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The central Yellow Sea Mud (CYSM) is a vital part of the coastal sand and distal mud depositional system in the South Yellow Sea (SYS). Previous studies concerning the sedimentary evolution of this area have almost exclusively concentrated on its interior during the Holocene instead of its periphery. In this study, we used a sediment core (H10), with a significantly slow sedimentary rate, to reconstruct the sedimentary evolution at the east edge of the CYSM since MIS3a (∼45 kyr). This mainly involved using detrital minerals, the chemical compositions of garnet, and grain size. The provenance of coarser sediments has remarkable Yellow River-derived characteristics, especially during MIS2 and MIS1. The sedimentary evolution was primarily controlled by hydrodynamic regimes accompanied by changes in relative sea levels (RSLs) and climates. During MIS3a, frequent RSL fluctuations and powerful tidal current erosion were responsible for two facie shifts from the neritic sea to the shore and the lower sedimentary rate in the study area. A paleo-cold water mass and muddy deposition occurred during the high RSL stages with authigenic pyrite enrichment. During MIS2, the paleo-Yellow River was distributed on the SYS and flowed through the study area. Fluvial deposition on the shelf may be eroded by the strong winter monsoon, with an extremely dry and cold climate. Since ∼9.6 kyr, intense hydrodynamic regimes, which were induced by tidal current and upwelling, were responsible for the very much thin deposition, and coarser sediments remained in the study area. Notably, combined with previously studied cores, a much more detailed and intuitional cognition for CYSM formation can be obtained via our special perspective: mud periphery. This study elucidates the sedimentary system evolution and mud area formation of continental shelf seas.
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1 INTRODUCTION
The South Yellow Sea (SYS), a typical semi-enclosed epicontinental sea of the western Pacific, has an area of 3.09 × 105 km2, with an average water depth of 46 m and a maximum water depth of 140 m and is surrounded by the Chinese mainland and Korean peninsula (Figure 1; Qin et al., 1989). As one of the broadest continental shelf units in the world, the SYS receives abundant terrestrial sediments on its gentle slope and is characterized by its complex geomorphology, varied sedimentary environment, intricate ocean current patterns, and diverse marine organisms (Qin et al., 1989; Yang et al., 2003; Gao and Collins, 2014; Li et al., 2016). Under changes in relative sea-level (RSL), climate, and ocean environment, both the sediment supply from multiple sources and hydrodynamic conditions of the SYS varied remarkably during the late Quaternary. This gave rise to region-specific evolution of the sedimentary environment, thereby promoting the formation of a complicated coastal sand and distal mud depositional system in the Holocene. This system includes sandy deposits in Haizhou Bay, tidal sand ridges off the Jiangsu and Korean coasts, silty submerged deltas off the Shandong peninsula and old Yellow River mouth, and muddy patches in the central Yellow Sea and the coast of the Korean peninsula (Shi et al., 2012; Gao and Collins, 2014). Therefore, studies on the late Quaternary evolution of the sedimentary environment of this system in the SYS have never ceased, especially on the Central Yellow Sea Mud (CYSM) (Figure 1; Alexander et al., 1991; Park et al., 2000; Liu et al., 2002, Liu et al., 2004; Yang and Liu, 2007; Yang and Youn, 2007; Xiang et al., 2008; Li et al., 2014b; Liu et al., 2014a; Lim et al., 2015; Mei et al., 2016; Hu et al., 2018). The CYSM comprises the largest mud patch on the East China continental shelf and contains abundant information regarding the sea level and climate change, terrestrial sediment supply, hydrodynamic regime, and paleo-environmental evolution.
[image: Figure 1]FIGURE 1 | Locations of sediment cores in the central Yellow Sea mud (CYSM) (Supplementary Table S1, modified from Wang et al., 2014b; new core H10 is marked by a red dot) and regional circulation pattern (modified from Li et al., 2016). The orange lines indicate warm current systems, whereas blue lines indicate cold coastal currents. YSWC, Yellow Sea Warm Current; TWC, Tsushima Warm Current; YSCC, Yellow Sea Coastal Current; KCC, Korean Coastal Current; SDCC, Shandong Coastal Current; LDCC, Liaodong Coastal Current; YST, Yellow Sea Trough; and SCJM, southwest Cheju Island mud.
However, the majority of researchers have reconstructed the sedimentary evolution of the CYSM during the Holocene, using the records of clay minerals, magnetics, and the element and isotope geochemistry of fine sediments from the interior of the CYSM (Park et al., 2000; Xiang et al., 2008; Li et al., 2014b; Lim et al., 2015; Hu et al., 2018). Few studies have focused on the sedimentary evolution at the periphery of the CYSM, which is important not only for enriching our knowledge of the sedimentary evolution of the coastal sand and distal mud deposit system of the marginal sea but also for systematically understanding the formation process and mechanism of the mud area.
