mg2+) and (Na+, K+). A clear relationship between (Ca2+, Mg2+) and (Na+, K+) is thus noted with cation exchange playing a major role in controlling the hydrochemical compositions of groundwater.
The direction of cation exchange depends on the ionic adsorption energy and concentration. The energy decreases in the order of Ca2+>Mg2+>K+>Na+, so positive cation exchange is more common and leads to an increase in Na+ and K+ and a decrease in Ca2+ and Mg2+ concentrations in groundwater. However, 61% of the samples in the study area exhibited reverse cation exchange with negative (Na++K+−Cl−) and positive (Mg2++Ca2+−HCO3−−SO42−) values.
Reverse cation exchange is more common in water with Cl− content of >7.5 meq L−1 (Figures 8C, D), whereas positive cation exchange is predominant with Cl− <7.5 meq L−1. This is consistent with the demarcation index for groundwater origins (Section 3.4). Reverse cation exchange is more significant in marine–continental-origin groundwater, and positive cation exchange is more significant in continental-origin groundwater with cation exchange explaining the deviation of some samples from the Gibbs model and why the Na+/Cl− ratio is below the 0.87:1 line.
3.6 Anthropogenic activity and hydrochemical evolution
As a drainage area of the Yangtze River Delta, aquifers in the study area have received freshwater recharge throughout geological history through lateral inflow, which compresses saline water within a certain range and limits its expansion and forms stable boundaries. However, boundaries and hydrochemical characteristics have changed over the past century due to groundwater exploitation.
Annual groundwater use exceeded 200 million m3 in 1963, but it is currently decreasing each year. During the heavy-use periods, groundwater funnels develop due to excessive use, and saline water flows into the fresh water. Thus, continental-origin groundwater becomes marine–continental-origin groundwater (Figure 9). For example, saline water from the east flowed into a groundwater funnel to the northwest of Qingpu in aquifer III.
[image: Figure 9]FIGURE 9 | TDS and groundwater levels in the study area in 2009. TDS data are derived from Wei et al. (2010). Groundwater levels and flow directions are derived from Gong, (2009). (A) Groundwater funnels in aquifer II were mainly located in Songjiang in the southwest of the study area. (B) Groundwater funnels in aquifer III were mainly located in Songjiang and Qinpu in the western part of the study area. (C) Groundwater funnels in aquifer IV are similar to those in aquifer III. Saline recharge from aquifer III to aquifer IV in the area connecting the aquifers has been exacerbated by a decline in groundwater levels in aquifer IV. (D) Groundwater generally flowed from east to west due to the decline in groundwater levels in the west part of aquifer V.
The expansion of saline water due to human activities over the past century is widespread and has serious implications for freshwater resources. Fortunately, Shanghai has adopted strict controls on groundwater exploitation with annual use limited to 2 million m3. Artificial recharge has also been implemented. During the 13th Five Year Plan period, the annual artificial recharge was ∼20 million m3 and through this the groundwater level rises each year. However, artificial recharge has caused other problems, notably, desalination and mineral re-dissolution.
Saturation indices were calculated with respect to gypsum, aragonite, calcite, and dolomite in groundwater and are plotted in Figure 10. It is generally considered that groundwater is saturated at SI values of −0.5 to +0.5 (Liu, 2019). Most samples were supersaturated or saturated in aragonite, calcite, and dolomite (SI >−0.5; Figures 10B–D), which is consistent with weak hydrodynamic conditions in the study area. However, a few samples had SI values of <−0.5, which is possibly because of the influx of fresh groundwater and artificial recharge and resulted in the breakdown of hydrochemical equilibrium and renewed mineral dissolution (Kanagaraj and Elango, 2019).
[image: Figure 10]FIGURE 10 | Saturation indices of confined groundwater in the study area. (A) Saturation indices values for anhydrite. (B) Saturation indices values for aragonite. (C) Saturation indices values for calcite. (D) Saturation indices values for dolomite.
4 CONCLUSION
The hydrochemical characteristics of groundwater were studied and trends in the study area were identified. These findings are valuable for planning groundwater protection and utilization in Shanghai.
Hydrochemical characteristics are dominated by the origin of groundwater. Two groundwater origins were identified: marine–continental- and continental-origin. For marine–continental-origin groundwater, major ions are primarily derived from ancient seawater and carbonate dissolution, and reverse cation exchange is common due to high concentrations of Na. Silicate weathering, carbonate dissolution, and positive cation exchange predominantly contribute to the hydrochemical composition of continental-origin groundwater.
TDS contents of 1,000 mg L−1 and hydrochemical facies do not accurately identify the origins of groundwater, but Cl− content of 7.5 meq L−1 acts as a demarcation index for the two origins. This index can be used to determine the boundaries between the groundwater of the two origins and allows accurate monitoring and prediction of the advance/retreat of saline water.
We mainly focused on the relationship between groundwater and human activities, which is unavoidable in Shanghai. The study demonstrates that geogenic processes are not the only mechanisms controlling groundwater chemistry; anthropogenic activities also affect groundwater chemistry, and once the evolution of groundwater is disturbed, then recovery is difficult.
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Offshore Zhoushan sediments are a potential area for shallow gas resources in China, where authigenic pyrite is widely distributed. Pyrite content, size distribution, and morphology are influenced by depositional conditions and are sensitive to environmental changes. This study investigated the authigenic pyrites or gypsums of core JC-1 offshore of Zhoushan. Scanning electron microscopy was used to observe the pyrites and identify various aggregations. Changes in lithology, chlorine content, and stable isotope values of organic matter were analyzed to indicate the evolution of ancient marine, floodplain estuary, tidal flat environments, and shallow marine sedimentary facies. The morphology and microcrystalline structure of these types of pyrites can be divided into spherical framboid aggregates, sub-euhedral aggregates, and microcrystalline euhedral pyrites with different sedimentary facies. Gypsum minerals and the coexistence of pyrite and gypsum were found in the enriched authigenic pyrites at the SMTZs. The sources of sulfate formed by authigenic gypsums may originate from overlying seawater and pyrite oxidation, whereas calcium ions may come from the dissolution of carbonate or calcareous shells caused by local environmental acidification. The various aggregations of pyrites observed may be related to SO4-AOM in different environments. The findings suggest that authigenic gypsums form due to local environmental acidification and that the sources of the formed sulfate may be from overlying seawater and pyrite oxidation. This study provides a new perspective for understanding the responses of different sedimentary environments to sea level rise and climate change.
Keywords: authigenic pyrite, gypsum minerals, sedimentary facies, environmental evolution, Offshore Zhoushan
1 INTRODUCTION
During early diagenetic processes, a variety of authigenic sulfide minerals are formed in marine sediments; these minerals can be roughly divided into two types: acid volatile sulfur (AVS; AVS=FeS + H2S + 2/3 Fe3S4), mainly composed of iron monosulfide minerals (e.g., mackinawite), and chromium-reducible sulfur, mainly pyrites (CRS; CRS= FeS2 + S0 + 1/3 Fe3S4). Overall, unstable iron monosulfide minerals eventually transform into diagenetically stable pyrite (Rickard and Luther, 2007; Taylor and Macquaker, 2011; Lin et al., 2016d; Liu et al., 2020a). The formation of authigenic pyrite in sediments is controlled by a combination of factors, including the degradation of organic matter, the sulfate content in pore water, and the active iron content. Thus, pyrite is an important tool for studying early diagenesis (Jørgensen, 1982; Berner, 1984; Böttcher and Lepland, 2000). Therefore, pyrite in marine sediments is an important sink for sulfur and iron and plays an important role in global C-S-Fe biogeochemical cycles (Berner, 1984; Liu et al., 2020a). Organoclastic sulfate reduction (OSR) is the dominant anaerobic mechanism of organic matter remineralization and sulfide (H2S) formation, which then reacts with active iron to form iron sulfide and is buried in modern marine sediments (Liu et al., 2021).
Framboids are generally the most common morphological type of authigenic pyrite. They are zoned aggregates with radial overgrowths that surround the framboidal cores, fillings, and agglomerates (Amstutz et al., 1967). Variations in their morphological types reflect the difference between the physical and chemical conditions of the water body during its formation and the later diagenetic environments (Shevelkova et al., 1996). Authigenic pyrite is widely developed on the inner shelves of the Yellow Sea and the East China Sea. Early pioneering research on the distribution, morphological type, formation, and control factors of authigenic pyrite developing in the sea area indicated that its formation process and characteristics are closely related to the sedimentation process and are controlled by different factors, including organic matter content, system openness, anaerobic oxidation of methane (AOM), and sedimentation rate (Kang et al., 2014; Chang et al., 2020; Liu et al., 2022). In addition, pyrite abundance and morphological characteristics may be influenced by local depositional environments, particularly during physical reworking and bioturbation (Richardson et al., 2019; Liu et al., 2022). Therefore, diverse sedimentary environments and geological evolution can be recorded in the content, morphology, and other signals of authigenic pyrite, which provide good materials for studying the response mechanisms of authigenic pyrites to sedimentation environments.
As a typical evaporative salt mineral, authigenic gypsum (CaSO4·2H2O) is widely found in evaporitic environments in arid climate conditions and semi-restricted basins, as well as in non-evaporative deep marine sediments and cold and dry polar environments. The oxidation of sulfides, the action of acidic sulfate solutions on calcareous rocks, and the hydration of anhydrite (CaSO4) are the most common forms of non-evaporative gypsum (Vogel et al., 2010; Haffert et al., 2013; Lin et al., 2016a; Liu et al., 2018b). The coexistence of authigenic gypsum and pyrite was recently reported as a typical mineral assemblage in cold seeps (Lin et al., 2016a; Zhao et al., 2021; Dantas et al., 2022). The formation mechanism of authigenic gypsum is linked to the oxidation of authigenic pyrite and the evolution of the underlying methane seeps. Zhao et al. (2021) suggested that gypsum formation is likely associated with the downward migration of the sulfate–methane transition zone (SMTZ), which causes anaerobic pyrite oxidation at its original site of formation. Liu et al. (2020b) also found authigenic gypsum minerals in a location where a large amount of pyrite was formed in a study of authigenic minerals in EC2005 core samples from the East China Sea shelf. However, the mechanism of authigenic gypsum formation is not well understood. Additionally, authigenic pyrite–gypsum association is rare in marine sediments, mainly in the southwest Indian Ocean (Criddle, 1974), the southwest continental slope of Africa (Siesser and Rogers, 1976), the Madras sea area (Vijaykumar and Vaz, 1995), and Rías Baixas (Garcia-Gil, 2003). Additionally, Chinese researchers have identified gypsum-pyrite assemblages in the sediments of the South China Sea (Chen et al., 2007; Lin et al., 2012), which they suggested was related to Ca2+ enrichment caused by the dissolution of carbonate or biological shells by hydrogen sulfide released by the decomposition of organic matter or methane migration.
Offshore Zhoushan had a typical shallow depositional environment. During several transgressions and regressions in the Quaternary, sediments were formed in multiple layers with freshwater and marine sedimentary facies (Lin et al., 2004; Liu et al., 2022), and multiple sets of muddy, silty, and sandy sediments rich in organic matter were alternately deposited (Chen et al., 2020). After the last glaciation, offshore Zhoushan experienced depositional evolution from the river channel to the floodplain estuary and the present estuarine-shallow sea, with an increase in sea level (Lin et al., 2005). Based on recent high-resolution seismic surveys (Figure 1B), biogenic shallow gas (mainly methane) is widely developed in the sediments of offshore Zhoushan, with a water depth of approximately 0–25 m (Ni et al., 2013). Because of the methane, AOM may be the dominant process for sulfide production, which is finally preserved as authigenic pyrites (Liu et al., 2020a). Other researchers have used geochemical methods, mainly AOM and methanogenesis, to study the geochemical characteristics of sediments (He et al., 2020). We recently found abundant pyrites formed in the shallow gas enrichment area offshore of Zhoushan, which are probably related to AOM or OSR. The study of the evolution of the sedimentary environment by tracing differences in pyrite morphology and highly variable content is of great scientific importance because it can provide new ideas and avenues for understanding variable local environmental conditions. For instance, the sedimentary pyrites and C/S ratios of mud sediments on the East China Sea inner shelf indicate a late Pleistocene–Holocene environmental evolution (Liu et al., 2020a; Liu et al., 2022). However, little has been reported on the morphological characteristics and the constraints of authigenic pyrite in the offshore Zhoushan sediments. In this study, we selected, separated, and identified authigenic pyrite and gypsum minerals from sediment samples of core JC-1 in a shallow gas enrichment area offshore of Zhoushan. Combined with a comprehensive study on the total sulfur and grain size of bulk sediments and methane contents in the headspace, we explored the origin of pyrite and gypsum minerals to establish the diagenetic process for the observed morphology signals and their implications for environmental changes during deposition.
[image: Figure 1]FIGURE 1 | (A) Geological background map of the study area showing the location of core JC-1. (B) Seismic profile of the shallow gas distribution in the study area.
2 MATERIALS AND METHODS
2.1 Geological setting
Core JC-1 was located in the coastal area of Zhoushan (Figure 1). Controlled by the regional structure and various natural agents in the later stage, the island location in the research area is mainly in the form of long strips and is distributed in the southwest to the northeast direction (Chai et al., 2015). It lies on the inner shelf of the East China Sea (ECS) (Figure 1). The ECS is a typical river-dominated marginal sea characterized by the delivery of large amounts of terrigenous sediments from surrounding rivers, including the Yangtze and Qiantang rivers (Yang et al., 2016; Liu et al., 2018a). The distribution and dispersal patterns of terrigenous sediments in the ECS are modulated by oceanic and tidal currents, as well as sea level, which leads to the formation of variable sedimentary systems on the continental shelf (Liu et al., 2018a). A recent study showed an average preservation efficiency of terrigenous organic matter in the ECS inner shelf of approximately 24.7% ± 4.7% (Wu et al., 2013).
During the Last Glacial Maximum (LGM), the entire ECS inner shelf was exposed and represented a terrestrial fluvial environment (Li et al., 2014) because the global sea level was 120–135 m lower than the present sea level (Liu et al., 2022). With the rapid rise in sea level, transgressive system tracts were formed from 11 to 8 ka BP (Chen et al., 2020) and the incised valleys were filled. Consequently, the tide-dominated estuary face overlaid the fluvial sediments and was covered by a tide-dominated delta face. When the sea level reached its high point at ∼7.5 ka (Li et al., 2014), the sedimentary environment evolved from shallow water to the current estuary due to the continuous input of sediments from the Yangtze River and local small rivers. According to the seismic profiles, biogenic shallow gas is widely distributed in the shallow mud sediments in the study area (Figure 1), where the total thickness of the Holocene sediments is >40 m (Lin et al., 2004; Hu et al., 2016; He et al., 2020). Owing to the comprehensive impact of terrestrial and marine material inputs, the sedimentation regime provides a solid basis for calculating the sedimentary indicators related to sedimentary pyrite.
2.2 Sample collection
In 2019, the Qingdao Institute of Marine Geology of the China Geological Survey performed a comprehensive geological survey of the central coastal zone of Zhejiang Province, using rotary drilling technology for coring construction near the Zhoushan offshore, in the ECS continental margin. The JC-1 core with a depth of 63 m below sea floor (mbsf) and a diameter of 108 mm was obtained, with a drilling and coring rate of approximately 100%. The geographical location of the study core is N 30°18′55.54″ and E 121°58′32.20″ (Figure 1). After the sediment core was drilled, it was sectioned, observed, photographed, and described on the deck. The total length of the core column at core JC-1 is 63 m. On the vertical profile, the samples showed a transition from gray-black to brown-yellow-brown from top to bottom, mainly composed of muddy sediments, with clear interlayer boundaries. The core sediment samples collected on the ship and the PVC pipes on the deck were divided into small sections approximately 2 m in length according to the number of times. The two ends were then sealed with plastic caps and tapes and stored in the deck cooler. At the end of the voyage, the samples were transported to the core library of the Qingdao Institute of Marine Geology of the China Geological Survey, where they were continuously sampled at 2 cm intervals. A total of 310 samples were collected.
Gas samples at 2–3-m intervals in the sediments were collected immediately after the core was drilled according to a previously published protocol (Jiang et al., 2023). Specifically, a 50-mL disposable sterile syringe, whose head was removed, was inserted into the sediment core. Then, 35 mL of fresh sediment sample in the syringe was placed into a 50-mL glass vial with a 10-mL sodium chloride saturated solution. The vial was quickly sealed with a butyl rubber stopper and aluminum cap. The sealed glass vials were kept in darkness and sent to the Qingdao Institute of Marine Geology, China, for gas content and stable isotopic composition testing (described in Jiang et al., 2023).
Based on the sedimentary structure and grain size characteristics, four sedimentary zones were identified from the core bottom to the top. In the first sedimentary zone (Zone 1:55–63 mbsf), the sediments were mainly dark gray and grayish-black. In the second sedimentary zone (Zone 2:40–55 mbsf), the sediments were mainly composed of massive yellowish-brown sands with numerous sand clumps and rusty-brown stains. In the third sedimentary zone (Zone 3:23–40 mbsf), the sediments were composed mainly of massive muddy sediments with a small number of sand clumps and horizontal bedding. In the fourth sedimentary zone (Zone 4:12–23 mbsf), the sediments were mainly composed of dark gray and clayey silt (Figure 2).
[image: Figure 2]FIGURE 2 | Sediment core JC-1 collected from offshore Zhoushan. Numbers JC1-1 to JC1-29 represent the number of each core segment from top to bottom.
2.3 Pyrite identification
Authigenic mineral identification was performed at the laboratory at the Qingdao Institute of Marine Geology. An appropriate amount of the sample was fully immersed in water. The dispersed sediment sample was then placed in a water sieve with a 0.063 mm diameter and rinsed repeatedly with distilled water to separate clay and other components with particle sizes <0.063 mm. After drying the washed debris (mainly authigenic minerals, terrigenous debris, and biological shells) in a 60-C incubator for 24 h, the light and heavy minerals were separated with tribromomethane (CHBr3, density is 2.89 g/mL) as the medium. After drying and weighing, the authigenic minerals were observed under a solid-state microscope and manually selected. The extracted authigenic pyrite was sectioned and observed under an optical microscope.
Representative minerals were selected for scanning electron microscopy. We secured a properly sized sample to the metal table with a conductive adhesive and observed the morphology on the machine after carbon spraying. The scanning electron microscope instrument used in this study was obtained from the test room at the Qingdao Institute of Marine Geology. The thermal field emission scanning electron microscope manufactured by a Japanese company was Hitachi S4800, equipped with a Brooke Quantax-200 energy spectrum. The test conditions were as follows: working distance: 8.5 mm; voltage: 15 kV.
2.4 Grain size analysis
Approximately 0.5 mL of bulk sediment was used to digest the organic matter fraction for grain size analyses. Excessive H2O2 solution was removed by heating and evaporation before 0.5% of sodium hexametaphosphate was added to completely disperse the sample. Finally, Na4P2O7⋅10H2O was added to each sample before measuring to prevent aggregate formation. The grain size was measured using a laser particle size analyzer (Mastersize-2000, Malvern Instruments Ltd., United Kingdom) at the Qingdao Institute of Marine Geology, China Geological Survey. The volume percentages of the sand (63–2000 μm), silt (4–63 μm), and clay fractions (<4 μm) were calculated.
3 RESULTS
3.1 Morphology and mineralogy of authigenic pyrites
Most of the handpicked pyrite particles (aggregates with particle sizes >0.063 mm) from the core sediments were the most common authigenic minerals in the shallow gas enrichment area offshore of Zhoushan. The most common morphological types of pyrite aggregate observed under SEM were tubular, cubic, irregular, and spherical and filled with the shells of foraminifera and other organisms (Figure 3). The pyrite shapes and particle sizes varied significantly among the different layers. Overall, the particles were mainly spherical aggregates with a smaller diameter in Zone 4 (12–23 mbsf; Figures 3D, F) and tubular shapes with variations in both diameter and length in Zone 3 (23–40 mbsf; Figures 3A–C). In the deep zone of Zone 1, the pyrite mainly formed irregular aggregates with euhedral crystals (50–63 mbsf). The authigenic pyrite particles had a black metallic luster, a few particles in different zones were fragile, and the internal fresh section was red, which may have been related to pyrite oxidation. Careful SEM observation of the authigenic pyrite-filled foraminiferal shells revealed carbonation in most of the shells (Figure 3). While some foraminiferal shells contained only scattered spherical authigenic pyrite, others had their outer circumference tightly wrapped in spherical shapes, with no growth holes observed in the shell, for smoother flow.
[image: Figure 3]FIGURE 3 | SEM micrographs of the morphology of pyrite aggregation in the JC-1 site. (A) Long strip pyrite aggregates. (B) Selected SEM photographs of authigenic pyrite tubes. (C) Curved rod-shaped pyrite. (D) Pyrite aggregate formed by the polymerization of spherical pyrite. (E) Well-developed pyrite framboids. (F) Pyrite aggregate formed by the polymerization of spherical pyrite. (G) Foraminifera-filled pyrite aggregates. (H) Well-developed pyrite framboids with euhedral microcrystals. (I) Accretive pyrite aggregates formed by the disorderly accumulation of numerous octahedral microcrystals.
The SEM-EDS analysis of selected parts of the handpicked pyrites showed variable shapes (Figure 4). In general, authigenic pyrite particles consist of finer crystals and have a variety of crystal forms, including spherical, sub-euhedral, and euhedral. The irregular aggregates are composed of euhedral-shaped microcrystals approximately 40 μm in size (Figure 4B). In the same spherical and pyrite framboids, the size and diameter of microcrystals are relatively uniform, but the particle size of different framboids varies widely, from about 0.1 to 4 μm (Figures 4C, F–I). The observation results in multiple zones of core JC-1 showed certain differences in the aggregate and crystal morphologies of authigenic pyrite in different layers. The massive tubular pyrites were composed of pyrite framboid and sub-euhedral crystals approximately 20–40 μm in size (Figures 3A–C; Figures 4F, I). Overall, they presented a tree-like shape, indicating that they were microchannels for fluid migration in sediments (Figures 3A, E). Morphologically, pyrite framboid crystals of uniform size continued to grow from the pores, making the structure more compact and showing the growth characteristics of different periods.
[image: Figure 4]FIGURE 4 | Selected SEM photographs of authigenic pyrites. (A) Pyrite pyritohedron with a spherical framboid in the center. (B) Well-developed pyrite framboids with octahedral microcrystals. (C) Well-developed pyrite framboids. (D) Euhedral pyrite. (E) Enlarged view of the box in (D) showing octahedral pyrite and surrounding elongated pyrite microcrystals. (F) Spherical pyrite growing around framboid pyrite. (G) Framboid pyrite aggregates. (H) Enlarged view of the box in (G). (I) Well-developed pyrite framboids with euhedral microcrystals.
EDS spectra were used to test the authigenic pyrites selected under a microscope for some individuals. The results showed two distinct narrow Fe and S peaks, with a mass content almost completely coincided with the standard peak spectrum of FeS2 (Figure 5; Figure 7). The EDS mode may have experienced elemental interference from the surrounding matrix or other minerals during the pyrite analysis; thus, other elements such as oxygen (O) and silicon (Si) could have been captured in the EDS spectra. The pyrite particles in the same sample were observed under a scanning electron microscope. Therefore, while authigenic pyrite particles were present in the sediments, their content distribution was uneven at different depths.
[image: Figure 5]FIGURE 5 | EDS analysis of pyrite showing Fe and S at the major content (sample number JC1-12-57).
3.2 Gypsum morphology and the coexistence of authigenic gypsum and pyrite
In addition to pyrite, gypsum was a relatively common authigenic mineral in the core JC-1 sediments in the study area. Most of the gypsum crystals handpicked from the core sediments were aggregations of granular spherical shapes, and some coexisted with authigenic gypsum and pyrite (Figures 6D–G). The gypsum crystals were mainly in the form of microspheres and elongated rod-shaped gypsum and were mostly distributed as rosette clusters or aggregates. The SEM-EDS results of the gypsums (Figure 7) showed that the rosette clusters were mainly composed of Ca, O, and S, which are the spectral peaks of gypsum. In addition to authigenic gypsum, irregular and massive authigenic carbonates (Figure 7) were also found on the large granular pyrite. The particles often showed a flat crystal surface, about 100 μm in size.
[image: Figure 6]FIGURE 6 | Morphology of gypsum from the JC-1. (A) Elongated rod-like gypsum aggregates. (B) Spherical and elongated rod-shaped gypsum aggregate. (C) Cluster-like gypsum aggregate. (D) Cluster-like gypsum aggregates. (E) Enlarged diagram of the box in the figure showing rosette clusters. (F) Tufted gypsum and pyrite growing around an octahedron. (G) Cluster-like gypsum growing around spherical pyrite. (H) Rosette forming pyrite–gypsum symbiosis. (I) Elongated rosette gypsum aggregates.
[image: Figure 7]FIGURE 7 | Microcrystal morphology and structure characteristics of pyrite–gypsum intergrowth in the sediments of the study area and energy spectrum (EDS) analysis of gypsum showing that its main chemical components are Ca, O, and S. The irregular and tubular pyrite are from samples JC1-10-20 and JC1-28-61, respectively.
3.3 Pyrite content and gypsum distribution
In this study, the sediment samples were first pretreated by sieving and washing. Authigenic minerals were then identified and selected under SEM. Some samples showed the presence of gypsum particles. Because almost all of the samples were consumed, it is difficult to analyze the content of the gypsum particles in the sediment using chemical methods. Therefore, in this study, the presence of gypsum was observed using SEM and verified by EDS. We observed gypsum in five samples from core JC-1 (Figure 9), with a distribution of 17–20 mbsf, 31 mbsf, 38 mbsf, and 61 mbsf. The coexistence of pyrite and gypsum was also found at the 17.5 mbsf, 38 mbsf, and 61 mbsf depths.
The relative contents of hand-picked pyrite in coarse-grained heavy minerals (>63 μm) are shown in Figure 9 and Supplementary Table S2. Pyrite is in high abundance at ∼17 bmsf, ∼39 bmsf, and ∼60 bmsf. The pyrite contents increased significantly (0.76 wt.%) at 17.5 mbsf, followed by a decrease to a low value (0.09 wt.%) at 30.9 mbsf. The relative pyrite contents then increased again, up to 0.58 wt.% at 37.8 mbsf, before finally dropping to low values (0.02 wt.%). Generally, the relative contents of pyrite within the coarse fraction remained at high abundance in the deeper portion of 59–62 mbsf.
4 DISCUSSION
4.1 Characteristics of pyrite induced by the anaerobic oxidation of methane
The diagenetically stable pyrite in marine and freshwater sediments has a widespread distribution, making it an essential indicator of local environmental conditions. This is due to the varying pyrite morphologies, high content, and variable sulfur isotopic compositions observed in different sediment (Lin et al., 2017; Rickard et al., 2017; Liu et al., 2019; Miao et al., 2021; Liu et al., 2022). The morphological characteristics and crystal shapes of pyrite are controlled by the nature of the supersaturated conditions, which vary between different pathways of pyrite formation (Shevelkova et al., 1996; Taylor and Macquaker, 2011; Rickard, 2012).
The high reactive Fe content in this study are shown in Figure 9 and Supplementary Table S1 facilitated the formation of early diagenetic authigenic pyrite during and after sediment deposition. The significant peaks of total sulfur (TS) and pyrite content in the samples suggest that the coarse fraction’s relative pyrite content was the primary inorganic sulfide in the sediments are shown in Figure 9 and Supplementary Table S1. The offshore core JC-1 in Zhoushan contained a considerable amount of framboidal pyrite, which occurred as spheroidal, cubic, irregular particles, and tubular or rod-shaped monomers. These pyrite characteristics resemble those of authigenic pyrite reported in the sediments of the East and Yellow seas (Chen, 1981; Chang et al., 2020). Nevertheless, the pyrite morphology and size varied significantly at different depths. For instance, at 60 mbsf in Zone 1 of core JC-1, framboid overgrowth was observed, with a framboid mean size of >20 μm. This suggested that the pyrite framboids formed during the earliest stages of diagenesis (Richardson et al., 2019). In strongly reduced environments, authigenic pyrite often has unique morphological features, such as a long growth time, and it mostly occurs as large framboidal pyrite aggregates or organism-filling aggregates (Miao et al., 2021). Therefore, the mean size and shape of the pyrite particles may suggest that the pyrites in Zone 1 were early diagenetic framboids that precipitated under reduced conditions. Similar findings were observed in Zones 4 and 3. As shown in Figure 7, the mean size of the framboid particles gradually decreased from Zone 3 to Zone 4, accompanied by a gradual transition from tubular or rod-shaped pyrite to smaller spherical particles. Additionally, most of the pyrite particles in the two zones were smaller and had a relatively wider size distribution at 17.5 mbsf and 37.8 mbsf, reflecting an anoxic environment with strongly reduced conditions. The formation of authigenic pyrite in the mud sediments of the East China Sea (Liu et al., 2020a) and the northern continental slope of the South China Sea (Lin et al., 2016b; Lin et al., 2016c) is associated with methane fluids. Given the widespread distribution of biogenic CH4 offshore of Zhoushan (He et al., 2020), the authigenic pyrite may have formed during early diagenesis via the SO4-AOM pathway in an anoxic environment.
According to the investigation and analysis of shallow gas data in the study area, free CH4 gases with extremely low δ13C-CH4 values (all < - 72 ‰ VPDB) were seen at 12–40 mbsf and 55–63 mbsf shallow gas-bearing layers in the sediments of core JC-1 are shown in Figure 8 and Supplementary Table S2. In this case, methane gas in the sediments underwent SO4-AOM in the SMTZ, resulting in framboidal pyrite formation. A large amount of framboidal pyrite composed of microcrystals with relatively wider size distributions was observed at 17.5 mbsf, 37.8 mbsf, and 60 mbsf layers, which is considered to be an effective indicator of SMTZ positions (Miao et al., 2021). Microbial methanogenesis of organic matter in the mud sediments produced biogenic methane, which has been vertically distributed in multiple layers within a hundred meters of the seabed during the Holocene and late Pleistocene (Chen et al., 2004; Hu et al., 2016). Since the Quaternary, the sedimentation rate of estuarine facies in the coastal areas of the Qiantang River and offshore Zhoushan has been 4–5 mm/a and has been a long-term process of stable sedimentation. This continuous and rapid sedimentation leads to the sufficient and sustained production of biogenic methane in sediments (Chen et al., 2004). Moreover, multiple transgression-regression processes during the geological history period have made the sediment pore water in the study area rich in certain sulfate concentrations (Li et al., 2014; Dong et al., 2018; Liu et al., 2020a), with a multilayer distribution, providing a material basis for the SO4-AOM of biogenic methane in the sediment. As a result, extensive development of framboid pyrite occurred in multiple SMTZs and was deposited in the sediment, resulting in large and variable early diagenetic framboid deposits.
[image: Figure 8]FIGURE 8 | Lithological distribution of the sediment core from JC-1.
The sediments of core JC-1 were also rich in gypsum. The results of the statistical analysis showed that gypsum was mainly enriched in the methane gas-bearing zones. The gypsum enrichment positions were located near or below the pyrite enrichment positions, which were closely associated with pyrite (Figure 6; Figure 9). In the sedimentary environment of core JC-1, the gypsum in the sediments cannot be the result of evaporation. The research core was located offshore of Zhoushan, with a water depth of approximately 60 m. Based on the stratigraphic distribution of gypsum, gypsum was not found in any of the samples with pyrite. In addition, because of the low-temperature preservation environment after core column collection, gypsum crystals could not form during sample processing and sediment storage in core JC-1 (Lin et al., 2016a; Liu et al., 2018b). The gypsums exhibited good self-shaped crystals under SEM. The crystal surface was complete and smooth, had a relatively stable aggregate shape, and did not exhibit obvious wear or erosion (Figure 6), indicating that the gypsum crystals were in situ (Vogel et al., 2010; Lin et al., 2016a). Most importantly, we found that the aggregate shape characteristics of gypsum differed in the JC-1 sediment at different depths; some were individual rosette clusters, while others were wrapped with pyrite to form the coexistence of pyrite and gypsum. The differences in gypsum crystal morphology may be related to the speed of mineral precipitation or differences in the chemical conditions in local microenvironments (Vogel et al., 2010; Haffert et al., 2013).
[image: Figure 9]FIGURE 9 | TS, TFe2O3, and relative content of pyrite in hand-picked coarse-grained (coarser than 63 μm) heavy minerals, and the stable isotopes values of organic matter (δ13C-TOC and δ15N-TOC) in sediment from core JC-1.
4.2 Sedimentary environmental factors
Sea-level change is the primary driver of changes in the evolution of Late Pleistocene and Holocene shelf environments (Lambeck et al., 2014; Li et al., 2014; Dong et al., 2018; Liu et al., 2022). During the Last Glacial Maximum (LGM; 26.5–19.0 ka), the entire ECS inner shelf was exposed and represented a floodplain–estuary environment due to the lowest sea level (Li et al., 2014). Sea level rise after the LGM (23–15.4 ka) led to the gradual inundation of continental shelf areas worldwide (Lambeck et al., 2014; Li et al., 2014), followed by a rapid sea-level rise during 14.0–12.9 ka in the ECS inner shelf (Dong et al., 2018). The Younger Dryas (YD; 12.5–11.5; Lambeck et al., 2014) was a dramatic cooling event during the transition from the LGM to the Holocene, which led to a transgressive–regressive cycle and represented a tidal flat environment. The global sea-level rise during the last deglaciation (15.4–7.0 ka) oscillated but has slowed since 7.0 ka, as documented in the sediments of the ECS (Liu et al., 2021). The offshore area of Zhoushan is one of the major estuaries along the ECS, where abundant shallow gas reservoirs have been developed (Figure 1; Chen et al., 2004; He et al., 2020). Based on previous studies (Lin et al., 2004; Lin et al., 2010), the 63-m-long sediment core was divided into four sedimentary facies, or zones (ancient marine, floodplain-estuary, tidal flat environment, and present shallow marine), according to the changes in lithology and geochemical data (Figure 7). In Zone 1, a certain amount of elemental chlorine (Figure 8) indicated a marine environment. The lithological characteristics of Zone 1 are dominated by dark gray and grayish-black sediments (Figure 2; Chen et al., 2004), indicating that the Late Pleistocene strata are in a sulfidic environment and have good conditions for microbial methanogenesis. Researchers have frequently employed stable isotopes of δ13C-TOC and δ15N-TOC to differentiate terrestrial and marine organic matter sources (Middelburg and Nieuwenhuize, 1998; Wu et al., 2007; Yuan et al., 2017). The higher δ13C-TOC (−21.7‰ on average) and δ15N-TOC (6.6‰ on average) values in Zone 1 indicated a greater proportion of marine organic carbon (C4) inputs (Yuan et al., 2017; Liu et al., 2020a), which also corresponded to a marine sedimentary environment. Sulfate is a major salt in marine sediments, and anaerobic sulfidic conditions are conducive to the occurrence of SO4-AOM, resulting in pyrite formation. We found more abundant hand-picked pyrites with high TS and wider size in Zone 1 (Figure 9), which represented an indicator of the marine environment. During the SO4-AOM process, the HS− product reacts with reactive Fe in the sediment to produce FeS and release H+, which in turn is converted to pyrite. H+ enrichment dissolves carbonates or biological shells, resulting in the enrichment of Ca2+ ions.
Therefore, when combined with sulfate in pore water in a marine environment, gypsum precipitates, which also occurs with pyrite. Based on the pyrite and gypsum content and the existence of pyrite and gypsum, the paleo-SMTZ (∼60 mbsf) can be inferred. In Zone 2, the sediments were mainly composed of massive yellowish-brown sands with many sand clumps and rusty-brown stains, which are typical features of the floodplain–estuary deposits. Furthermore, the seawater chlorine content decreased to a relatively stable level, as was also indicated by the floodplain–estuary deposits. We also noticed that the lithological characteristics and grain sizes from Zone 1 to Zone 2 experienced retrogressive aggradation as recorded in the sedimentary sequence, with progressively yellowish, coarse grains (Figure 2). The δ13C-TOC (−22.5‰ on average) and δ15N-TOC (6.2‰ on average) values in Zone 2 indicated a more significant proportion of terrestrial organic carbon inputs. The stable isotope values of terrestrial and marine organic matter overlap over a large range (Wu et al., 2007). Therefore, during the Zone 2 stage, core JC-1 sediments experienced a transition from a marine environment to a terrestrial environment due to sea-level changes during the LGM (Li et al., 2014; Liu et al., 2022), which can be divided into a transgressive lag and a floodplain estuary. Changes in sedimentary environments characterized by varying inputs of terrestrial matter and the presence of coarse sand sediments can be used to infer predictable changes in the quality of organic matter (Sun et al., 2020). Based on the absence of methane, low levels of TS content, and nearly imperceptible pyrite (as shown in Figure 9), the organic matter in this zone can be inferred to consist of refractory organic matter, which is more resistant to decomposition compared to marine sources (Zhao et al., 2021; Liu et al., 2022).
During the end of deposition in Zone 2, the intrusion of seawater began to affect the study area, as evidenced by the multiple peaks in chlorine content (Lambeck et al., 2014; Li et al., 2014). The stable isotope values of organic matter (δ13C-TOC and δ15N-TOC) suggest a mixture of marine and terrestrial sources in the sediments during this period. In Zone 3, the lithological characteristics consist of massive mud sediments with a few sand clumps and horizontal bedding, which indicate tidal facies. Previous research showed that the study area receives significant terrestrial inputs from rivers such as the Yangtze and Qiangtang rivers, with an ample supply of reactive iron (Sun et al., 2020; Zhao et al., 2021; Chang et al., 2022). The presence of abundant iron oxides did not restrict the formation of sedimentary pyrite (Figure 9). With the appearance of hand-picked pyrite aggregates and seawater intrusion, microbial sulfate reduction may have been limited during transgressive intervals. However, gypsum minerals (Figure 8) were also identified, possibly related to the oxidation of authigenic pyrites (Liu et al., 2018b; Zhao t al., 2021). Although seawater is unsaturated relative to gypsum in Zone 3, various processes can lead to increased Ca2+ and SO42- in pore water. Iron sulfide oxidation is a relatively common process that can lead to an increased sulfate content of pore water (Liu et al., 2018b). Based on the sedimentary structure and grain size characteristics of core JC-1, horizontal stratification was relatively obvious without significant bioturbation or strong physical reworking in Zone 3. Simultaneously, the presence of many tubular pyrites indicates underflow activities such as methane diffusion (Figure 3). The sedimentary environment is mostly anaerobic, and the anaerobic oxidation of deposited iron sulfides (Zhao et al., 2021) and the disproportionation reaction of S intermediates (Pirlet et al., 2010) predominantly affect pore water SO42-. Simultaneously, the anaerobic oxidation of deposited iron sulfides can lead to the acidification of local pore water, which, in turn, leads to the dissolution of calcareous biological shells (Pirlet et al., 2010; Liu et al., 2018b; Zhao et al., 2021). The increased Ca2+ and SO42- content jointly promoted gypsum precipitation.
From Zone 3 to Zone 4, the chlorine content diffused from the tidal facies to shallow marine environments with a concave downward decrease (Figure 8). The sea level was relatively stable during the deposition of Zone 4 and the sediments in the marine environment consisted of dark gray and clayey silt with a relatively uniform grain size distribution (Figure 8). However, we noticed that the grain size increased sharply at a depth of ∼15.5 mbsf, which may be related to strong physical reworking and surface reclamation of sediments, as demonstrated by the surface sediments with alternating light yellow and dark gray colors. In Zone 4, the TS and handpicked pyrite had relatively high contents, with a peak of ∼17 mbsf. The shallow surface sediments of the original seabed did not contain methane before reclamation; however, after reclamation, this layer contained a considerable amount of biogenic methane. The downward infiltration of seawater may have caused the SO4-AOM to shift upward and become shallow, and the ∼17 mbsf position may be the current SMTZ position. In general, the handpicked pyrites were mainly spherical aggregates with smaller diameters and narrow size distributions, which may also support our speculation that authigenic pyrite was newly formed at the current SMTZ position (Zhao et al., 2021). We also found some gypsum particles and the coexistence of pyrite and gypsum at ∼17 mbsf (Figure 8), which may be related to AOM (Dantas et al., 2022). However, the mechanism of sufficient SO42- provided by diffusing from the overlying seawater and sulfide oxidation, leading to gypsum formation, cannot be ruled out (Liu et al., 2018b). Therefore, the use of multiple indicators, such as stable S and O isotopes, is recommended to reveal the formation mechanisms of sedimentary authigenic minerals.
4.3 Evolution mechanism of authigenic pyrite and the coexistence of pyrite and gypsum
Love and Amstutz (1966) suggested that pyrite framboid was the main form of pyrite in the early diagenetic stage. Due to changes in environmental conditions, they may further grow and evolve into euhedral crystals in later stages; the specific evolution sequence can be expressed as spherical → sub-euhedral → microcrystalline euhedral → euhedral pyrite. Analysis of the distribution of authigenic pyrite, gypsum, and methane in core JC-1 showed that the morphological characteristics of authigenic pyrite represent the sedimentary evolution process. The coexistence of authigenic pyrite and gypsum may be related to the distribution and migration of shallow gases. Additionally, authigenic gypsum forms as a result of contributions from both seawater and pyrite oxidation, while Ca2+ is derived from local seawater acidification due to the oxidation process of authigenic pyrite. Therefore, we propose a simple depositional evolution model for offshore Zhoushan, which explains the formation process of authigenic pyrite and gypsum at the research site since the LGM (Figure 10).
(a) Mud sediments were deposited offshore in Zhoushan before changes in sea level and inland climate. Methanogenesis in mud sediments released a large amount of biogenic methane that acted on the SMTZ, strengthened SO4-AOM, and promoted the enrichment of diagenetic framboid particles. However, owing to the consumption of a large amount of sulfate by the enhanced AOM, the sulfate content in the pore water was limited and it was difficult to form gypsum precipitation at this stage.
(b) During the LGM, the entire ECS inner shelf was exposed, including the Zhoushan offshore (Li et al., 2014), resulting in the formation of floodplain and estuary deposits. The organic matter at this time was refractory, which is more difficult to decompose than marine sources (Zhao et al., 2021). The methane content of the upward diffusion was significantly reduced to zero, and the SMTZ subsequently migrated deeper. At this point, the sulfate concentration in the pore water at its original position began to increase. As the SO4-AOM process advanced, HS− reacted with reactive Fe in the sediment to produce FeS and release H+, which was in turn converted into pyrite. H+ enrichment dissolved carbonates or biological shells, resulting in the enrichment of Ca2+ ions. Therefore, it combined with pore-water sulfate in the marine environment to precipitate gypsum, which occurred with pyrite in the SMTZ. Simultaneously, the diagenetic pyrites began to transform into sub-euhedral structures.
(c) Sea level rise after the LGM led to the gradual inundation of continental shelf areas (Lambeck et al., 2014; Li et al., 2014). The study area was influenced by seawater intrusion, and sediments began to form tidal facies deposits under the influence of tidal currents. The formation time of the upper pyrite was later than that of the deeper pyrite; however, the formation mechanism of the pyrites was the same. Organoclastic sulfate reduction may also have occurred, which requires more indicators to be explored. During this stage, the upper pyrite was enriched in the shallow SMTZ; the presence of many tubular pyrites gradually evolved into an irregular microcrystalline euhedral shape close to the deeper position of the paleo-SMTZ. The sedimentary environment was mostly anaerobic, and the anaerobic oxidation of deposited pyrites (Liu et al., 2018b) and the disproportionation reaction of S intermediates (Pirlet et al., 2010) affected the pore water SO42-. Simultaneously, the anaerobic oxidation of deposited iron sulfides led to the acidification of local pore water, which in turn led to the dissolution of calcareous biological shells (Pirlet et al., 2010; Liu et al., 2018b; Zhao et al., 2021). The increased Ca2+ and SO42- content jointly promoted gypsum precipitation.
(d) The sea level tended to be relatively stable. The Holocene mud depocenter then began to develop, forming the present shallow marine environments (Lin et al., 2005). The downward infiltration of seawater may have caused the SO4-AOM to shift upward and become shallow, forming the current SMTZ position. Spherical pyrite aggregates with smaller diameters, gypsum particles, and the coexistence of pyrite and gypsum were newly formed at the current SMTZ position, which may be related to ongoing SO4-AOM. The formation mechanism of these authigenic minerals was the same as that in the deep part; however, the formation time was later. Simultaneously, authigenic pyrites in the deeper paleo-SMTZs continued to form and evolve into massive tubular or irregular pyrites. Additional work is needed to confirm the differences in authigenic pyrite in different zones.
[image: Figure 10]FIGURE 10 | Simple diagenetic model for authigenic pyrite and gypsum precipitated in the JC-1 core. No scale reference. (A–D) Represent different depositional stages. Black dotted line, SMTZ; blue background, marine sedimentary environment; yellow background, floodplain–estuary depositional conditions; light green to dark blue background, tidal facies to shallow marine environments.