Clarifying sediments provenance is the precondition and requirement to explicating sedimentary evolution (Morton and Hallsworth, 1994; Huang et al., 2019). Detrital mineral composition and distribution patterns are significant not only for provenance studies (Morton and Hallsworth, 1994) but also for indicating transport processes, hydrodynamic conditions, stratigraphic correlations, sedimentary characteristics, and changes in RSL (Morton and Hallsworth, 1999; Sevastjanova et al., 2012). In particular, authigenic minerals have specific functions to indicate their sedimentary environment (Mange and Morton, 2007; Chen, 2008). In general, provenance signals recorded in detrital minerals can be altered by weathering, hydrodynamic sorting, mechanical breakdown, and burial-diagenesis (Mange and Maurer, 1992; Morton and Hallsworth, 1999; Garzanti et al., 2008). However, the ratio of detrital minerals with similar morphology, specific gravity, and other properties remains essentially invariable under complex hydrodynamic effects, long-distance transport, and weathering erosion. This largely eliminates the influence of non-physical factors and reflects the provenance information more realistically. Moreover, single-mineral geochemistry has proven to be a particularly useful tool in provenance analysis because it minimizes the effect of weathering and transport processes more in provenance studies compared to the tools of detrital mineral assemblage and ratio (Mange and Morton, 2007). Many single minerals, such as garnet, zircon, rutile, and amphibole, to mention a few, have been successfully used in provenance studies (Morton, 1985; Sabeen et al., 2002; Morton et al., 2004; Takeuchi et al., 2008; Krippner et al., 2014). Therefore, compared with traditional detrital mineral assemblage, choosing a reasonable detrital mineral ratio and a single mineral can effectively recover the provenance of sediments.
Here, a sediment core H10, which was collected from the east edge of the CYSM, was used to reconstruct the sedimentary evolution in this area over the past 45 kyr using data on detrital minerals, single-mineral geochemistry, and grain size. Compared with past relevant studies, this study encompasses several unusual features: 1) the sediment core H10, with a length of 216 cm and an age of 45 kyr, had a surprisingly low sediment rate (SR = 4.71 cm/kyr), a feature hardly reported in previous studies on the CYSM, 2) due to the long time span, we revealed the sedimentary evolution since the Marine Isotope Stage (MIS) 3a (not limited to the Holocene) and identified the existence of the paleo-Yellow River, 3) an original diagram of heavy mineral ratios and a classical garnet ternary diagram were used for provenance studies, which greatly reduced the influence of non-physical factors, and 4) using previous sedimentary records, this study provided a clear and intuitional cognition for the formation of the CYSM from a special perspective: mud periphery.
2 MATERIALS AND METHODS
2.1 Description of the Sediment Core
Sediment core H10, which has a length of 216 cm at a water depth of 81 m, was drilled near the west side of the Yellow Sea Trough (YST) bottom by a piston corer in 2016 (Figure 1). Coincidently, the core is located on the east edge of the CYSM (124°00ʺE, 35°00ʺN). According to the appearance of caliche nodules at the layer of 98–101 cm, fragmentized shells at 25–28 cm, and other sedimentary features, the core can be visually divided into three sections (Figure 2A): the lower section (216–103 cm) is characterized by dark gray sediments and plenty of clay–silt interbeds, the middle section (103–28 cm) contains dark yellowish-brown sandy sediments, and the upper section (28–0 cm) is mainly composed of yellowish-brown fine sediments and has a higher water concentration. Detailed identification of the shells verified that they belong to Mya arenaria, a kind of benthic shellfish that lives in a temperate zone, prefers to inhabit shallow coastal waters and is widely distributed in the Yellow Sea and Bohai Sea (Qin et al., 1989). In addition, the rough outer surfaces of the shells are covered by yellowish-brown skin (Figure 3A). The caliche nodules are yellowish-brown in appearance, gray on the interior, and lumpy in shape with a high psephicity (Figure 3B). The sediment sub-sampling intervals for grain size analysis and detrital mineral identification are 1 and 4 cm, respectively. Apart from measurements of the accelerator mass spectrometry (AMS) 14C dating and stable carbon isotope (δ13C), other analyses were performed at the Key Lab of Submarine Geosciences and Exploring Technique, Ocean University of China.
[image: Figure 2]FIGURE 2 | Composite histogram of core H10 deposition (A–G, a–c).
[image: Figure 3]FIGURE 3 | Shells at 25–28 cm (A) and caliche nodules at 98–100 cm of (B) core H10.
2.2 AMS 14C Dating and δ13C Measurements
The shells of M. arenaria, caliche nodules, and fresh mixed-species benthic Foraminifera from three horizons were selected for AMS 14C dating measurement by the Beta Analyses Company, United States (Table 1). After eliminating the effect of the regional carbon reservoir (ΔR = −81 ± 60), the conventional radiocarbon ages were corrected to calibrated calendar years by the program Calib 7.1 with Marine 13 calibration curves (Reimer et al., 2013). The calibrated age unit (cal. kyr BP) in this study is abbreviated as kyr. The values of δ13C were analyzed by using a Thermo Scientific isotope ratio mass spectrometer, with a standard deviation of ±0.3‰ and can be used to identify the terrestrial and marine carbonate (Keith and Weber, 1964).
TABLE 1 | AMS 14C dating and stable carbon isotopic (δ13C) data of the H10 core.
[image: Table 1]2.3 Grain Size Analysis
The grain size of 216 sub-samples was measured by using a Malvern Mastersizer 2000 laser particle analyzer (Malvern, Inc., United Kingdom) at a measurement range of 0.02–2000 μm and a size resolution of 0.01 φ. The procedure was as follows: 0.5–1 g of sediments were placed into 50 ml beakers, then pretreated with 5 ml 30% H2O2, and 15 ml 0.5 mol/L HCl for 24 h to remove organic matter and carbonate, respectively. After ultrasonic dispersion, the samples were tested by using an analyzer whose measuring error was within 3%.