5 CONCLUSION
The morphology and formation mechanisms of authigenic pyrite and gypsum show great potential in tracing depositional evolution history during the glacial–interglacial cycle in offshore Zhoushan. A variety of authigenic minerals were found in the sediment of core JC-1, which may be related to SO4-AOM. Thus, the morphology, size distribution, and content of authigenic pyrite in different zones can indicate the evolution of the depositional environment. Additionally, gypsum minerals and the coexistence of pyrite and gypsum were found in the enriched authigenic pyrites at the SMTZs. The sources of sulfate formed by authigenic gypsums may originate from overlying seawater and pyrite oxidation, whereas calcium ions may come from the dissolution of carbonate or calcareous shells caused by local environmental acidification. The results of this study provide a new perspective for better understanding the responses of different sedimentary environments to sea level rise and climate change. However, using coarse-grained heavy minerals to calculate pyrite content may result in bias due to the sorting effect of particle size. In addition, the C-S-Fe cycle in continental shelf sediments is very complex; thus, we only provide a new mineralogy perspective. More detailed work is needed to limit the fate of authigenic minerals. We suggest using multiple indicators, such as 34S isotopes of iron sulfides and/or chemical sequential extraction methods, to obtain the relative contents of various types of iron-bearing minerals in bulk sediments and further explore their potential in tracking sedimentary environment evolution.
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Saline groundwater is a valuable unconventional water resource in silty coastal zone, which contain complex and fragile sedimentary and hydrological environments that are widely distributed and vulnerable to human activities. Coastal groundwater salinization along the eastern coast of China since the late Pleistocene is thought to be a response to global environmental change. Previous studies have shown a spatial and temporal link between the development of saline groundwater and deposition of marine strata. However, groundwater salinization is becoming an increasing problem in coastal zone, and the hydrogeochemical characteristics and cause of the groundwater salinization or desalinization remain poorly understood. In this study, we compared the hydrogeochemical characteristics and relationships between saline groundwater and the sedimentary environment in two representative, muddy coastal zone of the Yellow Sea coast (YSC) and Bohai Sea coast (BSC). Our monitoring results show that the groundwater varies from fresh water, to brackish water, saltwater, and brine moving offshore of the BSC, with total dissolved solid (TDS) concentrations of 203–184,196 mg/L. In contrast, brine is absent from the YSC, where the TDS concentrations range from 280 to 41,690 mg/L. The relationships between δ2H and δ18O values indicate that freshwater–seawater–brine and freshwater–seawater mixing are the main processes leading to enrichment in TDS in the BSC and YSC, respectively. Based on the relationship between the major cations, Cl−, and Cl/Br ratios, the results show that the groundwater salinity is primarily due to saltwater intrusion and secondly to water–rock interactions (i.e., evaporitic salt dissolution and cation exchange). The regression curves on plots of Na–Cl and (Ca+Mg)–(CO3+SO4) have negative slopes (−0.33 and −0.34, respectively) for the groundwater samples from the BSC and YSC, indicating the Na in groundwater exchange for Ca due to seawater or residual seawater intrusion. The saline groundwater (or brine) samples with reverse ion exchange indicate that seawater or residual seawater has invaded the aquifer, and in which Na+ is replacing Ca2+ and Mg2+. These results enhance our understanding of the formation and evolution of saline groundwater, and provide insights into groundwaters in other silty coastal zones.
Keywords: silty coast, saline groundwater, hydrogeochemical characteristic, TDS, seawater intrusion
1 INTRODUCTION
The interactions between the ocean, land and human activities can affect muddy groundwater environments, making these areas more vulnerable to geological disasters (Wang et al., 2020). Coastal zone can be classified into five types: sandy, silty, bedrock, biological, and artificial coasts (Yang, 2004). Silty coasts are characterized by silty clay and clayey silt (Wang et al., 2003), and have been widely developed and utilized due to their broad expanse and flat terrain. Frequent changes in global sea level have led to the formation of saline groundwaters in silty coastal zone (Han et al., 2014; Larsen et al., 2017). Due to population growth and industrialization, water resources in silty coastal zone are becoming increasingly scarce and urgently needed. Understanding the formation and evolution of saline groundwater might contribute to preventing seawater intrusion and the protection of scarce freshwater resources.
Silty coastal zone has complex hydrogeological environments due to the presence of various types of groundwater, such as freshwater (total dissolved solids [TDS] < 1 g/L), brackish water (TDS: 1–3 g/L), saline groundwater (TDS: 3–50 g/L), and brine (TDS ≥ 50 g/L). For example, the groundwater varies from freshwater to brine on the coast of the Louisiana Gulf in the USA (Hanor and Mercer, 2010), Rhine-Meuse delta in the Netherlands (Griffioen et al., 2016), and the Burdekin delta in Australia (Fass et al., 2007). The complex sedimentary environment, as well as the variable hydrodynamic and hydrogeochemical conditions of silty coastal zone, hinder studies of the salinization mechanisms of groundwater (Cary et al., 2013). The salinization mechanisms of coastal groundwater include: 1) modern seawater intrusion (Reilly and Goodman, 1985; Andersen et al., 2005; Werner et al., 2013); 2) marine transgressive–regressive events associated with ancient sea water intrusion (Kooi et al., 2000; Santucci et al., 2016; Li et al., 2021); (3)evaporitic salt infiltration (Guan et al., 2010; Yang et al., 2016); 4) water–rock interactions (Merchán et al., 2015; Sun et al., 2023); 5) pollution by industrial and domestic waste water (Perrin et al., 2011; Cary et al., 2013); 6) extreme weather events such as storm surges and tsunamis (Yu et al., 2016).
Despite numerous studies of saline groundwater, the formation mechanisms of different types of groundwater remain unclear. Currently, the methods used for identifying the source and migration of water–salt include mainly (bio) geochemical analysis (major and trace elements, microorganisms, and isotopes ratios) and numerical simulations. Although (bio) geochemical analysis can provide information regarding the source, supply, and migration of water and salt, it cannot accurately quantify the contribution from different sources or predict the evolution of groundwater under complex environmental conditions. In contrast, numerical simulation can quantify the hydrodynamic and hydrogeochemical changes on different spatial and temporal scales, but provide limited insights into the formation mechanisms of saline groundwater.
Saline groundwater occurs widely in eastern coastal areas of China, including Hebei, Shandong, and Jiangsu provinces, where groundwater has been utilized for centuries, with brine being used for salt production on the northern coast of Shandong Province (Han et al., 1996). Previous studies have investigated saline groundwaters in these silty coastal zones. Zhao et al. (1993) proposed that changes in the Holocene sea level controlled the distribution of saline groundwater beneath the Jiangsu alluvial plain. Zhang X. et al. (2017) found that deep saline groundwater beneath the Jiangsu alluvial plain was mainly formed by leaching of salt from ancient marine strata. Ge (2018) investigated the salinity sources in porewater from the Jiangsu alluvial plain, and showed that the salinity was mostly derived from Holocene seawater, with the deep porewater salinity due mainly to contributions from late Pleistocene seawater. By simulating the porewater migration, Li et al. (2021) showed that saltwater in weak permeable layers was the potential cause of groundwater salinization.
The Bohai Sea coast (BSC) has more types of groundwater and a more complex evolution as compared with the Yellow Sea coast (YSC). Sun et al. (2006); Sun (2007) found that overexploitation of groundwater had caused various modes of seawater intrusion in BSC, including facial, stripped, veined, and leakage types (Zuo and Wan, 2006; Fei et al., 2009; Shi et al., 2014). Along the southern coast of Laizhou Bay, previous studies have focused mainly on the sedimentary environment (Han et al., 1999; Li et al., 1999; Liu et al., 2003), water–rock interactions (Zhang and Chen, 1996; Sun et al., 2023), and saltwater (brine) intrusion (Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014). Early studies considered that the coastal brine was formed by the evaporation and concentration of ancient seawater stranded by marine transgressive–regressive events since the late Pleistocene (Han and Wu, 1982; Zhang and Chen, 1996; Wang et al., 2003). However, further research has questioned this hypothesis (Han et al., 1996; Xu et al., 2011; Yang et al., 2016; Sun et al., 2023). Although the previous studies linked the source of the saltwater to marine transgressive–regressive events, the proposed formation mechanisms vary widely. From the perspective of regional water circulation, there have been few studies of the saline groundwater (brine) characteristics and salinization, and most researches on groundwater salinization is focused on the two end-members mixing model of saline–fresh water, the mixing of the three end-members (freshwater–seawater–brine) and the hydrogeochemical evolution of saline groundwater remain poorly understood (Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014; Hu et al., 2015; Dang, et al., 2022; Sun et al., 2023). Given this shortcoming, it is necessary to better understand the formation and evolution of saline groundwater in silty coastal zone (Gao et al., 2015).
Our research objectives were as follows: 1) to clarify the relationship between saline groundwater and the sedimentary environment in silty coastal zone; 2) to identify the water and salt sources in saline groundwater and the controlling factors on the hydrochemical evolution; and 3) to compare the formation and evolution of saline groundwater in the YSC and BSC.
2 MATERIALS AND METHODS
2.1 Regional setting
The distribution of saline groundwater in the silty coast of eastern China is mainly concentrated in coastal zone of Hebei, Tianjin, Shandong, and Jiangsu Provinces (Figure 1). These regions have an elevation below 30 m and a slope ratio <0.13‰. The climate is influenced by monsoon variations in BSC, with an average annual temperature of 8°C–12°C, showing warm-dry conditions and high evaporation rates. Specifically, the annual average evaporation is 1–4 times higher than annual average precipitation (Sun et al., 2006). The annual average precipitation of YSC is 1,050 mm, and the annual average evaporation is 951–1,120 mm (Li et al., 2021).
[image: Figure 1]FIGURE 1 | Saline groundwater and three marine transgressions in coast of eastern China (Modified from Xue, 2009; Hou et al., 2021).
The North China depression belongs to the China-North Korea Paraplatform, while the Lower Yangtze depression falls within the Yangtze Paraplatform, as determined by their geological structures. The secondary depressions and uplifts are predominantly oriented in the NE direction. Since the Cenozoic period, these structures have been in a decline stage, while the surrounding mountains ranges have experienced relatively upward movement (Li, 1986). Due to extensive sedimentation, all uplifts and depressions have been buried by thick layers of sedimentary formations. In particular, the Quaternary strata are characterized by a thickness of 500–600 m. The major coastal rivers in the study area including the Yellow, Huaihe, Haihe and Luanhe rivers.
The sedimentary environment of saline groundwater in the silty coast is complex, and microscopic hydrogeochemical behavior occurs at the interfaces of seawater/saltwater, saltwater/brine, and freshwater/saltwater. Such behavior could lead to changes in the chemical type of groundwater, which in turn affects the intensity of groundwater circulation. The saline groundwater significantly impedes normal industrial and agricultural production. Conversely, the overexploited fresh groundwater has changed the hydrodynamic conditions of local groundwater. This has resulted in saltwater intrusion into freshwater aquifers, causing geological disasters such as groundwater salinization and soil secondary salinization, which seriously threatens the sustainable development of the coastal ecological environment.
2.2 Sedimentary environment
The BSC and YSC have been the sites of deposition of three marine sediment layers since the last glacial period (Qing and Zhao, 1985). These layers are closely linked to changes in global sea level, and correspond to the Cangzhou (Qp31; 110–70 ka B.P.), Xianxian (Qp33; 40–25 ka B.P.), and Huanghua (Qh2, 7–2.5 ka B.P.) transgressions. The general distribution and thickness of each sediment layer are provided in Table 1. The largest transgressive event occurred during the middle Holocene, with the boundary extending to the west coast of Yellow Sea (i.e., the northern Jiangsu alluvial plain). Coeval ancient or invasive seawater is stored in these alternating continental–marine facies sedimentary strata. The sedimentary environment along these silty coasts varies greatly due to the combined effects of tectonic activity, sea level rise, topography, and paleoclimate. The sedimentary environment has undergone major changes, especially during the early stages of the regressions. As such, the groundwater consists of multiple types and is stratified.
TABLE 1 | Distribution range and characteristics of transgression stratum in the Yellow Sea and Bohai Sea (modified by Li, 1986).
[image: Table 1]The distribution of saline groundwater along the eastern coast of China is mainly controlled by the topography. Groundwater flow onto alluvial fans at mountain fronts penetrates into the relatively low alluvial plain and finally flows into the river delta. The northern saltwater area is mainly the Luxi Plain, and the southern saltwater area is the low hilly area from southwest Shandong Province to the Yangtze River, which is mainly the alluvial plain in northern Jiangsu Province. Although saltwater in northern Jiangsu Province is not connected with that in the northern China, there is exchange of saline groundwater between the saltwater in northern Jiangsu Province and that in northern China due to the effects of former Yellow River and geological structure.
In Cangzhou in Hebei Province, a saltwater layer along the Binhai–South Canal is sourced from the Holocene to lower Pleistocene strata, and the salt water to the west of the South Canal–Ziya River occurs only in the Holocene and Upper Pleistocene strata. The depth of the saltwater layer ranges from 20 to 280 m. Based on the burial conditions and hydraulic properties, the groundwater is typically divided into shallow and deep saline groundwaters. The shallow groundwater is <60 m deep and mostly Holocene saltwater. The deep groundwater is >60 m deep and mostly late middle Pleistocene saltwater (Li, 1986). From the land to ocean, the groundwater exhibits obvious zonation: HCO3–Ca·Mg → HCO3–Ca·Na → HCO3·Cl–Na·Ca → Cl·SO4–Na → Cl–Na. The shallow groundwater beneath the alluvial plain in northern Jiangsu Province is mainly saltwater. The deeply confined aquifer was mainly recharged by precipitation during the late Pleistocene cold periods, and the shallow groundwater was mainly recharged by precipitation during the Holocene warm period. The salinity is mainly derived from ancient residual seawater that has undergone strong evaporation.
The distribution of saline groundwater is closely associated with coastline changes. For example, since the Holocene transgression, there have been several high sea-level stands (Figure 2). A comparison of the changes of the saline groundwater with the shoreline, seawater intrusion, and stratigraphy (Table 1) shows that the saltwater distribution is related to changes in the seawater intrusion and coastline. For example, the Yellow and Bohai Seas expanded to the surrounding inland plains. The distribution of saltwater (and marine transgressive strata) is greatest in the western BSC and YSC, and smallest along the northeast BSC and YSC (Figure 2). From the mountain front → central alluvial plain → river delta, the saltwater layer occurs in Holocene → late Pleistocene to Holocene → lower Pleistocene to Holocene strata, due to the temporal relationship between seawater intrusion and transgression. There is also a strong correlation between the saltwater chemistry and transgressive strata. From the ocean to land, the hydrochemical characteristics vary as follow: Cl–Na → SO4·Cl–Na·Mg → HCO3–Ca·Na. The TDS concentrations also change from high to low.
[image: Figure 2]FIGURE 2 | Transition of coastlines and distribution of saline groundwater.
2.3 Dating and methods
A total of 139 samples were collected (Figure 3), including 124 groundwater samples, 12 surface water samples, one local rainwater sample, and two seawater samples, during four sampling campaigns from October 2016 to June 2020. Groundwater samples were divided into shallow groundwater samples (depth < 30 m) and deep groundwater samples (depth > 30 m), which were obtained from unconfined and confined aquifers, respectively. The surface water included eight samples from the YSC and four samples from the BSC.
[image: Figure 3]FIGURE 3 | Distribution of saline groundwater and location of sampling points.
All samples were filtered through a 0.22 μm filtration membrane, cationic analysis samples are pretreated with a 6 mmol/L nitrate water at pH < 2. Stable isotope (δ2H, δ18O) testing samples were filled with 10 mL brown glass bottle, and the hydrochemical test samples were filled with 500 mL plastic bottle.
Groundwater sampling depths and pH values were measured in situ using Eureka Manta+ (Water quality Multiprobe Sonde). The concentrations of K+, Na+, Ca2+, Mg2+, and Br−ions were measured using inductively coupled plasma analysis (ICAP–7400), while SO42– and Cl−ions were determined using ion chromatography (ICS–600). The HCO3− concentrations of samples were measured using titration. The TDS is obtained by evaporating the water at 105°C–110°C and weighing the total amount of the resulting dried residue, or is calculated by all dissolved component concentrations summed minus one-half of the bicarbonate. The water samples were tested at the Experimental & Testing Center of Marine Geology, Ministry of Natural Resources, China, using high-temperature pyrolysis-isotope ratio mass spectrometry. The values of δ18O and δ2H were calculated with respect to Vienna Standard Mean Ocean Water (VSMOW), and the uncertainties in δ2H and δ18O were ± 1.0‰ and ± 0.2‰, respectively.
At the same time, this study collected 239 hydrochemical data and 172 isotope data (δ18O and δ2H) in BSC and YSC published papers (Han et al., 1996; Xue et al., 2000; Han D. et al., 2011; Han F. et al., 2011; Han et al., 2014; Du et al., 2015; Yang et al., 2016; Zhang Y. et al., 2017).
3 RESULTS
3.1 Hydrochemistry
The TDS concentrations of groundwater in the BSC and YSC range from 204 to 184,196 mg/L and 280 to 41,690 mg/L, respectively. The distribution of groundwater chemical types included (Zhou, 2013): freshwater, brackish water, saline water, and brine, with a predominance of freshwater–brackish water–saline water–brine from land to ocean in the BSC, and freshwater–brackish water–saltwater in the YSC. As mentioned earlier, the hydrogeochemical types exhibit distinct zonation in the silty coasts. In the BSC, the freshwater is mainly HCO3–Ca, HCO3–Ca∙Mg, HCO3–Na; brackish water is HCO3–Na and Cl–Na; saltwater and brine is Cl–Na (Figure 4A). In the YSC, freshwater is HCO3–Ca and HCO3–Na, brackish water is HCO3–Na, HCO3–Mg, and Cl–Na, and saltwater is Cl–Na (Figure 4B).
[image: Figure 4]FIGURE 4 | Piper triplex diagram [(A) BSC, (B) YSC].
Gibbs diagrams are frequently used to characterize the primary factors that influence the chemical composition of groundwater, including rainfall, mineral weathering, and evaporation (Rajmohan et al., 2021; Yang et al., 2021). Figure 5 illustrates that mineral weathering is the dominant control on freshwater chemistry. Mineral dissolution and precipitation can modify the cationic components during runoff, such as calcium feldspar weathering to kaolinite and sodium feldspar weathering to montmorillonite, resulting in a broad distribution range of (Na+K)/(Na+K+Ca) in fresh groundwater (Figure 5). With increasing TDS concentrations, (Na+K)/(Na+K+Ca) decreases in saline water, indicating that seawater intrusion has progressively become the main factor. Brine samples along the BSC locate in the upper right corner of the Gibbs diagram (Figure 5A), indicating that they are controlled by strong evaporative concentration (Xu et al., 2021).
[image: Figure 5]FIGURE 5 | Gibbs diagram [(A) BSC, (B) YSC].
3.2 Isotopes
Stable isotopes can record the processes of recharge, mixing, and evaporation in coastal groundwaters. The global meteoric water line (GMWL; δ2H = 8∙δ18O + 10) was taken from Craig (1961), and the local meteoric water line (LMWL; δ2H = 6.6 δ18O + 0.3) for the BSC is based on H–O isotope data for rainfall at Tianjin Station, which is located ∼100 km from the study area (IAEA/WMO, 2006). The LMWL (δ2H = 8.5∙δ18O + 17.7) for the YSC is based on data from Nanjing Station (IAEA, 2011) (Figure 6). For the BSC, H–O isotope data deviate to the right of the GMWL and LMWL (Figure 6A), indicating that atmospheric precipitation has undergone evaporation or mixing with other waters before entering the aquifer. Many seasonal rivers, such as the Mihe and Weihe rivers, flow into the Bohai Sea. Affected by evaporation, isotopic fractionation of the river water is likely to occur. Most of the freshwater and brackish water isotopic compositions are similar to those of river water, indicating groundwater is closely linked to surface rivers. The freshwater with stable isotopic compositions that plot at the bottom left of Figure 6 may be related to groundwater recharge under cold conditions during the late Pleistocene (Han D. et al., 2011; Han F. et al., 2011; Li et al., 2017; Dang et al., 2020).
[image: Figure 6]FIGURE 6 | Relationships of Hydrogen and Oxygen isotope in various water samples [(A) BSC, (B) YSC].
Given that the retention time of underground brine along the BSC ranges from 2 to 7 ka B.P. (Han et al., 2014; Dang et al., 2022), the saline groundwater is likely to be due to infiltration of ancient seawater after evaporation and salt concentration during Holocene transgression. In the BSC, the saline groundwater samples have a wide range of δ2H and δ18O values, which plot mostly along a seawater and brine mixing line, indicative of the freshwater–seawater–brine end-members. Fresh groundwater from the YSC plots mainly near the GMWL and LWML (Figure 6B), and the isotopic composition is similar to that of rainwater, indicating the freshwater is mainly derived from atmospheric precipitation. With increasing TDS concentrations, the isotope values gradually become enriched, and the brackish water and saltwater samples plot along the local seawater mixing line (Mao et al., 2020).
Figures 7, 8 show the relationships between Na+, Mg2+, Ca2+, SO42-, Br−, and Cl−concentrations in the water samples. On plots of Na–Cl (Figure 7A), Mg–Cl (Figure 7B), and Br–Cl (Figure 8A), the saltwater samples plot near the seawater–freshwater mixing line, and saltwater with higher TDS concentrations than seawater plots near the seawater evaporation line, indicating that the salinity is related to seawater and residual seawater after evaporation. The Cl/Br ratio of seawater is 655 (Siemann, 2003), and the Cl/Br ratio of terrestrial freshwater is generally <<655. The Cl/Br ratio is often used to identify the salinity source of coastal groundwater (Liu et al., 2017). As shown in Figure 8B, some of the saltwater and brine samples deviate from the seawater Cl/Br ratio line. NaCl precipitation occurs after seawater evaporation reaches halite saturation, and Br is not easy to precipitate, due to its stable chemical properties; thus, the Cl/Br ratio of residual seawater decreases (Figure 8B). However, during recharge by atmospheric precipitation, evaporitic salts in marine strata are easily dissolved into groundwater, resulting in increasing Cl/Br ratios (Cartwright et al., 2004; 2006). In plots of SO4–Cl and Ca–Cl (Figures 7C, D), the water samples deviate from mixing or evaporation lines, particularly the Cl/Br ratios of the freshwater and brackish water samples, which deviate significantly from the seawater ratio (Figure 8B). This indicates that mixing with seawater or concentrated saltwater, in combination with hydrogeochemical effects such as mineral precipitation–dissolution, and ion exchange may have modified the groundwater composition during its formation and evolution.
[image: Figure 7]FIGURE 7 | Relationship between major ions (A is Na+, B is Mg2+,C is Ca2+, D is SO42−) and chloride ions in various water samples (blue is simulation mixing curve of seawater and fresh water, and the red is evaporation line of seawater in BSC).
[image: Figure 8]FIGURE 8 | Correlation diagram of bromine and chlorine in underground water samples [(A) Bromine and chlorine, (B) Bromine/chlorine and chlorine).
4 DISCUSSION
4.1 Hydrochemical process
In general, Ca dominates terrestrial groundwater, and the Ca/Mg ratio is >1 (Abu-alnaeem et al., 2018). Magnesium in saline groundwater is only exceeded in concentration by Cl and Na, and the Ca/Mg ratio is much lower than that of terrestrial freshwater. Due to seawater intrusion, groundwater Ca/Mg ratios will change significantly. Most of the Ca/Mg ratios are >1 in the fresh groundwater samples (Figure 9A), indicative of mineral weathering and groundwater recharge and runoff. The dissolution of gypsum increases the Ca and SO4 contents, which also explains why the freshwater and brackish water samples are located above the seawater mixing line in plots of SO4–Cl and Ca–Cl (Figures 7C, D); Weathering of silicate minerals such as plagioclase means that some freshwater samples plot above the 1:1 line of Ca-containing minerals (gypsum, calcite, and mica) (Figure 9B). With increasing Cl contents, the Ca/Mg ratios of the brackish water and saltwater samples approach that of seawater (Figure 9A), indicating seawater intrusion. The Ca/Mg ratios of the saltwater and brine samples are less than that of seawater. The salinity of the brine reflects that of residual seawater after evaporation. When the seawater evaporated, Ca-containing minerals such as calcite and muscovite were precipitated (Wang, 2021). The Ca2+ in the residual seawater was consumed, and the Ca/Mg ratios of the residual seawater decreased.
[image: Figure 9]FIGURE 9 | Relationship between Ca/Mg and Cl [(A). Ca/Mg and Cl (B). (Ca+Mg)/(HCO3+SO4) and Cl].
When the salinity changes significantly, such as aquifer desalination or seawater intrusion, there may be ion exchange between the groundwater and clay minerals in the aquifer medium (Eq. 1), and a reverse ion exchange (RIE) process may also occur (Eq. 2) (Nogueira et al., 2019; Rajmohan et al., 2021).
[image: image]
[image: image]
The relationships between Na–Cl and (Ca+Mg)–(HCO3+SO4) can well be indicative of cation exchange. If cation exchange is the cause of enrichment of Na+ or Ca2+ (Mg2+) in groundwater, then the water samples should plot near the equilibrium line with a slope of about −1 (Xiao et al., 2014). As shown in Figure 10A, the slopes of the groundwater regression curves are −0.33 and −0.34 for the BSC and YSC, respectively. The saltwater (brine) samples are located in the RIE field, indicating that seawater or residual seawater has infiltrated down into the aquifer and undergone exchange between Na+ (K+) and Ca2+ (Mg2+) via interactions with clay during seawater intrusion. This also explains why the (Ca+Mg)/(HCO3+SO4) value is >1 for the saltwater and brine samples. The slopes of the regression curves for the freshwater and brackish water samples are −0.69 and −0.63 in the BSC and YSC, respectively (Figure 10B). Most water samples plot in the cation exchange area, indicating that the freshwater and brackish water samples have undergone cation exchange processes. After a regressive event, freshwater (i.e., river water and atmospheric precipitation) can recharge a saltwater aquifer, and Ca2+ (Mg2+) is exchanged with the Na+ adsorbed in the marine sediments, enriching Na+ in the groundwater and resulting in Ca2+ or Mg2+ consumption. The (Ca+Mg)/(HCO3+SO4) values of the freshwater and slightly saline water samples are <1 (Figure 9B).
[image: Figure 10]FIGURE 10 | Relationship between (Na–Cl) and (Ca+Mg)–(HCO3+SO4) in coastal groundwater [(A). all water samples, (B). fresh and brackish water samples].
4.2 Groundwater formation mechanisms
Douglas et al. (2000) and Han and Currell (2018) proposed that coastal multi-type groundwaters are part of a complex system formed in numerous stages during ocean–land interactions, with mixing between two or three end-members. Chloride ions and oxygen isotopes in groundwater do not participate in reaction processes and can be used to examine mixing processes and saltwater (brine) evolution. Figure 11A shows the relationship between δ18O values and Cl−contents of the various BSC groundwater samples. Seawater–freshwater and brine-freshwater mixing lines were constructed based on conservation of mass. The saltwater and brine samples plot between the two mixing lines, and the water samples with a lower salinity than seawater plot near the seawater–freshwater mixing line. With increasing Cl−, the groundwater samples gradually approach the saltwater–freshwater mixing line.
[image: Figure 11]FIGURE 11 | Relationship between δ18O and Cl of various water samples [(A) BSC, (B) YSC].
Since the late Pleistocene, the study area has experienced marine transgression–regression events in the silty coastal zone (Gao et al., 2016). Saltwater intrusion can occur in sand barrier–lagoon facies and other places, and the groundwater was salinized by seawater–freshwater mixing. As the sea level became stable, rivers began to prograde towards the ocean. Due to river sand transport and waves, the sand barrier–lagoon environment changed under the mild–arid paleoclimatic conditions, especially at the delta front. After evaporation, the concentrated saltwater in this semi-closed environment infiltrated the aquifer, and underwent cation exchange and mixing, which increased its salinity. The “seawater-brine-freshwater” end-members mixing occurred in this groundwater aquifer (Dang et al., 2022). Due to a marine regression, lateral infiltration of river waters and fresh groundwater is considered to have been the main saltwater dilution process in the Vietnam delta (Kwong and Jiao, 2016; Larsen et al., 2017; Van Lam et al., 2019). Due to the shallow channels submerged by seawater, frequent flooding events help to wash away ancient saltwater. However, due to mixing with river water and groundwater, mineral dissolution (gypsum) and RIE can occur. The brackish and freshwater samples of the present study have low Cl−contents like the river water samples (Figure 11A), and similar stable isotopic composition.
A plot of δ18O versus Cl−in the YSC shows saltwater plots mainly near the seawater mixing line, and brackish water and freshwater plot close to the river water samples (Figure 11B), indicating that the groundwater has undergone similar salinization and dilution processes. Brine has not yet been documented in the YSC. During a regression, parts of the YSC formed barrier–lagoons (Zhang et al., 2010). However, a large amount of freshwater (Yellow and Yangtze rivers) enters the ocean, which has promoted the transformation of lagoons into freshwater lakes (Ling, 2005). At the same time, the southern Yangtze River provides the material that has formed the tidal sand formations in the YSC (Li et al., 1998). Tidal sands are conducive to cation exchange (Figure 10B). In general, the groundwater is saltwater, but it does not have a high salt concentration due to the lack of stable and semi-enclosed lagoonal evaporitic environments in the YSC.
5 CONCLUSION
Saline groundwater occurs in complex and fragile sedimentary environments, and is widely distributed and susceptible to human activities in silty coastal zone. We investigated saline groundwaters in the BSC and YSC. Since the late Pleistocene, there have been three or more large-scale marine transgressive–regressive events along the eastern coast of China. The groundwater composition was found to be controlled by mineral weathering, seawater intrusion, and residual seawater that formed after evaporation. The dissolution of evaporitic salts in marine strata was also a contributor to groundwater salinity. Three end-member mixing (seawater, concentrated salt water (brine), freshwater) occurs in the BSC, whereas saline groundwater is mainly formed by two end-member mixing (seawater and freshwater) in the YSC. Brine has not yet been observed in the YSC, which may be due to the large amount of freshwater and lack of semi-enclosed environments, such as barrier–lagoon systems. The study highlights the complexity of groundwater evolution in silty coastal zones due to ocean-land interactions and human activities. Overall, this study provides valuable insights into the complex geochemical and hydrological processes that govern saline groundwater occurrence in the silty coastal zone. The findings have important implications for managing and conserving freshwater resources in vulnerable coastal zones.
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Introduction: As our understanding of the ocean and its uses continues to advance, countries worldwide with ocean access are implementing new marine strategies. For example, understanding marine geological disasters can help develop the use of ocean resources and oceanic engineering.
Methods: Therefore, this study used recent data from the Oujiang Estuary, a nearshore area in China, to determine its geological hazards.
Results: The geological hazards were classified as active or restricted based on topography, geomorphology, shallow seismic profile, single-channel seismic profile, and geological drilling data. Active geological hazards primarily include shallow gas and active sand waves, whereas restrictive geological hazards include irregularly buried bedrock, erosion channels, steep submarine slopes, and buried paleochannels. We also evaluated the distribution characteristics and scope, such as the vertical distribution of shallow gas based on the seismic profiles, drilling rock facies, methane, and carbon dioxide contents in the top air, and the isotope values. We found that shallow gas was vertically distributed among multiple layers. The main gas-bearing layers were the clayey silt and sandy (silt) clay layers of the early Holocene and late Pleistocene strata. The shallow gas content was relatively low in the coarse sediment layer at the bottom of the late Pleistocene succession. Generally, the Holocene and late Pleistocene deposits do not contain gas, and the gas content in the middle and late Pleistocene strata (at greater depths) is relatively low.
Discussion: The combined effects of the regional geological structure, sea level changes, modern hydrodynamics, and human activities have formed the geological environment of the Oujiang Estuary.
Keywords: oujiang estuary, geological hazards, shallow gas, origin, marine structures
1 INTRODUCTION
Marine geological hazards are an important research branch in the geological hazards field, becoming a marginal discipline with the exploration and development of nearshore oil and gas and seabed mineral resources (Wang et al., 2014; Feng et al., 2017; Qiao et al., 2022). Marine geological disasters are phenomena or events caused by external geological effects, such as waves, ocean currents, and storm surges, or internal geological effects, such as earthquakes, faults, and volcanic activities, threatening human life and property (Ye, 2011; Liu et al., 2014; Qiu et al., 2018).
Marine geological hazards can be classified in many ways but are generally deemed active or restricted based on the activity level of the potential geological hazards (Bao and Jiang, 1993; Sun et al., 2010; Chen S. et al, 2020). Active geological hazards can move, causing direct damage to marine engineering and the natural environment under internal and external forces, such as shallow gas, pockmarks, submarine landslides, active faults, active sand waves, liquefaction of sand and soil, bottom heave, coastal erosion and accretion, and landslides. Restricted geological hazards, also called restrictive geological conditions, cannot move; instead, they restrict certain marine engineering projects. If ignored, they pose hidden dangers in marine engineering. Examples include buried paleochannels, depressions, steep underwater slopes, irregularly shallow buried bedrock, and troughs.
The Oujiang Estuary is situated along the coast of Wenzhou City in Zhejiang Province, China, and is one of the most important river mouths in the region, with more than 200 large and small islands in the estuary area. This region is rich in marine resources, including ports, tidal flats, fisheries, and tourism, making it a key area for economic development. However, the area’s marine geological environment is complex and influenced by various dynamic conditions, including Oujiang River runoff, waves, tides, and currents, resulting in the formation of a series of shoal–channel geomorphic systems in the coastal area outside the estuary that hold potential for various geological disasters. Therefore, this study investigated the marine geological hazards in this area to provide basic data for further studies of marine environmental evolution, ocean development, and ocean engineering construction (Yang et al., 2022).
2 MATERIALS AND METHODS
2.1 Geological setting
The Oujiang Estuary is in the central part of the Wenzhou metropolitan area and is its main axis, situated between the Yangtze River Delta and Pearl River Delta economic zones in the northern part of the West Coast Economic Zone (Zhang et al., 2020). It is also located at the intersection of the middle section of the Yellow Sea coastline and the Oujiang golden waterway “T.” The nearshore terrain of the Oujiang Estuary is relatively complex, with many islands in the region, dense shoals, and intersecting shoal channels. River erosion and tidal currents mainly affect the section within the estuary. The northern mouth of the Oujiang River is more strongly eroded than the southern mouth, with a water depth generally less than 15 m, while the southern mouth has a water depth of generally less than 10 m; the average depth is approximately 7–8 m (Shang et al., 2018). The section outside the mouth of the estuary is affected by open terrain, island reef distribution, and tidal erosion, resulting in considerable changes in the terrain, with strong tidal currents between the islands. Generally, a good waterway forms when the depth is more than 20 m, and sediment accumulates around the waterway, forming shoals in some local areas. The terrain is generally less than 5 m deep, with isobaths developing around the islands.
This area is in the Southeast Zhejiang Uplift of the South China Fold Belt, which has been an active continental margin since the Mesozoic period, manifesting as strong fault movement and large-scale calc-alkaline magmatic activity. The fault structure is highly developed, with dominant regional deep and large faults oriented in the northeast and northwest directions, constituting the basic structural framework of this area (Xu et al., 2007).
2.2 Seismic profiles and boreholes
Shallow- and single-channel seismic profiles were acquired for the Oujiang Estuary in 2017 and 2018 (Figure 1). Shallow seismic profiles were obtained using a sub-bottom profiling high-resolution acoustic system (AAE Technologies, Great Yarmouth, United Kingdom) with an electric spark source as the seismic source. Single-channel seismic measurements were conducted using a G.I air gun with a maximum source capacity of 210 in3 (Sercel. Carquefou Cedex, France), and the receiving cable was a SIG model 16.48.65 receiving cable (SIG, Bouvron, France). Before the marine geophysical survey, method-related and technical experiments were conducted in the Oujiang Estuary. The parameters for the shallow seismic profile were experimentally determined, including the excitation energy (typically selected at 800 J), band-pass filtering (100–5000 Hz), and the timely adjustment of seabed tracking (based on the strength of the reflection signal). The data were recorded in SGY format with a printing range of 200 ms. The parameters for the air gun operations were: source capacity: 90 in3; air pressure: 1600–1800 psi; streamer drag length: 40 m; and source drag length: 35 m. Seabed tracking was promptly adjusted based on the strength of the reflection signal, and the data were recorded in the SGY format with a recording range of 500 ms. The seismic profiles of the study area were interpreted based on recognition markers of the seismic reflection interfaces. The distribution patterns were determined by identifying the characteristics and ranges of various geological factors of disasters in the seismic profiles based on their reflection features.
[image: Figure 1]FIGURE 1 | Seismic profile and borehole locations in the Oujiang Estuary offshore area. Red circles represent boreholes, blue lines represent shallow seismic profiles, and red lines represent single-channel seismic profiles.
2.3 Core data and chart data collection
In 2019, two geological boreholes, DSJ3 and DSJ4, were drilled along the seismic profile using an XY-2 drilling rig and the rotary sampling method (Figure 1). DSJ3 reached a depth of 200.3 m, with an average recovery rate of 95.54% in the mud layer and 90.74% in the sand layer. DSJ4 reached a depth of 182.9 m, with an average recovery rate of 95.52% in the mud layer and 83.68% in the sandy layer. The recovered rock cores were then stored in a laboratory for photography, preservation, description, and sampling. Intact shells were selected from the cores for accelerator mass spectrometry 14C dating at Beta Analytic (Miami, FL, USA). Grain size and paleomagnetic samples were collected at approximately 30–35 cm intervals. Grain size analyses were completed at the China University of Geosciences, whereas paleomagnetic testing was conducted at the East China Mineral Resources Supervision and Testing Center of the Ministry of Natural Resources.
Chart data were collected from four historical datasets from 1979, 1986, 2002 and 2011 to reflect the morphological evolution of active sand waves according to changes in water depth.
3 RESULTS
The geological hazards in the study were classified as active or restricted based on the degree of geological activity of the potential hazards.
3.1 Active geological hazards
3.1.1 Shallow gas
In the sedimentary succession, gas can decrease the seismic wave propagation velocity and cause rapid attenuation of the reflected wave energy, resulting in little or no energy reflection (Benites, et al., 2015). This event forms a “reflection blurry zone,” shielding sedimentary reflection information. Seismic reflection characteristics mainly manifest as “acoustic blanks,” “acoustic curtains,” “acoustic disturbances,” and other phenomena (Figure 2). If shallow gas escapes from the seabed, it can form special micro-landforms, such as “pockmarks” and “mud volcanoes” on the seafloor (Dondurur et al., 2011; Chen Y. et al., 2020). Thus, the shallow gas feature results of the area were projected onto a plane to obtain the shallow gas distribution and burial depth of the top plate (Figure 3). The study area had a widespread distribution of shallow gas in the sea, and the distribution had relatively evident regional variation, mainly distributed northeast of the study area. The burial depth of a shallow gas top plate is generally between 5 and 30 m, but mostly within 12 m, with a maximum burial depth of over 50 m. The burial depth of the shallow gas in the southwest region of the study area was relatively large, ranging from 3 to 52 m, whereas the burial depth in the northeast region was generally shallow, with a maximum burial depth of approximately 30 m. No obvious seafloor “pockmarks” were observed on the seismic profiles in the study area, indicating that shallow gas did not overflow, or the overflow was minimal, and it was not enough to affect the micro-landform morphology.
[image: Figure 2]FIGURE 2 | Acoustic blanks, acoustic curtains, and acoustic disturbance from the shallow seismic profile in the Oujiang Estuary. SW: Southwest; TWTT: Two-way travel time.
[image: Figure 3]FIGURE 3 | Distribution and buried depth of shallow gas along seismic lines in the study area.
The vertical distribution characteristics of shallow gas at the drilling site were obtained based on the seismic profiles, core samples, and methane (CH4) content in the top air and interstitial water samples. The seismic profile of the DSJ3 borehole revealed that the gas-bearing top plate of the shallow gas was approximately 12 m, and the CH4 content in the top air sample was almost zero at a depth of 11 m or less, consistent with the analysis results of the two (Figure 4). The lithology of this section is silty clay, corresponding to the middle-late Holocene succession. Within a depth range of approximately 11–100 m, the deposits are generally gas-bearing, corresponding to the early Holocene and late Pleistocene strata. The shallow gas content is roughly divided into three sections: 1) 11–43 m, relatively high gas content and corresponding to the clayey silt layer of the Holocene and late Pleistocene; 2) 43–80 m, low content of gas; and 3) 80–100 m, a small or non-existent gas content in the coarse sediment layer, such as the medium-fine sand layer.
[image: Figure 4]FIGURE 4 | Comparisons between the single-channel seismic unit division and core DSJ03 lithology. SE: Southeast.
An obvious “reflection blurry zone” was not observed at the DSJ4 location, but the seismic profile revealed a more obvious “reflection blurry zone” approximately 500 m southeast along the seismic profile (Figure 5). The buried depth at the top of the blurry zone was consistent with the buried depth of the CH4 content greater than zero in the top air sample. Moreover, the overall CH4 content at DSJ4 was lower than that at DSJ3 based on the content in the top air sample. Therefore, DSJ4 likely has a low shallow gas content, reflected in the single-channel seismic profile of the air gun. Furthermore, the CH4 content was the highest in the clayey and sandy silt deposits of the early Holocene and late Pleistocene, with a burial depth of approximately 27–75 m. In strata deeper than 75 m, the CH4 content was generally low.
[image: Figure 5]FIGURE 5 | Comparisons between the single-channel seismic unit division and core DSJ04 lithology. SE: Southeast.
Based on the borehole data, shallow gas was vertically distributed among multiple layers. The main gas-bearing layers were the clayey silt and sandy (silt) clay layers of the early Holocene and late Pleistocene strata. The shallow gas content in the coarse sediment layer at the bottom of the late Pleistocene deposits was relatively low. Generally, the Holocene and late Pleistocene strata do not contain gas, and the gas content in the middle and late Pleistocene deposits at greater depths is relatively low. Based on the engineering characteristics of the drilling sample analyses, the main gas-bearing rock types were clayey silt and silty clay layers, which are not conducive to the large-scale storage and accumulation of gas. Also, the gas pressure and volume were generally low. The single-channel seismic results did not reveal the “pockmark” phenomenon on the seafloor, indicating that shallow gas did not overflow or the overflow was small; thus, it was not enough to affect the micro-geomorphic features. Most of the gas was isolated from the viscous soil layer in the form of small bubbles. Overall, the possibility of a large-scale blowout in the study area is believed to be low; however, the possibility of locally high instantaneous gas pressure cannot be excluded.
3.1.2 Active sand waves
Larger-scale active sand waves in the study area were mainly distributed in the shallow sea area of the northern mouth of the Oujiang River, the west side of the Damao Island’s triangular sand, the Zhongsha and Chongshan sand waves on the south side, and sporadically distributed in the Qitouyang Sea area at the southern mouth of the Oujiang River (Figure 6). Among these, triangular sand wave was the largest in scale, with a triangular shape resembling a horseshoe. During low tide, shallow sand waves were exposed, which extended in two directions, northwest and southeast, and were mainly composed of medium-to fine-sand sediment. In recent years, the sand waves have eroded near the river mouth, the terrain has deepened, the 0 m line range has shrunk, and the tidal current has cut through the middle of the sand wave, dividing the triangular sand into Chuanbu sand and Gaosha sand waves.
[image: Figure 6]FIGURE 6 | Location and morphological evolution of active sand waves in the Oujiang Estuary from 1979 to 2011.
On a smaller scale, the Zhongsha and Chongshan sand waves are located on the southern side of the Huangda’ao Waterway. Since 1979, Zhongsha gradually formed from a series of smaller-scale tidal sand bodies, with southeastern and northwestern axis lengths of 2.6 km and 2.3 km, respectively. In recent years, owing to the completion of the Lingni Dyke, the range of the mid-water channel has narrowed, the main axis of the tidal current has shifted northward, the flow rate has increased, and the shallow water of Zhongsha has eroded, and by 2011, the 0 m line continued extending toward the Chongshan sand wave, and the southern end of Zhongsha merged with Chongshan sand (Table 1). Therefore, the Chongshan sand wave scale expanded and continued to develop.
TABLE 1 | Active sand wave changes from 1979 to 2011 (km2).
[image: Table 1]3.1.3 Erosion channels
Natural erosion and scouring of surface sediments on the seabed form erosion channels, which are mainly distributed in narrow areas between islands with strong tides or water currents. Steep channels are often accompanied by steep slopes prone to landslides. Waterways are large channels that serve as water transportation routes and play an important role in local economic development. However, there are significant constraints on certain offshore engineering projects, such as laying submarine cables and oil pipelines. Erosion channel slopes are generally steep, which can easily cause sediment on the slope to collapse, undermining the foundation of buildings and causing pipelines, cables, and other structures to break or deform. Therefore, erosion channels pose a hidden danger to offshore engineering construction.
Erosion channels are identifiable from a single seismic profile and were the main topographic features in the study area. They were characterized by deep-cut channels and a generally small-scale distribution, mainly located in tidal channels between the islands (Figure 7).
[image: Figure 7]FIGURE 7 | The single-channel seismic profile reveals irregular shallow buried bedrock. SW: Southwest; TWTT: Two-way travel time.
3.2 Restricted geological hazards
3.2.1 Irregular shallow-buried bedrock
In a single seismic profile, bedrock is mainly characterized by medium to low frequency, strong amplitude, and medium to low continuity reflection features. We identified irregular reflection morphology with high and low undulations, and the bedrock surface protrusions often exhibited strong reflections in the form of conical or pointed peaks (Figure 8). Also, the internal reflections were blurry and chaotic, with no clear layering, and some diffraction waves were observed. The shallow bedrock in the study area mainly appeared in areas close to the bedrock coast and islands, with limited regional distribution. Bedrock outcrops in some local sea areas became reefs and were primarily distributed in areas with large seabed undulations. In this study, in a single seismic profile, we observed 11 bedrock outcrops ranging from 3.5 to 28.5 m in depth.