2.4 Detrital Mineral Analysis
According to the grain size, 20–100 g of dried sediment was placed into a beaker with water added (NaPO3)6 to disperse the samples sufficiently. Subsequently, the very fine sand-sized fraction (63–125 μm) was extracted by wet sieving before it was dried and weighed. After using bromoform as a separation liquid (density 2.89 g/cm3), the light and heavy minerals were collected and weighed. The identification of detrital minerals was carried out under an Olympus SZ61 stereomicroscope and SZX51 polarizing microscope through the oil immersion method, microchemistry experiment, and electron probe analysis. According to the ribbon method, 54 sub-samples were identified (Galehouse, 1971). More than 300 light mineral particles and 400 heavy mineral particles were counted for each sample, and the grain percentage (%) of each mineral species was calculated.
2.5 Chemical and End-Member Compositions of Garnets
A total of 32, 44, 32, 73, 68, and 56 garnet grains in the layers 8–9 cm, 48–49 cm, 84–85 cm, 132–133 cm, 172–173 cm, and 212–213 cm, respectively, were selected and analyzed using a JXA-8230 electron probe with silicate and oxide standard samples from the SPI Company, United States. The test conditions were as follows: 15 KV acceleration voltage, 20 nA probe current, and 20 s test time for various elements. The experimental accuracy of major elements was better than 1%, and that of trace elements was better than 5%.
Garnet, a group of cubic nesosilicate minerals, has 14 end-member compositions altogether (Grew et al., 2013). The most common end-member species are almandine, pyrope, spessartine, and grossular. Natural garnet generally consists of a solid solution of these end-members in highly varying proportions (Krippner et al., 2014). According to the weight percentage of each oxide in garnet (the value of Fe2O3 is calculated by charge balance) and coordination numbers of oxygen atoms (cation coefficient calculated by 12 oxygen atoms), the end-member compositions of each garnet grain and their percentages were calculated.
3 RESULTS
3.1 Chronology and Sedimentary Rates
The results of the conventional radiocarbon ages, calibrated calendar years, and δ13C for eight samples are listed in Table 1. The caliche nodule has very negative δ13C (−12.2‰), which indicates that the nodule is formed under freshwater conditions (Keith and Weber, 1964), and likely inherited features from ancient terrestrial materials. Therefore, its age (∼40 kyr) should be omitted. Conversely, the ages of one shell and six foraminifer samples are effective to establish the chronological framework. Hence, the SRs of 212–171, 171–118, 118–28, 28–19, 19–14, 14–7, and 7–0 cm layers are 4.4, 8.0, 4.6, 3.3, 3.1, 2.8, and 2.4 cm/kyr, respectively (Figure 2B).
The entire core, which has a length of 216 cm, was determined to be 45 kyr, giving it the low average SR of 4.7 cm/kyr. Particularly, the averaged SR of 2.9 cm/kyr in the Holocene is significantly slower than those sites lying in the inner and west regions of the CYSM (Figure 1; Supplementary Table S1), such as 114.5 cm/kyr for core YS01A (Wang et al., 2014b), 73.2 cm/kyr for core YE-2 (Xiang et al., 2008), 54.2 cm/kyr for core YSC-4 (Li et al., 2014b), 50.2 cm/kyr for core YSC-1 (Hu et al., 2018), 44.1 cm/kyr for core NHH01 (Liu et al., 2014a), 36.5 cm/kyr for core YK07 (Alexander et al., 1991), and 13.3 cm/kyr for core EY02-2 (Zhuang et al., 2002).
3.2 Variations of Grain Size and Deposit Units
The mean grain size (Mz) of the H10 core varies acutely, ranging from 5.6 to 59.5 μm, with an average value of 25.0 μm. According to the vertical variation of the grain size (Figures 2C,D) and its lithological characteristics (Figure 2A), the core can be divided into three deposit units (DU): DU3 (216–103 cm), DU2 (103–28 cm), and DU1 (28–0 cm). The average Mz of DU3, DU2, and DU1 are 20.8, 34.2 μm, and 17.4 μm with features of dramatic fluctuation, relative stabilization, and gradually diminution, respectively (Figure 2C). The proportions of sand, silt, and clay in DU3 are 22.8, 58.4, and 18.8%, respectively. In DU2, they are 38.2, 50.2, and 11.6%, and in DU1, they are 27.7, 47.7, and 24.6%, respectively (Figure 2B). The vertical variations of the three fractions in each section are similar to their Mz. Moreover, the typical grain size frequency curves are characterized by diverse non-normal unimodal curves in DU3, uniform remarkable unimodal curves in DU2, and similar multimodal curves in DU1 (Figures 2A–C).
3.3 Variations of Detrital Minerals
The content of detrital minerals (i.e., very fine sand fraction of 63–125 μm) is 6.8% on average, ranging from 0.6 to 18.5%, with a variation similar to the grain size (Figures 2C,D, 4A). There are more than 40 kinds of heavy minerals, even though their proportion reaches as low as 2.7%, with fluctuating change (Figure 4B). In this study, we focused on heavy minerals, authigenic minerals, and Foraminifera. Heavy minerals mainly include those that have potential implications for sedimentary facies, hydrodynamic conditions, and sediment provenance.