[image: Figure 8]FIGURE 8 | The single-channel seismic profile reveals irregular shallow buried bedrock, steep slopes, and erosion channels. TWTT: Two-way travel time; W: West.
3.2.2 Steep submarine slopes
Steep submarine slopes are large and prone to instability and landslides/tipping under external disturbances, potentially causing catastrophic consequences for underwater facilities, such as underwater pipelines, cables, pipe networks, and anchorages, and is a safety hazard for submarine slope stability (Wang et al., 2019).
Steep submarine slopes have distinguishing features in the data, such as in a single seismic profile and depth measurements. Steep slopes are usually characterized by an intensive arrangement of terrain contours, and their linear shapes and positions can be clearly seen on three-dimensional topographic maps. Single seismic profiles mainly manifest as significant distortions of the seabed reflection waveform or sudden changes in water depth. Based on the characteristics of steep slopes in the Wenzhou Sea, slopes greater than 6° were defined as submarine steep slopes. The study area is densely populated, with islands and waterways prone to forming deep trench-shore slopes. Therefore, the steep slopes in the study area were mainly erosion-steep slopes, and their extension direction was consistent with the direction of the isobaths. In total, 59 steep submarine slopes were identified through a single seismic survey, with slopes >6°. The maximum slope was 20.8°, and the steep submarine slopes in the study area were distributed on both sides of the scouring grooves in the tidal channels between the islands (Figure 8).
3.2.3 Buried paleo-channel
In a single seismic profile, buried paleochannel sediments show various types of reflections, such as complex wave-like cluttered reflections, sub-parallel reflections, high-angle inclined interlaced reflections, and pre-fill reflections at different angles, some of which can be subdivided into multiple filling stages cut by each other (Qiu et al., 2012).
A comparative analysis of single-channel seismic interpretation results and drilling data suggests that three periods of paleo-channels have developed in the survey area since the early Pleistocene period (Figure 9). The locally developed late Pleistocene paleo-channel (T2 interface) extends towards the south of the Oujiang Estuary. The single-channel seismic profile cut down the lower marine succession as a basement, with internal reflections exhibiting subparallel and progradational reflections. The ancient early-late Pleistocene river channel (T6 interface) has been extensively developed on a larger scale. In the single-channel seismic profile, the basement was a strongly eroded interface with local fluctuations showing downward erosion and internal reflections exhibiting sub-parallel, chaotic, and oblique-cross reflections. In the drilling logs, the filling layers inside the paleo-channel demonstrate the basic characteristics of fluvial facies with an upward vertical fining trend. The ancient late-middle Pleistocene river channel (T7 interface) was widely developed. In the single-channel seismic profile, the basement is a strongly eroded interface identifiable by fewer overall fluctuations, whereas the internal reflections exhibit subparallel, chaotic, and oblique cross reflections. In the drilling logs, the filling layers inside the paleo-channel demonstrated the basic characteristics of fluvial facies with an upward vertical fining trend.
[image: Figure 9]FIGURE 9 | The single-channel seismic profile reveals a late and middle Pleistocene paleo-channel. Note: Figure 1 shows the location of the profile. NE: Northeast; TWTT, two-way travel time. T0-T7: seismic interfaces. TR: bedrock.
4 DISCUSSION
Geological hazards in the study area result from geological structures and various external dynamic forces. Geological structures determine and influence the overall pattern of modern land-sea interactions and the distribution of coastal morphology and types. Thus, various external forces shape modern landforms, which, in turn, affect the types and scope of the geological hazard distribution (Figure 10).
[image: Figure 10]FIGURE 10 | Geographical hazard map of the Oujiang Estuary.
4.1 Regional geological structure
The Wenzhou region is in the southeastern part of the Zhejiang Province, and the regional geological structures of this area have undergone long and complex processes to become their current form (Wang et al., 2010). Overall, two different structural systems control the landform in this area: the north-northeast and northwest directional structural systems (Figure 11). The north-northeast faults control the uplift of the western area to form high mountains and V-shaped valleys and control the formation of plain terrain in the east since the Quaternary period. Specifically, the main structural framework is composed of the Wenzhou-Zhenhai deep fault in the north-northeast, the Pingyang-Putuo deep fault, the Chun’an-Wenzhou major fault in the northwest, and the Taishun-Huangyan major fault in the northeast, which affect the area via volcanic activity, magma intrusion, and the formation and development of sedimentary basins.
[image: Figure 11]FIGURE 11 | Local tidal current fields in the Oujiang River estuary at maximum flood (A) and ebb (B) moment (spring tide) (unit: m/s).
4.2 Sea level change
Large-scale sea transgression and regression also cause significant fluctuations in the shoreline and have important influences on the formation of modern coastal morphology and changes in hydrodynamic conditions, material sources, and sedimentary environments. Since the late Pleistocene period, the sea level in the Wenzhou coastal area has fluctuated, gradually stabilizing towards its current state during the middle Holocene period. The rise and fall of the sea level have caused constant erosion, transportation, and sedimentation accumulation in the paleo-channel and the seabed active sand waves, affecting the morphological evolution of the paleo-channel, active sand waves, and erosion gullies.
In addition, abundant amounts of terrestrial organic matter within the overlying fill of the paleo-channel have been buried by allochthonous sediment owing to the frequent sea level changes; consequently, oxygen isolation has occurred, and a rapid transition to a reduced environment is possible. Additionally, sediment cover-layers act as traps for dissolved substances that supply organic matter, which, in its immature stage, is biochemically decomposed by anaerobic bacteria to produce methane or biogas, commonly associated with shallow gases in paleo-channels. Based on its genesis, shallow gas can be divided into two types: biogenic and thermogenic gas (Zhang et al., 2008; Toth et al., 2014). Biogenic gas is formed by organic matter in shallow deposits under anoxic conditions through bacterial reduction. Thermogenic gas is formed by the thermal decomposition of organic matter in deep strata, often in a supercritical state (high-pressure gas chamber), that sometimes rises, migrating and accumulating as shallow gas along rock pore spaces, fissures, and fault planes. In recent years, most domestic and foreign experts have used an δ13C1 vale of less than –55‰ as the empirical characteristic boundary value to distinguish between biogenic, thermogenic, and sub-biogenic gas methane carbon isotopes (Verweij et al., 2018). However, our isotope analysis of the DSJ3 and DSJ4 wells indicated that the δ13C1 values were between –97.69‰ and –70.74‰, suggesting that the shallow gas in the study area is a typical biogenic gas generated through a CO2 reduction reaction (Weschenfelder et al., 2016).
4.3 Modern dynamics
Based on tectonic movement and sea level changes, modern marine dynamic conditions, such as rivers, waves, currents, and tides, continually reshape and construct topography and are important factors controlling dynamic changes in topography and sediment sources (Figure 12). The development and evolution of the Oujiang Estuary coastal zone topography are continually influenced by the combined action of river inflow, nearshore circulation systems, and wave and tidal forces and play a significant role in the dynamic adjustment of active geological hazards (Wu et al., 2018).
[image: Figure 12]FIGURE 12 | Regional geological structure map in the Oujiang Estuary.
The area had an extensive tidal range and fast flow, forming a typical tidal sandbody. Based on the tidal flow data measured on site from the Oujiang Estuary, which has active sand waves, the discriminant coefficient of the tidal flow was <0.5, indicating an irregular semidiurnal shallow sea tidal flow (Figure 13). Tidal waves are generally controlled by the M2 tide with a semidiurnal tidal current; the direction of the flood flow is northwest, whereas the ebb flow direction is southeast. Based on the tidal flow velocity distribution, the average tidal flow velocity in the triangular sand area was generally 0.3–0.4 m/s (Liu and Xia, 2007). In addition, the flow velocity in the sand wave area from north to south increased gradually and was generally <0.5 m/s. Finally, the average tidal flow velocity was generally 0.5–0.7 m/s in the middle sand and Zhongshan sand wave areas, and the rising flow velocity was slightly lower than the ebb flow velocity (Zhuang et al., 2008; Ye et al., 2016). Based on sediment grain size data in the sand wave area, the median grain size of sediment that makes up the sand waves was 0.30–0.42 mm, classified as medium sand. The sediment particles in the study area can be transported under the action of tidal current, resulting in higher mobility of sand waves.
[image: Figure 13]FIGURE 13 | Vertical mean velocity distributions in the Oujiang Estuary. P: Profile, SW:Southwest, SE: Southeast.
4.4 Human activity
Human activity is an inevitable factor in the evolution of geological hazards. In recent decades, with the continuous social economic development, existing land resources have limited further development of Wenzhou City. The government has shifted its focus to the Oujiang Estuary, actively implementing development and remediation projects, such as enclosing and channel construction. Wenzhou City has completed projects such as the Ou-Fei Shoal partial enclosure, Zhaoyuanao harbor area partial enclosure, Wenzhou Shoal enclosure phase 1, Xiaomen Island northern enclosure, Dameng Island Huangao enclosure, and Dongtou Islands enclosure. High-intensity coastal engineering development and other human activities have altered the local hydrodynamic action and sediment deposition balance, causing disturbances in natural geological processes and ultimately leading to the formation, development, and evolution of marine geological disasters (Zhang et al., 2020).
The Wenzhou Shoal Enclosure Project commenced in 2003 (Zheng, 2010). The first phase of the project, Lingni Dike, located along the northern edge of Wenzhou Shoal, was completed and opened to traffic in 2006. The dike effectively intercepted the suspended sediment transport pathway between Wenzhou Shoal and the Middle Channel, leading to a predominantly oscillating flow in the tidal currents of both channels (Xu et al., 2017). Within this interaction, various degrees of slow flow, diversion, and convergence exist, resulting in the complexity of tidal channel fluctuations and the diversity of sediment erosion and deposition at the mouth of the Ou River, ultimately leading to the amalgamation of Zhongsha Shoal and Chongshan sand wave due to erosion and migration (Figure 6).
5 CONCLUSION
The main geological hazards in the Oujiang Estuary include shallow gas, active sand waves, shallow-buried irregular bedrock, erosion channels, steep submarine slopes, and buried paleo-channels. The seismic profiles and borehole data revealed the vertical distribution characteristics of the shallow gas; the main gas-bearing layers in the early Holocene and late Pleistocene strata were clayey silt and silt (sand) clay layers, and the shallow gas content in the coarse sedimentary layer at the bottom of the late Pleistocene was relatively low. There was no gas content in the middle-late Holocene succession, and the gas content in the deep middle Pleistocene succession was relatively small.
Moreover, the hazardous geology in the study area resulted from the geological structure and various external dynamic forces. The geological structure determines and influences the overall pattern of modern land and sea and the distribution of coastal contours and types. Various external forces (including sea-level changes, modern hydrodynamics, and human activities) have shaped modern landforms, affecting the distribution and evolution of hazardous geology.
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Sedimentary organic matter (SOM) on continental slopes in marine regions can sensitively record climatic and environmental changes. In this study, total organic carbon content (TOC), total nitrogen content (TN), and their stable isotope compositions (δ13C and δ15N) for sediments of core G02 were investigated (at ∼24.2-year resolution) to reveal the temporal variations in organic matter sources and the main controls on the sources and distribution of buried organic matter on the northwestern continental slope of the South China Sea over the last ∼8600 years. Results of a δ13C binary mixing model reveal that ∼82.3 ± 3% of SOM is derived from marine autochthonous sources. We suggest that the carbon and nitrogen contents and compositions of SOM are governed by distinct factors. The more positive δ15N values before the Pulleniatina Minimum Event occurrence are ascribed to stronger subsurface water intrusion by the Kuroshio Current, which led to enhanced subsurface denitrification and in turn counteracted the effect of mixing with surface water caused by the East Asian winter monsoon. Sedimentary δ13C values show a fluctuant decrease during ca. 8.6–3.0 cal kyr BP and a conspicuous increase during ca. 3.0–1.4 cal kyr BP. These changes are attributed to the decrease of marine productivity induced by the continuous weakening East Asian monsoon effect and the decrease of terrigenous organic carbon input induced by the weakened Indian summer monsoon precipitation, respectively. Since ca. 1.4 cal kyr BP, human activities have become the dominant factor in controlling the production and distribution of organic carbon. The results provide an important basis for understanding of source-sink processes of organic matter and the factors influencing these processes on continental slopes in low-latitude marginal seas.
Keywords: South China Sea continental slope, sedimentary organic matter, denitrification, Asian monsoon changes, human activity
1 INTRODUCTION
Although continental marginal seas account for only 10% of the ocean surface area, they contain more than 80% of oceanic buried organic carbon (OC) (Hedges and Keil, 1995; Allison et al., 2007; Hu et al., 2016). Sedimentary organic matter (SOM) in marginal seas comprises a complex mixture of organic compounds originating from two main sources (Hu et al., 2014; Ge et al., 2019): terrestrial organic matter (OM) transported by river runoff, and marine OM produced by marine primary producers in the euphotic zone (EZ) (Huang et al., 2021). The nature of OM that becomes buried in a marginal sea is controlled by a combination of terrestrial sediment supply, aquatic productivity, and coastal hydrodynamics (Wang et al., 2021). Determining the sources, burial process, and ultimate fate of OM in marginal sea environments is essential for understanding regional biogeochemical processes and the global carbon cycle.
The South China Sea (SCS), the largest marginal sea of the western Pacific Ocean (Figure 1A), receives a huge amount of detritus from surrounding rivers (e.g., the Pearl, Mekong, and Red rivers) (Li et al., 2022a; Liu et al., 2023). Previous studies of the composition and distribution of sediments of the northern South China Sea (NSCS) have used element isotopes, biomarkers, and clay minerals (Liu et al., 2016; Yang et al., 2018; Chow et al., 2021). Those studies determined that sediments in the NSCS record a number of global events, including the 8.2 ka event, Last Glacial Maximum, and Younger Dryas (Wu et al., 2017; Li C. et al., 2019), suggesting a climatic teleconnection between the NSCS and the global climate system. The NSCS has the potential to provide valuable information on the strength and distribution of the Asian monsoon, the intensity of the western boundary current, and the intrusion of the North Pacific Intermediate Water (Zheng et al., 2016; Yang et al., 2017). However, uncertainty persists regarding the cycling processes of OM in the water column, and the interpretation of paleoenvironmental records is complicated by the multitude of factors that control the nature and distribution of OM in and around the NSCS. The complex topography and dynamic transport mechanisms in the margin of the NSCS, together with heterogeneous sources of particulate organic carbon (POC), have led to pronounced temporal and spatial variations in the elemental and isotopic compositions of SOM in the NSCS. The exchange of surface water with deep water through the Luzon Strait and Taiwan Strait may have been enhanced after the opening of the Taiwan Strait (Higginson et al., 2003), resulting in an increasing influence of deep water in the NSCS. In addition, monsoonal precipitation affects river flow and alters the input of OM from terrestrial sources. Furthermore, the original marine SOM record may be complicated by post-deposition biogeochemical processes (e.g., diagenesis and denitrification). The influence of sea-level change on variation in OM burial has decreased during the Holocene, whereas the influence of ocean current systems, monsoons, and human activity has increased (Wan et al., 2015; Wu et al., 2021; Wang et al., 2022). Therefore, high-resolution SOM records are urgently needed for the NSCS.
[image: Figure 1]FIGURE 1 | (A) Map showing regional atmospheric systems and locations of cores in the Asian region. The blue arrow represents the East Asian winter monsoon (EAWM), the red arrow represents the Indian summer monsoon (ISM), and the orange arrow represents the East Asian summer monsoon (EASM). Red dots indicate the locations of cores referred to in this paper. (B) Topography and the main components of ocean circulation of the South China Sea (SCS). The thick red line with arrows indicates the Kuroshio Current, the dashed yellow line with the arrow depicts the SCS deep current, blue lines with arrows represent the Guangdong Coastal Current, black lines with arrows indicate winter surface currents, and red lines with arrows depict summer surface currents, red pentagram represents the location of core G02.
Most geochemical studies of the NSCS have focused on the area around the Pearl River and Beibu Gulf (Lin et al., 2006; Huang et al., 2018; Zhou et al., 2022). In comparison, few systematic studies have produced high-resolution sedimentary records from the northwestern continental slope of the SCS to elucidate the sources and distribution of OM there.
In this study, we analysed core sediments from the Qiongdongnan Basin on the northwestern continental slope of the SCS (Figure 1B) for AMS 14C dating, grain size, total organic carbon (TOC), total nitrogen (TN), δ13C, and δ15N. Results of the analyses allow the sources of OM in sediments of the NSCS to be determined and the drivers of marine OM burial since the Holocene to be identified. The study provides insights into the relationship between OM burial and regional climate variation.
2 REGIONAL SETTING
The SCS is the largest marginal sea in the western Pacific and is bounded by mainland China, the Indochina Peninsula, and island arcs (Figure 1B). Solar radiation received by the sea leads to a high sea surface temperature throughout the year, which generates strong vertical stratification of the water. The NSCS has a huge continental shelf that receives sediments transported by East Asian rivers such as the Pearl and Red rivers. The northern continental slope of the SCS has an important role in sediment transport and accumulation, and contains a paleoenvironmental record corresponding to its function as a connecting zone between the northern continental shelf and the central deep-sea basin of the SCS. The SCS is located in the tropical region and has a typical tropical monsoon climate influenced by the Asian monsoon (Wang et al., 1999). The surface water circulation of the SCS varies seasonally, with a seasonal surface current directed in opposite directions during summer and winter between Taiwan Island and Hainan Island. Year-round cyclonic circulation occurs in the Beibu Gulf near the Red River Estuary, in which the Qiongzhou Strait, with a westward flow of water, plays a key role. The deep-water current from the western Pacific Ocean is the only deep-water input into the SCS and reaches the deep-sea basin east of the Xisha Islands, from where it flows southward (Liu et al., 2016). The Kuroshio intrusion has a strong influence on surface water masses in the SCS by altering temperature and salinity and contributing to the N and C biogeochemical cycles.
3 MATERIALS AND METHODS
3.1 Sampling
A 3.55-m-long gravity core, G02, was retrieved from the Qiongdongnan Basin in the northwestern continental slope of the SCS (17.572°N, 110.272°E, water depth of 200 m; Figure 1B) in June 2018 by Yuexia Fishery guidance ship 20026, using a gravity corer with an automatic clutch and reverse catcher. After retrieval, the core was split, described, and subsampled in the laboratory. Core G02 shows only minor along-core changes in lithology and sedimentary facies. The lithology is dominated by grey-brown clayey silt with low contents of sand-sized components. The core was subsampled into 1-cm-thick samples, which were stored immediately at −20°C until analysis for organic geochemistry.
3.2 AMS 14C dating of core sediments
Ten milligrams of planktonic foraminifera with intact shells and without black spots were selected from the >63 μm fraction in core samples. These samples were shipped to the Beta Analytic Testing Laboratory (Miami, Florida, United States) for analysis. Raw radiocarbon dates were subsequently transformed into calendar ages using the Calib 8.2 calibration program, which employs the MARINE20 calibration curve (Heaton et al., 2020) with a local marine reservoir age correction (ΔR = −159 ± 49 years). ΔR represents the mean of three site ΔRs from the ocean reservoir database: No. 406 (112.3°N, 16.7°E), No. 407 (112.3°N, 16.4°E), and No. 410 (106.5°N, 10.8°E). An age–depth model was constructed by Bayesian analysis using the Undatable program in Matlab 2016b software (Lougheed and Obrochta, 2019) (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Depth-age model for sediments of core G02. The shaded areas represent the 1σ uncertainties of calendar ages obtained with Undatable software using Bayesian statistical age modelling. (B) Sedimentation rate of core G02.
3.3 Grain-size analysis
Pretreatment of samples was performed prior to conducting grain-size analysis. Samples were reacted in 10% H2O2 for 24 h to remove OM, followed by the addition of 0.5 HCl until biological carbonate was completely removed. Each sample was rinsed several times with ionized water and then treated by adding a dispersant of 0.5% sodium hexametaphosphate solution. The remaining solids were analysed using a Mastersize-2000 laser particle-size analyser. The measurement range was 0.02–2000 µm with a size resolution of 0.01 µm, and the measurement error was within 3% (Xu et al., 2016).
3.4 Analysis of organic matter
Samples were ground to a particle size of <75 μm and then soaked in 0.4 mol/L HCl for 12 h at room temperature to eliminate excess inorganic carbonates. The remaining solids were rinsed four times with deionized water, freeze-dried, and transferred to tin capsules. Analyses of TOC and TN were performed using a Euro EA 3000 elemental analyser with a standard deviation of ±0.02% dry wt (n = 6) for TOC and ± 0.002% dry wt (n = 6) for TN. Analyses of stable isotopes were determined using an elemental analyser/stable isotope ratio mass spectrometer (FLASH EA 1112 series coupled with Thermo Fisher Delta V continuous flow isotopic ratio mass spectrometer) at Center for Isotope Geochemistry and Geochronology, Laoshan Laboratory with a standard deviation of ± 0.1‰ for δ13C and ± 0.1‰ for δ15N (n = 6).
4 RESULTS
4.1 Geochronology of core G02
AMS 14C dating results are presented in Table 1. Interpolation of the results indicates that the earliest (lowermost) sediments deposited in core G02 have an age of ∼8.6 cal kyr BP, with a mean sedimentation rate in the core of ∼40 cm/kyr. Overall, the calculated sedimentation rate is higher in the lower part of the core than in the upper part. A sedimentation rate of ∼180 cm/kyr is calculated for the period 8.6–8.3 cal kyr BP. An abrupt increase in sedimentation rate is observed during 8.3–7.7 cal kyr BP, reaching ∼800 cm/kyr. After that, the sedimentation rate is stable at ∼35 cm/kyr during 7.6–4.2 cal kyr BP and decreases slightly to 15 cm/kyr after 4.2 cal kyr BP (Figure 2B).
TABLE 1 | AMS 14C data from core G02.
[image: Table 1]4.2 Grain-size characteristics
Sediment in core G02 was mainly composed of homogeneous grey to dark-grey clayey silt, which constitutes 63.31%–88.99% of the core, with a mean value of 81.86%. The proportions of sand and clay range from 5.15% to 14.45% and from 4.96% to 14.40%, with mean values of 6.41% and 11.75%, respectively (Figure 3A; Supplementary Table S1). The mean grain size (Mz) of sediments in core G02 varies mainly from 5.8 to 6.4 Φ. The Mz showed a gradual coarsening trend from 8.6 cal kyr BP to ∼5.6 cal kyr BP due to a significant increase of sand content. Then the Mz was relatively stable (fluctuating around 6) from ∼5.6 cal kyr BP to ∼1.4 cal kyr BP followed by a slight increase of amplitude fluctuation over the last ∼1.4 kyr, there is a clear trend of refinement (Figure 3B; Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Temporal variations in mean grain size, sedimentary organic matter (SOM), and lithology in core G02. (A) Sediment size composition; (B) Mean grain size; (C) total organic carbon (TOC); (D) total nitrogen (TN); and (E) TOC/TN ratio.