[image: Figure 4]FIGURE 4 | Depth versus major heavy minerals content (A–J) in core H10 (detailed data in Supplementary Table S2).
3.3.1 Major Heavy Minerals
Both hornblende and epidote are the primary species of unstable heavy minerals, and their average contents are 39.6 and 17.2%, ranging from 26.8 to 48.2% and from 10.8 to 24.5%, respectively (Figures 4D,E).
Metallic minerals, except for authigenic pyrite, include ilmenite, magnetite, limonite, hematite, and leucoxene. Their average content is 10.0%, ranging from 4.9 to 23.5% (Figure 4F).
The flake heavy minerals are mainly composed of flaky biotite, muscovite, and weathered mica, with the exception of the occasional appearance of thick-plate biotite. Their content is 3.9% on average with a large range of 0%–15.1% and exhibits an undulating descent, which is characterized by a higher average value of 5% in DU3, followed by 3.3% in DU2, and 1.5% in DU1, with dramatic, moderate, and slight fluctuation, respectively (Figure 4G).
Stable minerals mainly include garnet, sphene, apatite, tourmaline, and zircon. Their average content is 9.1%, with a range of 2.9%–14.4%. Among the stable minerals in the H10 core, sphene and garnet are the primary species, accounting for 5.8 and 2.1% of total heavy minerals on average, respectively. Their changes in content are noted, which is increasing gradually from bottom to top (Figures 4H–J).
The heavy mineral maturity, which is the ratio of stable minerals to unstable minerals, is widely used to reflect the weathering degree and transporting distance of minerals from source to sink. From bottom to top, its value gradually increases with a mean value of 16.1 (Figure 4C).
3.3.2 Authigenic Minerals and Foraminifer
The authigenic pyrite, authigenic glauconite, and foraminifer exhibit three-stages of variation (Figures 2E–G), which correspond to the variations in sedimentary characteristics and grain size (Figures 2A,C,D).
The content of authigenic pyrite varies from 0 to 14.3%, with an average of 2.8%. It is significantly more abundant in the DU3 than in DU2 and DU1. The content of this mineral in DU3 presents an acutely fluctuant decrease with an average value of 2.80%. Conversely, DU1 contains barely 0.82%, and it is nearly absent in DU2 (Figure 2E).
Authigenic glauconite, which belongs to light mineral, mainly appears in DU3 and DU1, exhibiting a gentle decrease to disappearance and an abrupt increase in its content, with average values of 0.22 and 0.80%, respectively. Meanwhile, in DU2, this mineral almost disappears, and only occasionally exists in some horizons with much lower proportions (Figure 2F).
The Foraminifera content varies from 0 to 9.03%, with an average of 1.35%. These values are calculated by the percentage of the number of Foraminifera particles in the total number of detrital minerals particles. It is relatively abundant and fluctuates remarkably in DU3 with an average content of 2.45%, whereas it is as low as 0.54% in DU1 and almost disappears in DU2 (Figure 2G).
3.4 End-Member Compositions of Garnet
The garnet herein, commonly composed of almandine, pyrope, spessartine, and grossular in end-member compositions, generally exhibits a two-stage variation from 216 to 103 cm to the surface (Figure 5A). The average proportions of these four end-member compositions for the entire sediment core are 68.2, 22.9, 5.7, and 3.3 mol%, respectively, as calculated by the analyzed chemical compositions, which mainly included SiO2, FeO, Al2O3, MgO, CaO, MnO, TiO2, and Cr2O3 (Supplementary Table S3). The average proportions of almandine at six layers are approximately equal to each other, with a narrow range of 67.3%–69.0%. Conversely, the averaged proportions of pyrope, grossular, and spessartine across the six layers varied obviously, with ranges of 20.7%–25.0%, 3.9%–8.3%, and 2.5%–4.2%, respectively (Figures 5B,C).
[image: Figure 5]FIGURE 5 | End-member compositions of garnet at six horizons (A–C) of core H10 and the relative contributions of garnet sources (D) in different sedimentary deposit units.
4 DISCUSSION
4.1 Provenance Evolution of Detrital Minerals
4.1.1 Potential Sources of the Sediment in the SYS
In general, the potential sources of sediments from the central SYS include the Yellow River, Yangtze River, small rivers in the Korean and Shandong peninsulas, and eroded products from the coasts and seabed. Previous research has demonstrated that the Yangtze River and the Yellow River are the predominant sediment contributors to the central SYS (Milliman et al., 1985, Milliman et al., 1987; Alexander et al., 1991; Park et al., 2000; Liu et al., 2002; Yang et al., 2003; Yang and Liu, 2007; Yang and Youn, 2007), and even for the previously deposited and afterward eroded sediments on the seabed (Qin et al., 2018). The sediment supplies from the smaller rivers in the Korean Peninsula are only deposited, however, to the east of 125°E of the SYS under the action of the Korean coastal current (Cho et al., 1999). Recent studies proved that the eroded materials along the coasts and outputs from the smaller rivers in Shandong peninsula are probably the additional contributors to the SYS (Liu et al., 2017, Liu et al., 2022). Thus, the materials from the Yellow River, Yangtze River, and Shandong peninsula can be reasonably considered to be the potential sources of the sediments in core H10.
4.1.2 Qualitative Discrimination of Provenances Using Heavy Mineral Ratios
As previously mentioned, detrital mineral ratios are a more effective method for provenance discrimination. The Yellow River is characterized by more hornblende and garnet, while the Yangtze River contains more epidote and sphene (Wang et al., 2007; Jin et al., 2019). There are similar qualities between hornblende and epidote, as well as garnet and sphene. Thus, the garnet/sphene–hornblende/epidote (GS-HE) diagram can be established as a new method for provenance discrimination.
The GS–HE diagram shows that the DU1 and DU2 dots are both from the Yellow River range, wherein the latter is closer to the Yellow River than the former. Meanwhile, the DU3 dots display a wide distribution, most of which signal a nearness to the Yellow River, and some of which are between the Yangtze River and Yellow River (Figure 6). Therefore, the source of detrital minerals in DU3 is determined to be greatly affected by the Yellow River but is also mixed with some of the Yangtze River’s materials, while the provenance in DU2 and DU1 is mainly controlled by the Yellow River. In addition, the heavy mineral assemblage in DU2 is very similar to loess (He et al., 1997), and ∼90% of the Yellow River sediments are derived from the Loess Plateau (Ren and Shi, 1986), which further confirms the irreplaceable contribution of the Yellow River in DU2.
[image: Figure 6]FIGURE 6 | GS–HE provenance discrimination diagram of core H10. Data regarding the Yellow River and Yangtze River are from Jin et al. (2019) and Wang et al. (2007), respectively. GS, garnet/sphene (Grt/Spm); HE, hornblende/epidote (Hbl/Ep).
4.1.3 Semi-Quantitative Discrimination of Provenances Using End-Member Compositions of Garnet
Single-mineral geochemistry has proven to be a particularly useful tool in provenance analysis (Mange and Morton, 2007). In particular, garnet, which is controlled by provenance from source to sink, is an ideal choice for provenance tracking (Morton, 1985; Sabeen et al., 2002; Morton et al., 2004; Takeuchi et al., 2008; Krippner et al., 2014) owing to various advantages: 1) as a granular stable heavy mineral, garnet is widely distributed in sediments; 2) it has different assemblage characteristics in different protoliths due to extensive isomorphism (Morton et al., 2004; Mange and Morton, 2007); and 3) unlike zircon and other minerals, its chemical compositions from the core to edge are relatively stable (Morton, 1987), making the test results uniform and objective.
The garnet G–P–AS ternary diagram established by grossular (G), pyrope (P), and almandine and spessartine (AS), can be used to discriminate sediment provenances effectively (Figure 7S0; Mange and Morton 2007; Krippner et al., 2014). Previous studies have concluded that the vast majority of the coarse materials discharged by the Yangtze River and Yellow River into the East China seas are separately supplied from the upper reach and middle reach with the Chinese Loess Plateau, not the lower reaches (Yang, 1988; Huang et al., 2019). Therefore, the end-member compositions of garnet derived from the upper reach of the Yangtze River, the middle reach of the Yellow River (Wang, 2014), and bedrocks of Shandong peninsula (Liu et al., 2010b) could represent the three provenance end-members of the Yangtze River, Yellow River, and Shandong peninsula in the ternary diagram, respectively. Because the end-member compositions of the garnet in the three provenance end-members are remarkably different, the diagram can be divided into three parts, wherein each represents a different source area as follows: (A) Yellow River, (B) Yangtze River, and (C) Shandong peninsula (Figure 7S).
[image: Figure 7]FIGURE 7 | Garnet G–P–AS ternary diagram (s0) for the upper Yangtze River, middle Yellow River (Wang, 2014), bedrock in the Shandong Peninsula (s, Liu et al., 2010b), and core H10 (A–F). A, B, and C represent the provenance areas of the Yellow River, Yangtze River, and Shandong peninsula, respectively. G, grossular (Gro); P, pyrope (Pyr); A, almandine (Alm); and S, spessartine (Spe).
In the G–P–AS ternary diagram (Figures 7A–F), the dots of the six horizons fall into area A, accounting for 81, 80, 80, 74, 72, and 73% of the dots at the horizons of 8–9, 48–49, 84–85, 132–133, 172–173, and 212–213 cm, respectively, with an overall average of 77%. Meanwhile, the proportions of the dots falling into area B at each horizon are 19, 16, 16, 22, 22, and 21%, respectively, with an average value of 19%, and the proportions of the dots falling into area C separately account for 0, 4, 3, 4, 6, and 6% of each horizon, with an average value of 4%. Based on these results and the positions of the six horizons in the deposit units, the relative contributions of garnet sources from the Yellow River, Yangtze River, and Shandong peninsula can be roughly estimated as 81, 19, and 0% for DU1, 80, 16, and 4% for DU2, and 73, 22, and 5% for DU3, respectively (Figure 5D). It is demonstrated that the Yellow River and Yangtze River are separately the predominant and secondary coarse sediment contributors at the east edge of the CYSM, especially in the DU1 and DU2. However, the Yangtze River provides more materials in DU3, and Shandong peninsula could be regarded as a neglected source for the entire sediment core. These results are consistent with those from the heavy mineral ratios.
4.2 Discrimination to Sedimentary Facies and Hiatus
Authigenic pyrite prefers to form in relatively stable oceanic hydrodynamic environments that have greater water depth and reductive conditions, and authigenic glauconite is a typical mineral that forms in shallow seas with an oxidative environment (Morton and Hallsworth, 1994; Chen, 2008). Therefore, variations in these minerals, in combination with the grain size and Foraminifera content, can distinguish the sedimentary facies in each depositional unit.