4.3 Contents of organic carbon and nitrogen
Contents of TOC and TN range from 0.36% to 0.64% and from 0.05% to 0.08%, with mean values of 0.48% and 0.06%, respectively (Figures 3C, D; Supplementary Table S1). The pattern of TN content through the core is similar to that of TOC, with both being uniform in the lower part of the core and showing a small increase in the upper part. Values of δ13C and δ15N for sediments of core G02 range from −21.97‰ to −20.63‰ and from 5.12‰ to 6.25‰, with mean values of −21.20‰ and 5.74‰, respectively (Supplementary Table S1). Both δ13C and δ15N display multi-decadal to centennial fluctuations. δ13C values fluctuate irregularly in the bottom part of the core (355–205 cm core depth) and decrease slowly upwards from 205 to 100 cm core depth (7.3–4.6 cal kyr BP). In the uppermost 100 cm of the core, δ13C values increase sharply during 3.0–1.4 cal kyr BP and then decrease from 1.4 cal kyr BP. The most obvious feature of the δ15N values is the large fluctuations from 113 to 78 cm core depth (4.0–5.0 cal kyr BP), with substantial variation in values below and above the fluctuating interval. Values of TOC/TN for core G02 are quite uniform, ranging from 6.2 to 8.9, with a mean value of 7.4 (Figure 3E; Supplementary Table S1).
5 DISCUSSION
5.1 Provenance of sedimentary organic matter
δ13C and δ15N can be used to identify the source and distribution of OM in sediment (Selvaraj et al., 2015; Ye et al., 2017; Mackensen and Schmiedl, 2019). Because of different photosynthetic mechanisms, the stable isotope δ13C and δ15N values of OM produced by different vegetation types exhibit specific ranges, allowing the sources of OM to be traced in sediment cores (Amir et al., 2021 and references therein). Terrestrial plants are generally divided into C3 and C4 plants. δ13C values for C3 plants range from −30‰ to −23‰ (mean −27‰), whereas δ13C values for C4 plants range from −19‰ to −10‰ (mean −13‰). δ13C values of freshwater plants are close to those of C3 plants, generally ranging from −30‰ to −25‰, and δ13C values of marine phytoplankton range from −22‰ to −19‰. Similar to δ13C, TOC/TN ratios have been used to differentiate the sources of OM. Terrestrial plants contain large amounts of lignin and cellulose, resulting in higher TOC/TN ratios in comparison with marine plants. In general, TOC/TN ratios of C3 plants exceed 15 and TOC/TN ratios of C4 plants exceed 30. OM produced by marine plants has TOC/TN ratios of <8. In addition, bacterial activity can alter TOC/TN ratios by introducing more nitrogen into sediment, with TOC/TN ratios in areas of higher bacterial abundance typically ranging from 4 to 6 (Lamb et al., 2006; Lu et al., 2021).
Controls on the fractionation of C isotopes and on TOC/TN ratios include early diagenesis, clay sorption, and sediment grain size. Fine-grained minerals have a greater ability to adsorb OM owing to their larger specific surface area, and therefore TOC and TN contents are higher in fine-rather than coarse-grained sediments (Zhang et al., 2022). δ13C also vary according to grain-size fraction, and the stable isotope content of the fine-grained fraction is markedly higher than that of the coarse-grained fraction (Kienast et al., 2005). A plot of Mz values of sediment in core G02 versus TOC, TN and δ13C values (Figures 4A–C) reveals substantial scatter, suggesting that sediment Mz has minimal or no effect on TOC, δ13C and is only marginally correlated with TN. The use of TOC/TN ratios of SOM to determine the sources of OM in coastal settings requires consideration of the potential interference of inorganic nitrogen that is adsorbed by clay minerals in the form of NH4+ during deposition, which leads to below-normal TOC/TN ratios. The linear correlation between TOC and TN in core G02 does not have a significant positive TN intercept (Figure 4D), suggesting that inorganic nitrogen may not be an important contribution and that TN more likely reflects the predominant contribution of organic N. In turn, this indicates that the small amount of inorganic nitrogen absorbed by clay minerals is not sufficient to influence the source identification of SOM. It is generally accepted that δ13C is more conservative than TOC/TN ratios in the identification of sources of OM (Hu et al., 2012; Liu et al., 2023). Although early diagenesis has some influence on TOC/TN ratios, the combination of δ13C values and TOC/TN ratios has been effectively applied to constrain OC sources (Liu et al., 2023).
[image: Figure 4]FIGURE 4 | Correlation plots for (A) TN vs. mean grain size, (B) δ13C vs. mean grain size, (C) TOC vs. mean grain size, (D) TN vs. TOC.
Both δ13C values and TOC/TN ratios of core G02 are consistent with the characteristics of marine OM. The distribution of sample data in diagrams of δ13C vs. TOC/TN ratio and δ13C vs. δ15N further indicate that the source of SOM from core G02 was a mixture of in situ generated marine OM and imported terrestrial OM, with a dominant marine authigenic source and a minor amount of terrestrial OM from C3 plants and freshwater phytoplankton (Figures 5A, B). This mixed source appears to reflect the typical pattern of OM distribution in the continental slope; i.e., compared with the continental shelf, the continental slope is further from the estuary and the transport of terrestrial OM to the continental slope is more difficult, meaning that terrestrial OM accounts for a smaller proportion of the core sediment. On the basis of previous studies of the northwestern SCS continental slope, it is hypothesized that terrestrial OM on this continental slope is sourced mainly from the Red River (Wan et al., 2015; Li et al., 2022b). This interpretation is supported by the Red River being the main source of sediments on the northwestern SCS continental slope, and that Red River sediment can be transported to the southeastern Qiongdongnan Basin under surface and gravity-flow transport (Li et al., 2022a). It is generally considered to be difficult for sediments from the Pearl River and Taiwan Island to reach the northwestern SCS owing to the long distance involved, and only small amounts of sediment are transported to the sea from Hainan Island on account of the absence of large rivers on the island (Li et al., 2022a). Combining the above evidence, we consider that the terrestrial OM in core G02 originated predominantly from the Red River.
[image: Figure 5]FIGURE 5 | Organic matter (OM) source discrimination plots. (A) δ13C vs. TOC/TN; (B) δ13C vs. δ15N. Red circles depict core G02 samples from this study. Reference values for various end-members are from Goñi et al. (2003), Lamb et al. (2006), Xia et al. (2015), Ho et al. (2021), and references therein. (POC and DOC denote particulate organic carbon and dissolved organic carbon, respectively).
To obtain a more accurate understanding of the relative proportions of OM derived from marine and terrestrial sources and their temporal trends, quantitative estimation was performed using a δ13C binary mixing model. Such models are commonly utilized in studies of marginal seas to estimate the ratio of OM derived from terrestrial sources (OCT) to OM derived from marine (OCM) sources (Selvaraj et al., 2015; Chen et al., 2017; Zhou et al., 2022; Liu et al., 2023). The formulation is as follows:
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where fM and fT represent the ratios of marine and terrestrial OC within TOC, respectively.
The global average δ13C value of the ocean and oceanic phytoplankton (−20‰) is commonly used as the marine OC endmember (Yu et al., 2021) and was also adopted in this study. Considering that the Red River serves as the primary material source in the northwestern SCS continental slope. Thus, the δ13C value of −26.8‰ for surface sediments of rivers on the Red River Delta was selected as the terrestrial OC endmember (Tue et al., 2019).
The binary model analysis shows that from 8.6 cal kyr BP, the proportion of marine OM ranged from 76.0% to 90.8%, with a mean of 82.3%. From 8.6 to 3.0 cal kyr BP, there was an overall increase in terrestrial input. During 3.0–1.4 cal kyr BP, a sharp decline occurred in the proportion of terrestrial-derived OM, with levels decreasing from 23.6% to 9.2%. From 1.4 cal kyr BP, the proportion of marine autochthonous OM decreased and the proportion of terrestrial OM input showed a slight increase.
5.2 Influence of subsurface water intrusion on δ15N values of sediments in the NSCS
5.2.1 Potential factors affecting δ15N values in sediment
The δ15N value of sediment is highly sensitive to the oceanic nitrogen cycle and can be used to study the process of nitrogen cycling and its controlling mechanisms in the ocean (Gaye et al., 2009; Ren et al., 2012). The supply of nitrogen from various external and internal sources into the EZ, such as atmospheric nitrogen deposition, upwelling, lateral intrusion, and remineralization, modulates the biogeochemical of oligotrophic oceans and complicates nitrogen dynamics in the upper water column (Yang et al., 2017; Li M. et al., 2019). If OM is well-preserved in the sediment, dynamics of nitrogen can leave distinguishable signatures in the time series of the δ15N values. Sediment δ15N values during the Middle Holocene are higher than those of the Late Holocene (Figure 6H). The variations in δ15N values within core G02 may be a function of several independent factors, such as variations in sediment grain size, diagenesis, nitrate isotopic composition, the degree of nitrate utilization, and denitrification (Altabet, 2001; Wang et al., 2022).
[image: Figure 6]FIGURE 6 | Comparison of results for core G02 with those of other environmental proxies. The gray bar and orange bar represent periods of enhanced and weakened Kuroshio Current (KC) intrusion, respectively. (A) Global relative sea level (RSL) (Lambeck et al., 2014); (B) The water temperature difference between layers (∆T(G–P)) of core MD05-2904 (Steinke et al., 2011); (C) The ratio of brGDGTs to isoGDGTs (BIT) results (Wang et al., 2023b); (D–E) abundance of P. obliquiloculata in cores B-3gc and B-255 (Jian et al., 2000); and (F) temporal variation in δ15N within core G02 (this study). PEM = Pulleniatina Minimum Event.
Our analyses reveal that the variation in grain size within core G02 is negligible and that it bears no correlation to changes in δ15N (R2 = 0.02, p<0.05). Therefore, the variability in δ15N values cannot be attributed to variation in particle size. Selective degradation of OM during early diagenesis can change the nitrogen isotope signals of OM. This phenomenon is typically more pronounced in environments with lower sedimentation rates, such as the open ocean (Tesdal et al., 2013). In the present study, core G02 records a shallow water depth of 200 m and a high sedimentation rate of 40 cm/kyr. In this case, the N isotopic signatures of OM can be preserved in sediments with little isotopic alteration during sinking through the water column and subsequent burial. Therefore, in our analysis and interpretation of the δ15N variation in the core, we ignore the potential influence of early diagenesis during sedimentation (Yang et al., 2017).
The utilization of nitrate in seawater has a substantial influence on δ15N values. The assimilation of nutrients by phytoplankton preferentially uses the lighter nitrogen isotope (14N), owing to the Rayleigh fractionation effect, and 15NO3− is utilized only when 14NO3− is deficient (Altabet, 2001). In seawater with sufficient nitrate or strong upwelling, it is difficult for phytoplankton to fully utilize 14NO3−, resulting in negative δ15N values in sediments (Gaye et al., 2013). Previous studies have found that the SCS constitutes a typical oligotrophic oceanic regime and that nitrate is an important limiting control on primary productivity in this sea (Lin et al., 2010; Yan et al., 2022). Hence, nitrate in the NSCS is generally considered to be completely depleted (Takahashi and Hori, 1984; Kienast, 2000; Liu et al., 2020). Consequently, nitrate utilization is unlikely to have regulated the variation in sediment δ15N values in core G02.
In nitrate-depleted water, nitrate in the EZ is almost completely consumed, and phytoplankton are unable to distinguish between 14NO3− and 15NO3−. The δ15N value of OM is governed primarily by the isotopic composition of nitrate in seawater rather than by the nitrogen isotopic fractionation that occurs during phytoplankton uptake (Higginson et al., 2003). Recent research conducted in the NSCS has revealed similar δ15N values for nitrate in the EZ and subsurface layer, demonstrating that subsurface nitrate serves as the primary source of new N to support export production (Yang et al., 2017). The nitrogen isotopic signature of upwelled nitrate in the subsurface may become imprinted on settling particulate organic matter that is ultimately buried in sediment (Yang et al., 2022). This altered nature of subsurface water may explain the variation in δ15N values of core G02 sediments. Denitrification reactions facilitated by denitrifying bacteria are known to influence the δ15N values of subsurface water (Yang et al., 2017). Denitrification is the process by which heterotrophic bacteria convert NO3− to NO2 or N2 under anaerobic conditions and leads to an increase in δ15N values of nitrate in seawater (Li C. et al., 2019). Denitrification is promoted by conditions of higher TOC content, warmer temperature, lower dissolved oxygen, and lower salinity (Kienast, 2000; Guo et al., 2020). Subsurface water in the NSCS is characterized by anoxia and relatively high nitrate content, favouring the occurrence of bacterial denitrification (Yang et al., 2017; Jurikova et al., 2022). Numerous studies have demonstrated that in situ denitrification is responsible for the depletion of dissolved nitrate and the corresponding high δ15N values in subsurface hypoxic water (e.g., Chen et al., 2019; Yan et al., 2022). Therefore, we infer that the variation in δ15N values in core G02 sediments may have been caused by stronger subsurface water denitrification during the Middle Holocene and weaker denitrification during the Late Holocene. It is worth noting that anaerobic ammonia oxidation is coupled to denitrification and may have the same effect on δ15N (Wu et al., 2020), which needs to be further investigated in the future.
5.2.2 Response of sedimentary δ15N values to lateral intrusion of the Kuroshio
Here, we explore the specific drivers of temporal changes in denitrification in the study area. A previous study of the Arabian Sea has shown that the decrease in sediment δ15N associated with denitrification is the low dissolved oxygen concentrations in subsurface waters, with specific mechanisms related to vertical convection between surface water and subsurface waters (Banakar et al., 2005). Strong thermoclines and haloclines prevent the vertical mixing of water, making it difficult for oxygen-rich water to be transported downwards from the surface layer (Chen et al., 2019). Winter monsoon controlled sea surface temperature (SST) and wind strength are the main factors affecting the exchange of surface and subsurface seawater. Strong East Asian winter monsoon (EAWM) increases the depth of the mixed layer, thickens the thermocline and halocline, enhances vertical mixing of surface and subsurface seawater, and increases dissolved oxygen concentrations in the subsurface layer. Weak EAWM leads to shallower thermocline and halocline depth, weak vertical mixing and stronger stratification (Steinke et al., 2010; Zhang et al., 2022). The lack of large-scale upwelling in the northwestern SCS, where seawater stratification is common, suggests that it is possible that the variation in δ15N values in sediments of core G02 has been at least partly controlled by the upper water column stratification (Lin et al., 2010; Wu et al., 2017; Zhu et al., 2020; Wang et al., 2023a). A recent study has reconstructed the upper vertical structure of the SCS during the Holocene using ΔT (water temperature difference between layers) and BIT index (the ratio of brGDGTs to isoGDGTs) (Wang et al., 2023b). A decrease in ΔT and an increase in the BIT index indicate enhanced stratification (Figures 6B, C), as has been identified for the Late Holocene in the NSCS (Steinke et al., 2011). The inferred increase in stratification would have led to a positive shift in δ15N during the Late Holocene, which contradicts our results for core G02. This suggests that other factors have influenced the intensity of seawater denitrification in the subsurface water of the NSCS during 7.3–4.8 cal kyr BP, which exceeded the variation in δ15N caused by ventilation between the upper and lower water layers.
Besides vertical surface and subsurface ventilation, lateral intrusion can also affect denitrification. Bulk sediment δ15N records from modern water column denitrification zones like the eastern tropical Pacific show strong links between hydrography and denitrification rates (Dubois et al., 2011). Hydrographic variability in the NSCS is influenced predominantly by the western Pacific Ocean (Du et al., 2021; Yang et al., 2022). In particular, the nature of the surface and subsurface waters of the NSCS depends on the intensity of intrusion of the Kuroshio Current through the Luzon Strait (Liu et al., 2016). The lateral intrusion of the Kuroshio Current affects heat and salinity in the SCS, and also the biogeochemical cycling of N and C owing to the low salinity and high content of dissolved OC in Kuroshio water (Yan et al., 2022). Although few studies have examined the evolution of the Kuroshio intrusion in the NSCS, especially regarding the intensity and location of the intrusion (Du et al., 2021; Yang et al., 2022), It has been shown that the geochemical record of northern continental slope of the SCS is strongly influenced by the intensity of the Kuroshio (Li et al., 2021; Wang et al., 2023a). Records from cores B-3gc and B-255 from the western Pacific Ocean show a pronounced increase in the abundance of the planktonic foraminifer P. obliquiloculata, a marker species of the Kuroshio Current, at 7.3 cal kyr BP, followed by an abrupt decrease at ∼4.6 cal kyr BP—Termed as the Pulleniatina Minimum Event (Figures 6D, E; Jian et al., 2000). In addition, Du et al. (2021) reported a westward shift and intensification of the Kuroshio Current in the Middle Holocene. A marked positive shift in δ15N values is recorded in our core G02 before ∼4.8 cal kyr BP (Figure 6H), which coincides with enhanced Kuroshio intrusion, and δ15N values become negative for the period 4.8–4.2 cal kyr BP, corresponding to weakening of the SCS branch of the Kuroshio Current intrusion. These results suggest a causal link between intrusion of the Kuroshio Current and variations in δ15N.
Intrusion of the Kuroshio Current into the NSCS occurs predominantly as subsurface water, with minimal surface water intrusion (Xu et al., 2018). In contrast to the high level of dissolved oxygen in the subsurface layer of the NSCS, the Kuroshio Current has very low levels of dissolved oxygen in the subsurface layer (Hosoda et al., 2021). Before 4.8 cal kyr BP, the intrusion of the high-salinity, low-oxygen Kuroshio Current into the NSCS intensified, reducing the dissolved oxygen concentration of NSCS subsurface water over the northwestern continental slope of the SCS via exchange. In addition, the nitrate supplied by the current resulted in an increase in the abundance of denitrifying bacteria. Although vertical ventilation may be stronger during this period compared with 4.8–0 cal kyr BP, the more pronounced Kuroshio intrusion is inferred to have led to higher δ15N values in NSCS subsurface water and therefore also affected the sediment nitrogen isotope composition. Unfortunately, few studies have examined subsurface nitrate in the SCS branch of the Kuroshio Current. Further seasonal field studies on water column nitrate and its stable isotope composition should be conducted to determine the spatial variations in nitrate isotope compositions and the exact mechanisms by which invasion of the Kuroshio Current influences the biochemical cycling of nitrogen in the NSCS.
5.3 Control of variation in δ13C by the monsoon
Previous research on the SCS has revealed that the geochemical record of OC during glacial-interglacial cycles is primarily influenced by climate change manifested by variations in monsoon intensity, on shorter time scales, the interannual variability is predominantly attributed to changes in upwelling and circulation strengths, which are primarily associated with the monsoon and El Niño (Liu et al., 2002). The composition of OC in the marginal marine environment is governed by the relative proportions of contributions from terrestrial and marine sources (Yang et al., 2011). δ13C exhibits a fluctuating but negative trend in core G02 after ∼8.6 cal kyr BP, indicating an increase in the proportion of terrestrial OC or a decrease in the proportion of marine OC. Since 8.6 cal kyr BP, the NSCS has undergone minimal sea-level change (Zong, 2004), effectively ruling out the possibility of sea-level-induced changes in terrestrially sourced input. In addition, the Mz of core G02 did not change significantly during the Middle Holocene, suggesting little change in the transport capacity of currents. We hypothesize that the changes occurring after 8.6 cal kyr BP are more likely to be influenced by monsoon variations, as inferred from various paleoclimate records from monsoonal regions elsewhere. There are two monsoon-related possibilities to explain these changes: increased OM inputs to the river and a decrease in marine biomass production.
The productivity of tropical marine areas is primarily controlled by the supply of nutrients in the upper layer of seawater. In regions with higher average water temperatures, the thicker thermocline makes it difficult for nutrients to reach the upper layer of seawater, thereby reducing marine productivity. In areas with more pronounced seasonal variations, the lower SST in winter weaken the stratification of seawater, leading to algal blooms. Therefore, changes in temperature can affect the structure of seawater and subsequently impact marine productivity (Ge et al., 2019). Additionally, surface wind patterns can also influence the structure of the upper water column. Generally, higher wind speeds at the sea surface result in stronger mixing of seawater, leading to higher primary productivity (Li et al., 2021). Marine primary productivity in the NSCS has obvious seasonal characteristics. Liu et al. (2002) using SeaWiFS data and shipboard data revealed that the primary production of the whole basin has a strong peak in winter and a slightly weaker peak in summer, which is mainly controlled by the EAWM and East Asian summer monsoon (EASM).
Variations in the strength of the Holocene EAWM and EASM on multiple time scales have been investigated using various records, including marine sediments, stalagmites, and lake sediments (Jing et al., 2009; Wang et al., 2010; Sandeep et al., 2017; Band et al., 2018; Li et al., 2018; Li et al., 2022). Huang et al. (2011) found that the EAWM has weakened significantly since the Holocene, using the east-west SST gradient record from the NSCS (Figure 7A); Steinke et al. (2011) reached the same conclusion using the SST gradient between surface and thermocline waters (Figure 7B). The stalagmite δ18O record from Dongge Cave shows that a long-term gradual weakening of the EASM intensity starting at around 8.0 cal kyr BP (Figures 7C, D; Dykoski et al., 2005; Wang et al., 2005). In a word, since the Holocene, especially since the Middle Holocene, both EAWM and EASM have shown a weakening trend. We therefore suggest that the decrease in the proportion of marine OC before ca. 3.0 cal kyr BP is related to the decline in marine primary productivity under East Asian monsoon control.
[image: Figure 7]FIGURE 7 | Comparison of EAWM, EASM and ISM proxy records with δ13C records from GO2 cores during the last 8.6 cal kyr BP. (A–B) EAWM proxies in South China Sea including SST gradient between west and east (Huang et al., 2011) and between surface and thermocline waters (Steinke et al., 2011); (C) δ18O record of Dongge Cave stalagmite (Dykoski et al., 2005); (D) δ18O record of Dongge Cave stalagmite (Wang et al., 2005); (E) δ18O of Qunf Cave stalagmite (Fleitmann et al., 2003); and (F) δ13C vs. depth for core G02.
The decrease in δ13C continued until approximately 3.0 cal kyr BP and was followed by a rapid increase in δ13C values during 3.0–1.4 cal kyr BP. The pronounced increase in δ13C suggests an increase in the proportion of marine OM and a corresponding decrease in the contribution of terrestrial OM during this period. By this time, the EAWM have stabilised, so marine productivity is unlikely to be the main cause of the decline in the proportion of OC from terrestrial sources. The summer monsoon was still in a weakening phase (Huang et al., 2016; Huang et al., 2018), and indeed many studies suggest that it was not until 5.1 cal kyr BP that the Indian summer monsoon began to weaken at an accelerated rate (Fleitmann et al., 2003; Kohn, 2010; Chen et al., 2015; Griffiths et al., 2020). We believe that the decrease in monsoon precipitation due to the continued weakening of the summer monsoon led to a decrease in the flow of the Red River, which affected the transport of Red River material to the ocean and further led to a decrease in the proportion of terrestrial OC, which was also reflected in the sediment sedimentation rate.