In DU3, authigenic pyrite, authigenic glauconite, and foraminifer follow a fluctuating decline until they disappear (Figures 2E–G), and their variations approximately correspond with the fluctuation of the grain size with diverse grain size frequency curves (Figures 2C,D), which implies that there is an unstable sedimentary environment with two shifts from neritic to shore facies. Similarly, shore-neritic facies deposits are identified in core EY02-2 during the same period, with many clay–silt interbeds (Zhuang et al., 2002).
Both marine authigenic minerals and Foraminifera are nearly absent in DU2 (Figures 2E–G). The remarkable unimodal grain size frequency curves and favorable sorting collectively imply a strong and single hydrodynamic condition (Figure 2B). Moreover, the caliche nodules at 98–100 cm with good psephicity (Table 1; Figures 2A, 3B), have a very negative δ13C, which coincides with the typical characteristics of freshwater carbonate. Therefore, this deposition unit is characterized by fluvial facies.
The DU1 contains some authigenic glauconite and a small number of pyrite and Foraminifera. Moreover, the δ13C values of shell fragments and Foraminifera are more positive. These results show that this unit develops typical neritic facies.
As previously mentioned, the lithological characteristics and sedimentary features, including the grain size, detrital minerals, and foraminifer, vary abruptly at 28 cm with an age of 9.6 kyr (Figures 2, 4). Similarly, obvious variations in the grain size and magnetic qualities of the core YS01A in the west CYSM occur at 9.7 kyr as a result of strong erosion processes (Wang et al., 2014b). These indicate that the horizon of 28 cm represents a sedimentary hiatus in H10, and the erosion may widely exist in the CYSM during the early Holocene. Moreover, the sediment type and measured indexes of grain size and minerals at 103 cm shift abruptly (Figures 2, 4), probably indicating that another erosional hiatus occurred at ∼25 kyr.
4.3 Sedimentary Evolution Since MIS3a
According to the AMS 14C ages (Figure 2A) and the variation in the oxygen isotopes of the planktonic Foraminifera in the Okinawa Trough, East China Sea (Figure 8B; Liu et al., 1999), DU3, DU2, and DU1 approximately correspond to MIS3a (late MIS3), MIS2, and MIS1 (Rasmussen and Thomsen, 2013), respectively. In this section, the sedimentary evolution of the study area and their responses to changes in RSL and climate, pathways of sediment supplies, and hydrodynamic regimes are discussed.
[image: Figure 8]FIGURE 8 | Changes of the relative sea-level (RSL) (A) and oxygen isotope (δ18O) (B) since Marine Isotope Stage 3a (MIS3a).
4.3.1 MIS3a (45–25 kyr)
Though it was interrupted by many millennium events of Heinrich and Dansgaard–Oeschger (D–O), MIS3a was a sub-interglacial in the last glacial period, displaying a relatively warm period (Shi et al., 2001; Yang et al., 2004; Wang et al., 2008) and was characterized by the fluctuating fall of RSL from 40 to 80 m bpsl (Figure 8A; Linsley, 1996; Shackleton, 2000). At this time, the east edge of the CYSM twice experienced facies shifts from neritic sea to shore, which are approximately proved by two cycles of increase to decrease of grain size, authigenic pyrite, and Foraminifera (Figure 2). Under the background of frequent RSL changes, the SR was lower than 8 cm/ka owing to the resuspension function and erosion activity induced by powerful tidal currents (Hanebuth et al., 2003; Hanebuth and Lantzsch, 2008). In this stage, the paleo-Yellow River carried a large number of sediments into the western SYS and formed a large delta, which in turn, developed an incised channel system in the late MIS3 with the delta likely advancing toward the sea (Figure 9A; Liu et al., 2010a). Meanwhile, dominated by the paleo-Yangtze River, a large well-developed coastal plain–delta complex was formed on the inner shelf and middle East China Sea (Figure 9A; Saito et al., 1998; Wellner and Bartek, 2003; Sun et al., 2014). The sediment provenance at the east edge of the CYSM was controlled by the paleo-Yellow River and, to some extent, influenced by the paleo-Yangtze River due to the shorter distance between the estuary and study area. Moreover, some horizons of DU3 are enriched authigenic pyrite and fine sediments (Figures 2C,E). Authigenic pyrite is a convenient proxy for indicating the existence of paleo-cold water mass and a high sea-level period. However, its accumulation requires strict conditions, such as fine-grained sediments, weak hydrological dynamics, and a suitable redox environment (Chen, 2008). Consequently, the horizons that are enriched in authigenic pyrite likely correspond to high RSL periods with paleo-cold water mass and muddy deposition, which was not developed exclusively in the Holocene (Wang et al., 2014b; Mei et al., 2016). Conversely, horizons enriched with flake minerals, which are characteristic minerals of the Yellow River, may indicate that the paleo-Yellow River was close to the study area with a lower RSL (Figure 4G; Qin et al., 2018; Jin et al., 2019).