5.4 Human disturbance over the past 1400 years
The negative shift in the trend of δ13C values in the Late Holocene part of core G02 and the marked increases in TOC and TN content are interpreted as reflecting an increase in the input of terrestrial OM. Results based on the binary mixing model show that the proportion of terrestrial OC starts to increase after about 1.4 cal kyr BP, increasing from 9.2% to 17.2% of TOC (Figure 8A). A significant weakening trend in the Indian summer monsoon during the Late Holocene has been identified by several studies using data from lake sediments, stalagmites, and other proxies (Fleitmann et al., 2003; Wang et al., 2005; Chen et al., 2015), implying that the increase in terrestrial OC at that time cannot be attributed to strong monsoonal precipitation.
[image: Figure 8]FIGURE 8 | Comparison of the record of core G02 with other records for the period since 7000 cal yr BP. The vertical gray band indicates the period dominated by human activity. (A) Temporal variation of the proportion of terrestrial organic carbon in TOC in core G02; (B) chemical index of alteration (CIA) (orange line) and kaolinite/illite (K/I) (blue line) of cores from the terrestrial northwestern Southeast Qiong basin (Wan et al., 2015); (C) enrichment (enrich) factor of As for core 337PC from the northwestern Southeast Qiong basin (Wan et al., 2015); and (D) pollen record of the Erhai Sea (Shen et al., 2006) (purple points and line) and temporal change in the population of ancient/historical China (Li et al., 2009b) (yellow line).
Over the past ∼1.4 kyr, temporal variation in terrestrial OC content is consistent with temporal patterns of the chemical index of alteration, the kaolinite/illite ratio, the charcoal record from the Red River delta, and the population in ancient China (Figures 8B, D). We interpret that human activity dominated the variation in input of terrestrial OM after 1.4 cal kyr BP. The population increased steadily during the Late Holocene, and it is known from archaeological information that large-scale human migration from southern China into the lower reaches of the Red River occurred after approximately 2.0 cal kyr BP (Li et al., 2009a; Wan et al., 2015). Prior to this time, fishing and foraging were the main modes of production, whereas the southward migration of population corresponded to the introduction of the use of iron and farming techniques that greatly increased the ability to transform natural environments, primitive agriculture characterized by slash-and-burn cultivation and shifting cultivation began to develop, and metal mining and smelting also developed in parallel, as shown by the record of sulphur-related metallic elements (e.g., As) and their enrichment factors (Figure 8C). Human activity may have affected terrestrial OC inputs in two ways. First, the exposure of rocks by deforestation, farming, and mining stimulated more intense chemical and physical weathering, with eroded products being transported as sediments into marginal seas by rivers. Second, humans may have produced more OM by growing crops, and this OM was transported to marginal seas by rivers (Strong et al., 2013; Huang et al., 2018).
It is noted that the grain size of core G02 shows a clear fining trend through the Late Holocene (Figure 3A), suggesting that the transport capacity of overland flow decreased and that the intensity of the monsoon weakened (Wang et al., 2021). Fine-grained sediments play an influential role in the transport and burial of OM (Goñi et al., 2008; Wang et al., 2021). Accordingly, we propose that fine-grained sediments also contributed to the increase in terrestrial OM content in core G02 during the Late Holocene. The increase in terrestrially sourced OM content started to stabilize at approximately 500 cal yr BP. We speculate that this change corresponds to the effects of the Little Ice Age, a major cooling event that occurred during 550–150 cal yr BP, when temperatures reached their lowest point during the last 10,000 years (Chen et al., 2015; Fan, 2023). This event may have resulted in reduced plant growth in the Red River basin, thereby slowing the increase in terrestrial OM input, as recorded in core G02.
In summary, we interpret that the impact of human activity on OM production in the Red River basin has increased since 1.4 cal kyr BP but that climatic variation has also been influential. The relative importance of these two factors needs to be more closely investigated in future studies.
6 CONCLUSION
The high-resolution (∼24.2 years) multi-proxy analyses including grain size, TOC, TN, and stable isotopes (δ13C and δ15N) of a 355 cm sediment core (G02) collected from the northwestern continental slope of the SCS reveal the role of local or remote forcing factors in controlling δ13C and δ15N variations since the past ∼8600 years. Values of δ13C and C/N indicate mixed marine and terrestrial sources of OM in the studied core. A δ13C binary mixing model reveals that the source of OM in core G02 is mainly marine OM (82.3 ± 3%), with the remainder being terrestrial OM. Variations in δ13C and δ15N throughout the core are poorly correlated, suggesting that C and N isotopes respond to different factors. Through the period 8.6–4.6 cal kyr BP, δ15N values of core G02 increased substantially. After excluding several potential determinants of change in δ15N values, we infer that this change reflected an increasing degree of intrusion of low-oxygen subsurface water by the Kuroshio Current into the NSCS. The low-oxygen environment enhanced the denitrification of bacteria and resulted in positive δ15N values of SOM. The continuous weakening of the East Asian monsoon and Indian summer monsoon resulted in negative δ13C values during 8.6–3.0 cal kyr BP and positive δ13C values during 3.0–1.4 cal kyr BP in the G02 core sediments, respectively. Since 1.4 cal kyr BP, human activity has played an increasingly important role in governing OC production and burial.
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Introduction: The Holocene mud deposits that extend from the Yangtze River mouth to the Taiwan Strait along the Zhejiang–Fujian coast, East China Sea (ECS), have attracted considerable research attention. However, there is a lack of consensus regarding the redistribution flux of Yangtze River sediment after it enters the sea. There are many bays along the Zhejiang and Fujian coasts, but their role in the source–sink process of Yangtze River sediment is not well-documented owing to limited data.
Methods: In this study, data from shallow seismic profiles, core samples, and surface sediment samples were analysed to assess the role of Sanmen Bay, the second largest bay in Zhejiang Province, in the source–sink process of Yangtze River sediments.
Results: The results showed that Sanmen Bay is an important sink for Yangtze River sediments. The characteristics of the clay minerals indicate that the fine-grained sediments in Sanmen Bay are mainly derived from Yangtze River sediments. The thickness of Holocene deposits in Sanmen Bay ranges from 8.2 to 32.0 m, with an average of 23.4 m and a total sediment volume of 5.06 × 104 Mt, accounting for 1% of Yangtze River sediment in this time period. The Bayesian age-depth model based on borehole accelerator mass spectrometry (AMS) 14C dating shows that a high sedimentation rate occurred in the early and late Holocene but decreased significantly in the mid-Holocene, which is similar to that of the inner shelf of the East China Sea (ECS).
Conclusion: The variation in the Holocene sedimentation rate in Sanmen Bay is related to the southward transport process and mechanism of Yangtze River sediments. The results of this study provide a basis for understanding the source–sink process of sediment in large rivers.
Keywords: Sanmen Bay, Holocene, Yangtze River, seismic profiles, sediment budget
1 INTRODUCTION
Since the Holocene, mud has accumulated on continental shelves under various environmental conditions, resulting in the formation of diverse mud depocenters (Hanebuth et al., 2015; Porz et al., 2021). Owing to their high deposition rate and the stable sedimentary environment, high-resolution environmental evolution information of the Holocene has been recorded and widely used to study climate change, source–sink processes, and sea–land interactions (Liu et al., 2020; Liu et al., 2023). Mud depocenters represent sinks of major offshore sediments on modern continental shelves. Mud deposits are not as stable and uniform as expected and require more detailed study (Gao and Collins, 2014; Porz et al., 2021).
Holocene mud deposited along the Zhejiang–Fujian coast has attracted considerable research attention. In the past decade, numerous studies have focused on its spatial distribution, sediment transport and provenance, paleoclimate reconstruction, and paleomonsoon evolution and formation mechanisms (Liu et al., 2006; 2007; Qiao et al., 2017; Dong et al., 2021). These studies made considerable contributions to understanding the mud belt.
The sediment flux of the Yangtze River into the sea is controlled by multiple factors, including precipitation in the Yangtze River Basin, the development of the Yangtze River Delta, and human activities (Feng et al., 2016; Dong et al., 2021). Sediment from the Yangtze River on the ECS shelf is characterised by a pattern of “summer storage and winter transport.” The summer monsoon contributes more than 80% of the annual precipitation (Wang et al., 2011), and sediment carried by river runoff is mainly deposited in estuaries during this period (Feng et al., 2016). The impact of the diluted water from the Yangtze River on the coasts of Zhejiang and Fujian is weak (Wu et al., 2013). From late September to April, following the summer monsoon, the winter monsoon drives coastal flow along Zhejiang and Fujian, carrying suspended material from the Yangtze River from north to south (Qin et al., 1987; Lee and Chao, 2003). Therefore, the sediment flux of the Yangtze River into the sea is unlikely to be the main factor controlling sedimentary evolution in the mud deposit area south of the Yangtze River Delta (Shi et al., 2022). Instead, coastal flow controlled by the East Asian winter monsoon is more likely to be the primary driving force for transporting nearshore sediments, and it plays a fundamental role in the formation of mud depocenters on the eastern China continental shelf (Shi et al., 2022). The strength of the winter monsoon directly determines the transport capacity of resuspended fine particles from the mouth of the Yangtze River southward (Zheng et al., 2014). The formation of the Zhejiang and Fujian coastal flows preceded the formation of the mud deposits during the mid-Holocene (Li and Zhang, 2020), indicating the existence of other decisive driving factors. In addition to coastal flow, the Taiwan Warm Current/Kuroshio branch plays a crucial role in the exchange of materials and energy in the ECS shelf (Hu et al., 2015). The intensity of the Kuroshio has changed significantly during the Holocene (Jian et al., 2020), and the combined effect of the Kuroshio branch and the Zhejiang and Fujian coastal flows is also likely to change, making it unclear what role they played in the migration of the mud depocenter. Furthermore, the redistribution flux of Yangtze River sediment after it enters the sea remains uncertain (Liu et al., 2007). The bay is an important sink for Yangtze River sediment in the nearshore area. There are many bays along the Zhejiang and Fujian coasts, including the Hangzhou, Xiangshan, Sanmen, Taizhou, and Wenzhou Bays. However, there is a lack of research on the sediment flux and capture mechanisms of nearshore bays during the transport process of Yangtze River sediment along the Zhejiang and Fujian coasts.
As the second largest bay in Zhejiang Province, Sanmen Bay has seen achievements in water quality, biology, ecology, hydrodynamics, and land reclamation (Dong and Cao, 1996; Peng, 2013); however, there are few reports on the evolution of sedimentary environments in this area. In this study, based on recent data from shallow seismic profiles, geological drilling, and surface sediment sampling in Sanmen Bay, we aimed to analyse the sedimentary stratigraphy, provenance, sediment flux, and sedimentary genesis mechanism since the beginning of the Holocene and explore the role of Sanmen Bay in the source–sink process of the Yangtze River sediment. The findings of this study reveal the sediment flux patterns of the source–sink process in Sanmen Bay and provide a basis for understanding sediment mechanisms in other large rivers.
2 MATERIALS AND METHODS
2.1 Geological setting
Sanmen Bay is the second largest bay in Zhejiang Province, located in the middle part of China’s ‘golden coastline’ and in the centre of the national coastline, with a sea area of 775 km2 (Editorial Board of Annals of Bays in China, 1992). It is a structural bay mainly influenced by its location in the Cathaysian fold belt of the South China fold system in the southeast of the Jiangshan-Shaoxing deep fault. Tectonic changes since the Mesozoic are mainly composed of fault deformation, and a fold structure has not developed. Mesozoic volcanic and pyroclastic rocks are widely distributed, and Middle and Upper Neozoic basalts are locally developed. Quaternary continental and coastal facies were the main deposits in the estuary and bay plains. Since the Quaternary, at least three large-scale transgressions have occurred in the study area. The transgression was the largest since the sea level reached its current level approximately 7000 years ago (Peng, 2013).
The landform around Sanmen Bay is mainly hilly, with a catchment area of 3160 km2. The Jiao River Mountain in the southwest of Sanmen Bay is the highest in elevation, with its main peak Huangxi Liang reaching 882 m above sea level. More than 30 rivers entering the bay are short mountain streams with an annual average runoff of 26.8 × 108 m3. Most sediment entering the sea is coarse-grained material that accumulates in the riverbed above the mouth of the river and gradually develops into small flood- and alluvial plains. Sanmen Bay has a wide sea area; the water depth is generally 5–10 m, and the underwater geomorphology mainly includes plains, scour troughs, and tidal channels. The sediment is composed mainly of clayey silt and silty sand. Clayey silt covers most of the bay and is mainly distributed on a broad tidal flat at the top of the bay. The sediment is coarser at the top of the inlet and gradually becomes finer in the bay owing to stream injection (Editorial Board of Annals of Bays in China, 1992).
Sanmen Bay is a typical semi-closed bay with strong tides and many backstreams, an average tidal range of 4.25 m, and a maximum tidal range of 7.75 m. The tide is a regular semidiurnal tide, and the tidal current reciprocates. Generally, ebb velocity is higher than flood velocity. The maximum flood and ebb velocities are 153 and 200 cm/s, respectively (Yang and Chen, 2007).
2.2 Shallow seismic profiles
In April 2019, 310 km of high-resolution shallow seismic profiles were acquired in Sanmen Bay using a seismic profiling system (CSP-D2400; Subsea Technologies, Aberdeen, United Kingdom) (Figure 1). Seismic reflection data were collected at a pulse energy of 750 J and a frequency band of 100–5000 Hz. High-resolution seismic profiles of 1100 km in the ECS were obtained using a seismic profiling system (SBP/AAE; Great Yarmouth, United Kingdom) in 2012 and 2013. Seismic data were collected at a pulse energy of 500 J and a frequency band of 500–5000 Hz. During the cruises, navigation was accomplished using several differential GPS devices, which were accurate to within 5 m, and the ship speed was generally less than 9 km/h (five knots).
[image: Figure 1]FIGURE 1 | (A) Bathymetry, regional circulation pattern (in winter) and (B) locations of seismic profile (black lines), surface sediments of sea area (black circles), floodplain (red circles), mountain area (red stars), and boreholes (yellow squares) in Sanmen Bay, and boreholes on the inner shelf of East China Sea (black squares). The black dotted line separates Sanmen Bay and the inner shelf of the East China Sea. KC, Kuroshio Current; TC: Tsushima current; YSWC, Yellow Sea Warm Current; TWC, Taiwan Warm Current; YSCC, Yellow Sea Coastal Current; KCC, Korean Coastal Current; ECSCC, East China Sea Coastal Current). The base map was drawn using GMT software (Wessel and Smith, 1995), and elevation data was from http://www.ngdc.noaa.gov/mgg/global/global.html.
Interpretation of the shallow seismic profile followed the principles of sequence and seismic stratigraphy. Depositional sequences and bounding surfaces (onlap, downlap, truncation, and toplap) were identified based on the reflector characteristics of the seismic data. For all time-depth conversions, an acoustic velocity of 1600 m/s was used for sedimentary successions.
2.3 Core data
Cores GC03 and GC14 were recovered from the tidal flat of Sanmen Bay using rotary drilling from May to June 2019 (Table 1). The study area was covered by ZJCORS. ZJCORS is the Zhejiang Continuous Operation Satellite Positioning Integrated Service System. Its goal is to establish a global navigation satellite system with high accuracy, high temporal and spatial resolution, high efficiency, and high coverage. This system provides convenient, fast, and accurate positioning of drilling locations and elevations. Core positioning and elevation measurements were carried out using a Zhonghaida C30 GPS with a positioning accuracy greater than 10 cm and an elevation measurement accuracy greater than 5 cm. Two cores were drilled consecutively into medium-weathered bedrock. Core GC03 was collected from Shepan Island at an elevation of 3 m, with a length of 80 m and an average recovery of 89%. Core GC14 was collected from Changjie Town at an elevation of 1.88 m, with a length of 105.5 m and an average recovery of 93.1%.
TABLE 1 | Details of the sediment cores described in this study.
[image: Table 1]In the laboratory, the cores were split lengthwise, visually described, photographed, and subsampled. Gastropods and unbroken shells, including oyster shells, were selected and sent to Beta Analytic (Miami, FL, United States of America) and the Testing Centre of the Laoshan Laboratory (Qingdao, China) for accelerator mass spectrometry (AMS) 14C dating (Table 2). Radiocarbon ages were corrected for fractionation by δ13C values measured simultaneously and for the regional marine reservoir effect (△R = −66 ± 30 a), which was calculated according to the reservoir ages of mollusc shells from six samples from the northern coast of Taiwan Island (Yoneda et al., 2007). Calendar ages were calculated with the Calib rev. 8.1.2 program using the Marine20 curve (Stuiver et al., 2020) and are reported as calendar 14C ages before 1950 CE with one standard deviation (1σ) uncertainty.
TABLE 2 | Accelerator mass spectrometry (AMS)14C ages for cores GC03 and GC14.
[image: Table 2]A total of nine samples from cores GC03 and GC14 were collected for optically stimulated luminescence (OSL) dating of quartz using a Daybreak 2200 thermoluminescence (TL)/OSL reader (Daybreak Nuclear and Medical Systems, Guilford, CT, United States of America) at the Testing Centre of the Qingdao Institute of Marine Geology (Table 3). To determine the equivalent dose (De), the medium-grainde (38–63 μm size) qutartz fraction was separated from all the samples (Lai and Brückner, 2008). The De was determind using the single aliquot regenerative (SAR) standardized growth curve (SGC) method (Roberts and Duller, 2004) with an automated Risø TL/OSL-DA-20 reader. All samples showed high OSL sensitivity and stable OSL signals. The concentrations of K, U, and Th were measured using inductively coupled plasma mass spectrometry (ICP-MS) and converted into dose rates based on data from Aitken (1998) and Marsh et al. (2002).
TABLE 3 | Optically stimulated luminescence (OSL) dating results for cores GC03 and GC14.
[image: Table 3]Subsamples in core GC03 were taken at 20-cm intervals for grain-size analysis and measured using a Malvern Mastersizer 2000 laser particle size analyser (Malvern Panalytical, Malvern, United Kingdom) at the Center of Testing, Qingdao Institute of Marine Geology, China. The upper 23-m sediments of core GC03 were taken at 180- to 200-cm intervals for clay minerals (Table 4) at the Center of Testing, Qingdao Institute of Marine Geology, using a D/Max-2500 X-ray diffractometer, see detail in Guang et al. (2022).
TABLE 4 | Assemblages and percentage of clay minerals in Holocene sediments of core GC03 (unit:%).
[image: Table 4]We referenced two well-studied cores from the ECS, ECS-1302 and ECMZ, for comparison (Dong, 2018; Liu et al., 2023).
2.4 Surface sediments
A total of 78 surface sediment samples were acquired from Sanmen Bay in September 2019, including 71 from sea areas, 3 from floodplains, and 4 from mountainous areas (Figure 1). Surface sediments (0–5 cm) were used for analyses of grain size and clay mineral content, which were conducted at the Testing Centre of the Qingdao Institute of Marine Geology using a Mastersizer-2000 laser particle analyser (Malvern Panalytical) and a D/Max-2500 X-ray diffractometer (Rigaku), respectively (Guang et al., 2022).
3 RESULTS
3.1 Seismic stratigraphy (transgressive surface and holocene deposits) shallow seismic structure
Based on the identification of the shallow seismic profile interface, characteristics of the seismic reflection wave groups, and internal reflection structure, three reflection interfaces were recognised, denoted T0, R, and T1, in descending order (Figures 2, 4). Compared with previous geological and geophysical records from the Yangtze River deposits (Liu et al., 2006; Liu et al., 2007) and other similar deltaic deposits of the Yellow (Liu et al., 2004; Liu et al., 2007) and Po rivers (Cattaneo et al., 2003), the prominent acoustic reflector, T1, appears to be the base of the post-glacial transgressive surface, which apparently formed due to rapid landward transgression during rapid sea-level rise (Liu et al., 2004). Meanwhile, R is the internal interface, and T0 is the seafloor.
[image: Figure 2]FIGURE 2 | Part of the typical seismic profiles at the top (A,B) and mouth (C,D) of Sanmen Bay. R is an internal unconformity surface, which can be clearly recognised. Note: Figure 1 shows the location of the profile. TWTT, two-way travel time.
Based on the internal reflection patterns, the deposits in the study area were divided into two parts: Sanmen Bay and the inner shelf of the ECS. In Sanmen Bay, the seismic unit above T1 is a set of reflection layers with a high frequency and amplitude. At the top of Sanmen Bay, an internal unconformity surface, R, can be identified with strong amplitude, medium and strong reflections, and good continuity; however, it cannot be traced continuously throughout the area and is difficult to correlate with the various seismic profiles. Locally, the strata exhibit a concave or divergent filling reflection structure below the R surface (Figures 2A, B). Reflector R was not easily identified at the entrance to Sanmen Bay (Figures 2C, D). The lack of a well-studied core penetrating these seismic profiles makes it difficult to determine the formation time of interface R or whether R is the Holocene maximum flooding surface (MFS). The thickness of the seismic unit between T1 and T0 ranges from 8.2 to 32.0 m, with an average of 23.4 m (Figure 3). In Sanmen Bay, there are two deposition areas with thicknesses of more than 28 m in the north and south. The unit below T1 mainly shows chaotic reflection (Figure 2) and parallel-to-subparallel or undulating reflection, which was not the focus of the present study.
[image: Figure 3]FIGURE 3 | Isopach of the seismic unit between T0 and T1 (unit: m), divided into two parts (Sanmen Bay and the inner shelf of East China Sea).
On the inner shelf of the ECS, the seismic unit above T1 mainly shows predominant sigmoidal clinoform deposits (Figure 4), which have been well-studied in previous research (Liu et al., 2006; Liu et al., 2007; Xu et al., 2012). In this area, the clinoform thins offshore to the east, reaching a depocentre of more than 28 m to the south (Figure 4A). Close inspection of many clinoform profiles reveals a rather complex inner structure. In the south, an angular unconformity surface, R, separates the upper flatter and opaque layers from the lower relatively dipping and transparent layers (Liu et al., 2007; Xu et al., 2012). The AMS 14C dates in the ECMZ core indicated that R was formed at 2 ka (Dong, 2018). In the north, the 2 ka angular unconformity surface is not easily recognised (Figure 4B), but another internal reflector, R, which represents the Holocene MFS, can be identified according to the AMS 14C dates of ECS-1302 (Liu et al., 2023), with the upper strata downlapping onto the MFS.
[image: Figure 4]FIGURE 4 | Part of the W–E seismic profiles passing through cores ECMZ (A) and ECS-1302 (B). The internal angular unconformity surface R in core ECMZ (A) was formed at 2 ka (Dong, 2018). The internal unconformity surface R in core ECS-1302 (B) represents the maximum flooding surface (Liu et al., 2023). Note: Figure 1 shows the location of the profile. TWTT, two-way travel time.
3.2 Lithofacies associations and dating of cores
Based on the lithological facies, sediment colour, AMS 14C, and OSL dating data, and the focus of the current study (Figure 5), cores GC03 and GC14 are mainly divided into Holocene deposits and pre-Holocene deposits (Figure 6), of which Holocene deposits are the focus of this study.
[image: Figure 5]FIGURE 5 | Core sediment in GC03 (A) and GC14 (B); 8.8 and 9.2 m in core GC03 are shell and oyster layers, respectively. The yellow dotted line separates the Holocene and pre-Holocene deposits.
[image: Figure 6]FIGURE 6 | Geological column of cores GC03 (A) and GC14 (C) with accelerator mass spectrometry (AMS) 14C and optically stimulated luminescence (OSL) dates and distribution of mean grain size (Mz) and sediment contents of core GC 03 (B).
In core GC03, 0–2.8-m deposits were backfill soil. The 2.8–23.6-m deposits were mainly composed of deep grey clayey silt with uniform lithology and occasionally black carbonaceous spots, and they contained a large number of shell fragments and complete snail and oyster shells, especially in the 8.7–10.0-m depositional section of the core. The deposits between 8.8 and 9.2 m in core GC03 were shell and oyster layers (Figure 5A). There were seven AMS 14C dating datasets with good sedimentary sequences, which were between 314 and 8712 cal a BP. Combined with the sedimentary facies and in comparison with the well-studied cores in the ECS, this section is recognised as a Holocene deposit. This section is separated from the underlying section by an erosional surface (Figure 5B). The underlying section (23.6–80 m) is mainly characterised by clayey silt, with the upper section being a deep yellow-grey and cyan-green hard clay layer, and the area 3–6 m below 49 m being composed of four coarse sand and gravel layers (Figure 6A). The OSL dating data in this section ranged from 20.4 ± 1.4 ka to 114.1 ± 12.8 ka, indicating that this section represents a pre-Holocene deposit.
In core GC14, the 0–2.0-m deposits were backfill soil. The 2.0–14.2-m deposits were deep grey clayey silt with uniform lithology, occasional black carbonaceous spots, many shell fragments, and relatively complete snails. There were six AMS 14C dating datasets with good sedimentary sequences, which were between 1352 and 7743 cal a BP. Combined with the sedimentary facies and in comparison with the well-studied cores in the ECS, this section is recognised as a Holocene deposit. This section is separated from the underlying section by an erosional surface (Figure 5B). The underlying section (14.2–105.5 m) is mainly characterised by clayey silt, with the upper section being a deep yellow-grey and cyan-green hard clay layer, and the area 2–5 m below 60 m being composed of three coarse sand and gravel layers (Figure 6B). The OSL dating data in this section ranged from 31.5 ± 1.3 ka to 86.8 ± 3.5 ka, indicating that this section is a pre-Holocene deposit.
3.3 Holocene sedimentation rate in sanmen Bay
Accurate dating of sediments forms the fundamental basis of sedimentology in coastal settings. Dating sediments in coastal areas remain challenging due to the extremely complex sediment transport and deposition processes in fluvial-marine transition zones. A general stratigraphic framework of cores GC03 and GC14 was identified based on sedimentary structures and facies, grain size, and comparison with other well-studied cores from adjacent areas (Figure 6). Thirteen AMS 14C datings are shown in Table 2, ranging from 314 to 8712 cal a BP in core GC03 and 1352–7743 cal a BP in core GC14, which were in good stratigraphic order and did not appear age-reversed. Nine OSL datings are shown in Table 3, ranging from 20.4 ± 1.4 ka to 114.1 ± 12.8 ka in core GC03 and 31.5 ± 1.3 ka to 86.8 ± 3.5 ka in core GC14, which were also in good sedimentary succession. The AMS 14C dating and OSL dating in Sanmen Bay exhibited good stratigraphic order and did not occur age-reversed, which may be due to the relatively stable sedimentary environment in the bay.
The P sequence age-depth modelling (Bronk Ramsey, 2008; Bronk Ramsey, 2009) for Holocene sediments of cores GC03 and GC14 was performed using OxCal 4.4 (https://c14.arch.ox.ac.uk/), which uses a Bayesian approach in which sediment deposition is modelled as a Poisson process. Parameter (k) determines the extent to which the sedimentation rates (SR) are allowed to vary. For all the P-sequence models in this study, a uniformly distributed prior was used for k, such that k0 = 1 and log10 (k = K0) ∼ U (−2, 2). This age-depth method using Bayesian modelling has been widely applied to continental shelf marine sediment chronology. We chose this method because it can provide a more reliable chronology with wider applicability and offers the advantage of sensing small variations in the accumulation rate (Zhang et al., 2022; Yuan et al., 2023).
According to the age-depth relationship results (Figure 7), the SR of the Holocene can be divided into three phases: high SR in the early Holocene, up to 0.60–1.41 cm/yr in core GC03 and 0.62–1.20 cm/yr in core GC14, and high SR in the late Holocene, up to 0.66 and 0.45 cm/yr in the two cores, respectively. Low SR occurred during the mid-Holocene, approximately 0.04 and 0.03 cm/yr in cores GC03 and GC14, respectively. Although both cores showed the same trend of sedimentary rate, the SRs of core GC03 were higher than those of core GC14.
[image: Figure 7]FIGURE 7 | Bayesian age-depth model of cores GC03 (A) and GC14 (C) and the sedimentation rate for the two cores (B,D) of the Holocene sediment.
4 DISCUSSION
4.1 Sediment source analysis
The grain size of surface sediments in Sanmen Bay ranges from 5.6 to 7.6 Φ, with an average of 6.87 Φ (Guang et al., 2022), becoming gradually finer moving from the bay mouth to the bay top. The mean grain size of Holocene sediments in core GC03 ranges from 6.82 to 7.71 Φ, with an average of 7.30 Φ, indicating that the Holocene sediments in core GC03 were mainly composed of clayey silt and the lithology is relatively uniform.
The clay minerals in the Holocene sediments of core GC03 were mainly illite, ranging from 58% to 71%, with an average concentration of 63.5%, followed by chlorite, kaolinite, and smectite, with average concentrations of 17.2, 14.7, and 5.1%, respectively (Table 4). The clay mineral assemblage was illite-chlorite-kaolinite-smectite, which is consistent with that of Yangtze River sediments.
The clay minerals in the surface sediments of the Sanmen Bay sea area were mainly illite, with an average concentration of 61.66%, followed by chlorite, kaolinite, and smectite, with average concentrations of 19.15, 15.34, and 3.85%, respectively (Table 5). The clay mineral assemblage was illite-chlorite-kaolinite-smectite, which is consistent with that of the Yangtze River sediments. For comparison, the average concentration of illite in the surface sediments of the floodplain was 41.26%, which is much lower than that in the Sanmen Bay sea area. The average kaolinite, chlorite, and smectite concentrations in the floodplain were 32.16, 25.36, and 1.22%, respectively (Table 5). Therefore, the clay mineral assemblage in the floodplain is illite-kaolinite-chlorite-smectite. In contrast, the clay minerals in the soil samples from the mountainous areas were mainly kaolinite and chlorite, with average concentrations of 38.46% and 30.82%, respectively. The average concentrations of illite and smectite were 29.57% and 1.15%, respectively (Table 5). Thus, the clay mineral assemblage in the mountainous area was kaolinite-chlorite-illite-smectite.
TABLE 5 | Assemblages and percentage of clay minerals in Sanmen Bay surface sediments (unit: %) (Guang et al., 2022).
[image: Table 5]A ternary diagram of smectite, chlorite + kaolinite, and illite concentrations shows that the concentrations of the samples collected from the Holocene sediments of core GC03 and the sea area of Sanmen Bay are quite similar to the clay concentrations derived from the Yangtze River estuary deposits but are very different from the floodplain and mountain area sediments (Figure 8). Clay minerals in the Holocene sediments of core GC03 overlap with the Yangtze River estuary deposits (Liang et al., 2015), therefore, it can be inferred that the Yangtze River sediments have significant contributions to the Sanmen Bay. The poor overlap between the sediments of core GC03 and the Yangtze River drainage sediments (Yang, 1988; He et al., 2011) may be due to the complex rock types and climate conditions of a large area of Yangtze River drainage system. The clay mineral in the upper stream of Yangtze river contains higher contents of illite and chlorite, while the mid- and lower streams constitute more smectite and kaolinite (Chen, 2008; He et al., 2011). In addition, grain size may also had a influence. For clay mineral analyses, less than 2 μm clay components were selected for Yangtze River sediments, while the bulk samples were measured for core GC03 sediments.The clay minerals in the surface sediments of Sanmen Bay varied by region. At the top of the bay, the concentrations of kaolinite and chlorite were high, similar to the characteristics of the clay mineral assemblage in the floodplain sediments of the inlet river, indicating that the coarse sediments of the estuary were affected by the input of the local river (Guang et al., 2022). In the Sanmen Bay sea area, the concentration of illite was higher than those of kaolinite and chlorite. The clay mineral assemblage characteristics were similar to those of the Yangtze River, indicating that the fine sediments from the Sanmen Bay sea area were mainly derived from the Yangtze River. Therefore, Sanmen Bay is a sink for Yangtze River sediment.
[image: Figure 8]FIGURE 8 | Ternary diagram of clay mineralogy of Sanmen Bay core sediments (pink stars), surface sediments (black circles), Sanmen Bay floodplain (red triangles), soil samples from the Sanmen mountain area (blue triangles) (Guang et al., 2022), inner shelf of East China Sea (blue circles) (Chen, 2008), Yangtze River estuary (green circles) (Liang et al., 2015), and Yangtze River (red circles) (Yang, 1988; He et al., 2011).
4.2 Sediment budget and origin of holocene sediment in Sanmen Bay
Based on the thickness of the Holocene sediment (Figure 3), the sediment volume in Sanmen Bay was calculated using the volume function of ArcMap 10.6, and it was found to be approximately 42.2 km3 or 5.06 × 104 Mt, given an average sediment density of 1.2 t/m3 (Xu et al., 2012). The rivers that empty into Sanmen Bay are short mountain streams with coarse sediments, which are mainly deposited in the riverbed above the estuary and gradually develop into flood- and alluvial plains. The annual average runoff of these rivers into Sanmen Bay is approximately 2.68 × 108 m3 (85 m3/s), which is equivalent to only one-fourteenth of the total runoff of the Qiangtang River into the sea; therefore, it has little impact on the water exchange in Sanmen Bay (Yang and Chen, 2007). Sediments derived from local streams were considered negligible (Editorial Board of Annals of Bays in China, 1992). The clay mineral assemblage also indicates that the fine sediment in Sanmen Bay was mainly derived from the Yangtze River. Over the past million years, the Yangtze River has transferred 480 Mt/yr of sediment to the ECS (Xu et al., 2012), and during the Holocene, it discharged 480 × 104 Mt. Therefore, Sanmen Bay captured approximately 1% of Yangtze River sediments during the Holocene.
The tidal current plays an important role in transporting Yangtze River sediment into Sanmen Bay. Influenced by topography, the tidal current from the outer sea reciprocates after entering the bay. The duration of the flood and ebb tides are not equal, with the duration of the flood tide being greater than that of the ebb tide and the velocity of the ebb tide being greater than that of the flood tide (Yang and Chen, 2007). Northeast of Sanmen Bay, Yangtze River sediments are transported from north to south under the influence of the ECS Coastal Current. Near the mouth of the bay, sediments are transported from the outer sea to the bay under the influence of flood tides. The bay exhibits a wide tidal range and a high flood velocity, with maximums of up to 7.75 m and 153 cm/s (Editorial Board of Annals of Bays in China, 1992), respectively. The sediment carried in the seawater can enter the flood tide everywhere in the bay. When the tide reaches its highest or lowest point, the tide velocity reaches a minimum, resulting in a decrease in the capacity to carry sediment, and the sediment in the seawater can be deposited. Under the influence of ebb tidal currents, the sediment at the top of the bay is transported to the mouth of the bay, resulting in thicker Holocene sediments in the middle of Sanmen Bay (Figure 3). The formation of two depositional areas with a thickness of more than 28 m in the north and south of Sanmen Bay may also be related to the original topography (Figure 9), where the depth of T1 was more than 40 m below the present sea level, which is clearly deeper than the surrounding area.
[image: Figure 9]FIGURE 9 | Depth distribution of seismic reflector, T1, below present sea level (BPSL) (unit: m).
The origin of Holocene sediment in Sanmen Bay and variation in the SR of cores GC03 and GC14 mainly depended on the southward transport of Yangtze River sediments Figure 10. Sea level changes and ocean currents strongly influence deposition (Yang et al., 2014; Gao et al., 2015). At approximately 8–7 ka, the sea level reached the present height (Xu et al., 2009; Zheng et al., 2015), and the modern current system in ECS was formed (Zheng et al., 2015). In addition, the ECS Coastal Current began to flow southward, transporting Yangtze River-derived sediment to the Zhejiang-Fujian coast. Since then, the inner shelf of the ECS and Sanmen Bay have been formed in a relatively stable environment (Li et al., 2014). Coastal flow controlled by the East Asian winter monsoon is undoubtedly the primary driving force for the transport of nearshore sediments and plays a fundamental role in the formation of mud depocenters on the continental shelf of eastern China (Shi et al., 2022). The strength of the winter monsoon directly determines the transport capacity of fine particles resuspended from the mouth of the Yangtze River southward (Zheng et al., 2014). In the early Holocene, the East Asian winter monsoon and the transport capacity of the Zhejiang and Fujian coastal currents were strong, resulting in a large amount of Yangtze River sediment being transported to the nearshore area of Sanmen Bay and deposited in the bay by reciprocating flow at a high sedimentation rate. In the middle Holocene, the winter monsoon weakened, and the water column in the nearshore area of Sanmen Bay became stratified owing to the influence of the Taiwan Warm Current and the Kuroshio branch. Large amounts of sediment were trapped in the paleo-incised valley to fill the accommodation space (Song et al., 2013), resulting in a low sedimentation rate. After approximately 2 ka, the sediment from the Yangtze River mouth began to overflow (Song et al., 2013), and with the influence of human activities and the strengthening of the East Asian winter monsoon, the transport capacity of the Zhejiang and Fujian coastal currents increased, increasing the amount of sediment transported southward. A large amount of Yangtze River sediment was transported outside Sanmen Bay and deposited in the bay by reciprocating flow, resulting in an increase in the sedimentation rate.
[image: Figure 10]FIGURE 10 | Stratigraphic correlations among boreholes in the study area. MFS: maximum flooding surface; ECS-1302 data from Liu et al., 2023; ECMZ data from (Dong, 2018).
5 CONCLUSION
Based on recent data from shallow seismic profiles, geological drilling, and surface sediment sampling in Sanmen Bay, we analysed the sedimentary stratigraphy, provenance, sediment flux, and sedimentary genesis mechanism during the Holocene and explored the role of Sanmen Bay in the source–sink process of Yangtze River sediment. The characteristics of the clay minerals indicate that the fine-grained sediments in Sanmen Bay are mainly derived from Yangtze River sediments. Sanmen Bay is an important sink for Yangtze River sediments, with the thickness of Holocene deposits ranging from 8.2 to 32.0 m, with an average of 23.4 m. The total sediment volume was 5.06 × 104 Mt, accounting for 1% of Yangtze River sediment during the Holocene. The Bayesian age-depth model based on borehole AMS 14C dating shows that a high sedimentary rate occurred in the early and late Holocene but decreased significantly in the mid-Holocene, which is similar to the pattern on the inner shelf of the ECS. The variation in the Holocene sedimentation rate in Sanmen Bay is related to the southward transport process and mechanism of the Yangtze River sediments.
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Sample no. Depth Core u Th Mass water Dose Age Deviation

(m) ug/g)  (ug/g) content (%) rate (Gy) ((€)) (Ka)
Jswoi 2035 JSWZKO1 | 2018A123 1.07 591 191 2394 154.9 622 55
Jswo2 26.65 JSWZKO01 | 2018A124 119 5.61 1.89 745 3207 1138 114
Jswo3 [ 1395 [ JSWZKO03 = 2018A125 121 [ 6.16 1.88 | 2077 199 | 79 | 3
JSwo4 1835 JSWZK03 | 2018A126 B 1] 6.08 193 25.65 30.6 125 39
JSWo5 30.7 JSWZKO03 = 2018A127 119 5.81 197 9.24 270 945 48
Jswos 45.95 JSWZK03 | 2018A128 125 6.57 | 2.01 1203 | >400 | >137.3
Jswo7 489 JSWZK03 | 2018A129 124 6.59 2.08 9.62 >400 >134.2
Jswos 5353 JSWZK03 | 2018A130 114 6.04 1.84 11.50 >400 >150.3
Jswo9 56.75 JSWZK03 | 2018A131 118 598 1.83 1839 >400 >170.0
Jswio 2125 JSWZK04 | 2018A132 110 6.64 2.14 10.15 2477 823 75
Jswii 30.75 JSWZK04 | 2018A133 118 5.65 2.06 10.55 2702 94.1 105
Jswi2 343 JSWZK04 | 2018A134 126 546 1.86 1278 2593 992 [ 143
Jswi13 377 JSWZK04 | 2018A135 130 547 1.86 1332 260 97.1 17.1
JSWi4 2067 JSWZK05 = 2018A136 125 547 2.16 9.02 320.1 1059 10.1 |
JSW15 27.75 JSWZKO05 | 2018A137 122 647 2.10 13.96 >400 >166
OSL-23 14.55 JSWZK07 | 2020A035 238 6.93 1.94 12 10.37 33 2
OSL-24 2115 JSWZK07 = 2020A036 214 [ 8.68 1.94 24 84.14 I 310 56
OSL-25 241 JSWZK07 | 2020A037 217 5.40 1.89 17 99.49 368 54
OSL-26 263 JSWZKO07 = 2020A038 208 7.33 1.98 19 111.63 394 7.1
OSL-27 305 JSWZK07 | 2020A039 3.10 8.80 1.89 21 219.43 714 ) |
OSL-28 1.85 JSWZK10 = 2020A040 202 7.94 217 19.5 3.65 12 3
OSL-29 14 JSWZK10 | 2020A041 191 671 1.63 33 5549 283 78

0SL-30 221 JSWZK10 = 2020A042 182 683 1.62 235 169.21 747 30
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Facies Mean Sorting Sand Silt Clay Frequency curve Accumulation curve

association grain content content content
size (@) (%) (%) (%)
River channel 272-593 | 85-155  11.09-8301 7.24-757 8-1659 Unimodal distribution with a narrow Two-tier mode, saltating
peak (2-4 @ of peak value) component dominating
Floodplain 358771 | 107-265  186-6893  2422-8278 | 259-4097 | Unimodal-ailed distribution with a wide = Two-tier mode, suspension
peak (4.5-65 @ of peak value) component dominating
Lacustrine bog 58-7.1 148-226  99-1214 68.77-7971 | 14.38-2783 Unimodal-tailed or bimodal-tailed One-tier or two-tier mode,
distribution with a wide peak (4.5-7 ® of suspension component
peak value) dominating
‘Tidal river channel 3.36-6.42 77-1.76 7.5-7849 18.7-74.2 1.42-21.33 Bimodal distribution with a coarse main =~ Two-tier or three-tier mode,
peak (2.8-4.2 @ of peak value) and a fine saltating component
secondary peak (6-7.3 @ of peak value) dominating
Supratidal flat 599-671 | 158-251 66-524 7647-8119 | 1382-213 | Unimodal-tailed distribution with a wide | Two-tier or three-tier mode,
peak (5-6 P of peak value) suspension component
dominating
Tidal flat 456-688 | 88-206  227-4566  4578-8613 | 3.81-2523  Bimodal distribution with a coarse main | Two-tier or three-tier mode,
peak (4.3-5.1 @ of peak value) and a fine saltating component
secondary peak (7-8.2 @ of peak value) dominating
Lagoon 439-682 | 117-225 9-36.11 5724-8293 | 391-2283  Bimodal or multimodal distribution with | Three-tier or multiple-tier
a wide peak (4.2-6.2 @ of peak value) | mode, saltating component
dominating
Delta front 428-617 | 95-201 684-36.1 61257738 | 2.66-2032 | Bimodal distribution with a coarse main | Two-tier or three-tier mode,
peak (3.8-5.2 @ of peak value) and a fine saltating component
secondary peak (6-7.5 @ of peak value) dominating
Prodelta 479725 | 118-206  58-28.13 5884-8773 | 6.13-3178 | Unimodal-tailed distribution with a wide | Two-tier or three-tier mode,
peak (42-7 @ of peak value) suspension component
dominating
Tidal sand ridge | 223-527 | 73-176 | 1135-9306  6.08-7393 71-2034 Bimodal distribution with a coarse Three-tier mode, saltating
narrow peak (2-4.2 ® of peak value) and | component dominating
a fine peak (6-7.5 ® of peak value)
‘Tidal sand flank 36702 | 71-256  105-7341  2339-7902 | 128-29.11 | Unimodal-tailed distribution with a wide = Two-tier or three-tier mode,
peak (4.2-65 ® of peak value) saltating component
dominating
Offshore 452-723 99-227 1.14-65.12 258-78.61 2.66-29.74 ‘Unimodal or bimodal distribution witha = Two-tier or three-tier mode,
coarse main peak (4.3-5.1 @ of peak suspension component
value) and a fine secondary peak (7-8.2 & dominating
of peak value)






OPS/images/feart-11-1099730/crossmark.jpg
©

|





OPS/images/feart-10-1107495/feart-10-1107495-t001.jpg
Coordinate Elevation (m) Length (m) Recovery rate (%)

Latitude (N) Longitude (E)
JSWZKoL 32'56'31.36" 12024'57.78" 315 318 92.8
JSWZK02 33°00'58.25" 120°3530.02" 318 333 96.8
JSWZK03 3304'41.73" 120'45'28.32" | 326 [ 614 98.2
JSWZK04 33'09'27.62" 121'16'25.27" -42 409 916
JSWZK05 3323'27.09" 121385321 201 407 90.3
JSWZK07 [ 33'28'27.65" 120'12'02.54" 1 1.88 [ 317 [ 94.0
JSWZK08 3328'58.19" 120'17'54.12" 211 32 9.8
JSWZK09. 33'51'33.69" 120'35'1294" | -137 [ 30.1 95.0
JSWZK10 333351.81" 120411110 -95 303 94.0
JSWZK11 33'53/56.14" 12144'40.74" -186 302 90.5