[image: Figure 9]FIGURE 9 | Schematic diagrams for variation of coastal lines (Li et al., 2014a), distribution of paleo-rivers (Liu et al., 2002; Wellner and Bartek, 2003; Liu et al., 2010a; Song et al., 2016), evolution of hydrodynamic regimes (Uehara and Saito, 2003; Lü et al., 2010; Wang et al., 2014a), and formation of the CYSM (mud thickness is from Wang et al., 2014b) in the South Yellow Sea during MIS3a (A), LGM (B), ∼10–6.5 kyr (C), and 6.5 kyr—present (D). The dotted line represents the inferred paths and ranges. The blue lines are all modern water depths. MIS, marine isotope stage; LGM, Last Glacial Maximum; CYSM, central Yellow Sea mud; SYSCWM, South Yellow Sea Cold Water Mass.
During the transition between MIS3a and MIS2, the RSL abruptly fell from 60 m bpsl to 110 m bpsl (Figure 8A), and a cold–dry event (Heinrich event 2) occurred at ∼25 kyr (Rasmussen and Thomsen., 2013), which could have given rise to depositional stagnation and even the appearance of erosion present in the study area.
4.3.2 MIS2 to Early Holocene (25–10 kyr)
The RSL in the eastern China seas can be generally characterized by a rapid fall from 90 to 140 m bpsl, relative stabilization at 140 m bpsl, and a rapid rise from 140 to 60 m bpsl in the early MIS2, Last Glacial Maximum (LGM), and early last deglaciation, respectively (Figure 8A). In particular, the continental shelf of eastern China was completely exposed, and the paleo-coastal line occurred at the continental shelf edge of the East China Sea in LGM (Figure 9B; Lambeck and Chappell, 2001; Li et al., 2014a). The results of sediment provenance in the H10 core show intense Yellow River-derived features (Figures 5–7), and the caliche nodules usually form under the pedogenesis of fluvial sediments enriching terrestrial carbonate, while the content of CaCO3 is higher in the Yellow River (Milliman et al., 1985; Milliman et al., 1987; Alexander et al., 1991). Consequently, our study area was likely located in one of the branches of the paleo-Yellow River’s dendritic channel-network, which began to form in the western SYS in the late MIS3 (MIS3a) and probably extended east to the YST during LGM (Figure 9B; Liu et al., 2010a). Moreover, caliche nodules were also found in the west CYSM with some terricolous plant fragments during the MIS2 (Wang et al., 2014b), which further confirms that the dendritic channels of the paleo-Yellow River were widely distributed on the SYS. These results were also validated by Song et al. (2016) who used a more detailed network of seismic profiles that covered the area from 32°N to 36°N and 120°E to 125°E (Figure 9B). However, as influenced by the relatively cold and dry climate, sediment supplies from the paleo-Yellow River to the eastern continental shelf of China would be relatively low, and even eroded under the functions of transport and blowing by the winter monsoon (An et al., 1991). Furthermore, in this environment, there may be a disintegration of the previous marine strata, wherein marine materials may spread to the surrounding continental strata (Zhao et al., 1996), causing a few Foraminifera, authigenic pyrite, and glauconite to mix in the MIS2 strata.
During the transition from the late MIS2 to the early Holocene (∼11.6–10 kyr), the Yellow River changed its route from the exposed shelf of the modern SYS to the Bohai Sea (Milliman et al., 1987; Liu et al., 2004; Liu et al., 2014b). This would have seriously reduced the fluvial discharge to the SYS, especially during the cold–dry events, such as the Younger Dryas during 12.9–11.6 kyr (Koutavas et al., 2002). Meanwhile, the rapid RSL rise to 45 m bpsl would facilitate erosion of the previous fluvial sediment in the study area with a stronger to-and-fro tidal current (Han et al., 2009). The limitation of sediment supplies to the SYS and the tidal erosion associated with the rapid RSL rise would be responsible for the hiatus that occurred in the study area between the late MIS2 and the early Holocene.
4.3.3 Sedimentary Evolution Since 9.6 kyr
In MIS1, the RSL has been steadily rising from 40 m bpsl at ∼10 kyr, reached the present level at ∼6.5 kyr, and finally has been stable to present (Figure 8). The east edge of the modern CYSM developed neritic facies, which was proven by the results of authigenic pyrite, authigenic glauconite, and Foraminifera (Figures 2E–G). The gradual increase of the grain size and authigenic glauconite from 28 to 18 cm and the relative stabilization from 18 to 0 cm in H10 (Figures 2C,D,F) indicate that the sedimentary environment at the east edge of the modern CYSM underwent a two-stage evolution bounded by 6.5 kyr (Figures 9, 10A).
[image: Figure 10]FIGURE 10 | Comparison of the sedimentary characteristics of core H10 (A), YSC-1 (Hu et al., 2018) (B), and YS01A (Wang et al., 2014b) (C) in the central Yellow Sea mud. (D) is a perspective transverse section of the central Yellow Sea mud.
During Stage Ⅰ-1 (9.6–6.5 kyr) with RSL rising, the weak tidal area (<0.35 N/cm2 stress intensity) extended from northwestern to southeastern SYS with the increase of amphidromic points (Figure 9C; Uehara and Saito, 2003). The upward-fining trend of grain size in the east edge of the CYSM responded to this phenomenon properly. The extremely low SR (3.3 cm/kyr) was caused under the strong hydrodynamic conditions (i.e., far away from the weak tidal area), which can be proven by the presence of less authigenic pyrite and Foraminifera, as well as high heavy mineral maturity and stable minerals content (Figures 2, 4).
During Stage Ⅰ-2 (6.5 kyr to present), the RSL and tidal regimes reached the present level and were stable (Uehara and Saito, 2003; Zhou et al., 2015), which resulted in the relatively constant sediment composition in our region. In this period, the cold water mass in the central SYS (SYSCWM) occurred. With intense temperature stratification over the water column, the CWM can suppress turbulence development and restrain sediment resuspension (Dong et al., 2011; Wang et al., 2014a). However, the study area was located on the fringe of the SYSCWM and was likely reworked by upwelling and tidal currents (Gao and Jia, 2003; Lü et al., 2010). Therefore, the relatively strong hydrodynamic conditions induced by them resulted in the extremely low SR (2.4–3.1 cm/kyr) since 6.5 kyr. The presence of less authigenic pyrite and Foraminifera, as well as high heavy mineral maturity and stable minerals content demonstrated, are the best evidence under the strong hydrodynamic condition. The modern SR of the SYS calculated using 210Pb also shows that the study area has an extremely low SR (Qiao et al., 2017).
The H10 core records the sedimentary evolution of the east edge of the CYSM since ∼9.6 kyr, which closely approaches the initial time of the Holocene CYSM formation (Wang et al., 2014b; Xue et al., 2018). Combined with previously studied cores of YSC-1 in the central CYSM since 8.70 kyr and YS01A in the western CYSM since 9.7 kyr (Figures 10A–C; Hu et al., 2018; Wang et al., 2014b), a much more detailed and intuitional cognition of the CYSM formation processes and mechanisms can be achieved (Figure 10D). During 9.6–6.5 kyr, the weak tidal area gradually approached the scope of modern CYSM (Figure 9C; Uehara and Saito, 2003). Collectively and remarkably, the cores YSC-1 and H10 show the upward-fining trend in the grain size, whereas the core YS01A maintains a fine sediments deposit because its site was still in a weak tidal area. Therefore, the west of modern CYSM gradually became a depocenter with fine sediments, while the east edge of CYSM was more easily reworked by the tidal current with more Yellow River affinity coarser fractions remaining in situ (Qin et al., 2018). It is the westward enhancement of the net depositional effect that led to a significant increase in the SR from cores H10 to SYC-1, and then to YS01A during this period (Figure 10). Since 6.5 kyr, the sediments compositions in the CYSM were relatively constant due to the stable RSL and tidal regimes (Figure 10). The M2 tidal current was attenuated toward the center of SYS in a convergent and anticlockwise pattern under the bottom friction and promotes an eddy circumfluence around the CYSM (Figure 9D; Zhou et al., 2015). Under the functions of sediment transport via tidal current and capture from the SYSCWM (Zhu and Chang, 2000; Uehara and Saito, 2003; Dong et al., 2011; Wang et al., 2014b), the CYSM became a fine-grained sedimentary body with multiple sources (Yang et al., 2003). Moreover, the upwelling induced by tidal mixing on the vertical circulation could rework pre-deposited sediments on the slope and move fine sediments upward, which leads to the maximum accumulation thickness in the frontal zone (Gao and Jia, 2003; Lü et al., 2010; Wang et al., 2014b). The cores of H10, SYC-1, and YS01A have 2.8, 46.4, and 138.5 cm/kyr in SR, and 11.9, 8.3, and 5.4 μm in the grain size, respectively (Figure 10). Therefore, this westward increase of SR and decrease of sediments grain size in the CYSM perfectly responded to the capture role of SYSCWM for fine sediments and shaped the role of upwelling for mud area formation.
5 CONCLUSION
Based on the grain size, heavy minerals, authigenic minerals, Foraminifera, end-member compositions of garnet, and caliche nodules in core H10, the sedimentary evolution at the east edge of the CYSM over the last ∼45 kyr has been reconstructed. The provenance of coarser sediments of the core has remarkable Yellow River-derived characteristics, especially during MIS2 and MIS1, as determined using GS–HE and G–P–AS diagrams. The sedimentary evolution was primarily controlled by hydrodynamic regimes accompanied by changes in RSL and climate. During MIS3a, frequent RSL fluctuation was the predominant factor controlling two facies shifts from shallow sea to shore, and powerful tidal current erosion was responsible for a lower SR in the study area. The paleo-cold water mass and muddy deposition may occur in the high RSL stages with authigenic pyrite enrichment. The cold–dry event could result in the depositional stagnation and erosion present in the study area between MIS3a and MIS2. During MIS2, the paleo-Yellow River’s dendritic channels were distributed on the SYS, flowed through the study area, and approached the YST in the LGM. Fluvial deposition on the shelf was eroded as a result of strong winter monsoon under the background of an extremely dry and cold climate. The limited sediment supply and tidal erosion associated with the rapid RSL rise could be responsible for the appearance of a sedimentary hiatus in the SYS between the late MIS2 and early Holocene. Since ∼9.6 kyr, intense hydrodynamic regimes were responsible for the very thin deposition, and meanwhile, coarser sediments remained in the study area. Specifically, our study area was impacted by expanding the weak tidal area during 9.6–6.5 kyr, as well as upwelling and tidal current after 6.5 kyr. Notably, combined with previously studied cores, a much more detailed and intuitional cognition of the CYSM formation processes and mechanisms were achieved from our special perspective: mud periphery.
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