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The Sea of Japan (JS) is a unique marginal sea in the western North Pacific that is characterized by four shallow straits. It can provide information about the paleoenvironment, for instance indicating variations in the East Asian Monsoon, Tsushima Warm Current, sea ice coverage, and Westerly Jet. Compared with other marginal seas in the western North Pacific, the JS is currently the only marginal sea without influx from large rivers. It is, therefore, of interest to determine the source of terrigenous sediments over time, particularly in the western JS, which has been less investigated in previous reports. In this study, a suite of multi-proxies including Sr and Nd isotopes and minor elements were measured for fine fractions (<63 μm) of core LV53-18-2 that were recovered from the western JS over the last 30 ka. Our results show that the sediments are rich in volcanic detritus and that the provenance of terrigenous sediments in the western JS is mainly derived from the arid region in northern China and coastal areas in the Far East. During the Last Glacial Maximum, the increased coverage of sea ice may have contributed to the accumulation of terrigenous debris. Meanwhile, the stronger East Asian Winter Monsoon and expansion of the Westerly Jet over northern China also carried more dust to the study area. However, the weakened atmospheric circulation and rise in sea level, induced by the ascending boreal insolation during the last deglaciation and early Holocene, remarkably reduced input of terrigenous debris, and the intense melting of sea ice delivered an amount of detritus from coastal areas to the research area. After 8 ka, the high stand sea level and opening of the Tatar Strait may have led to the development of the Liman Cold Current, which transports large quantities of volcanic materials to the study area continuously and produces more positive Eu anomalies, radiogenic εNd, and depleted ΣREE.
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INTRODUCTION

Climate teleconnection at different latitudes has led to the evolution of the global paleoclimate (Porter and An, 1995; Wang et al., 2005). Marginal seas in the Northwest Pacific are affected by drivers such as the Siberian High, East Asian Monsoons (EAM), CO2, and El Niño-Southern Oscillation to varying degrees. Thus, the Northwest Pacific is an ideal area to study the coupling and interaction between polar and tropical/subtropical climates (Wang, 1999; Nürnberg and Tiedemann, 2004; Zhang et al., 2019; Zhao et al., 2019; Wu et al., 2020). The Sea of Japan (JS), one of these marginal seas (Figure 1), is overlain by thick sediments deposited over dozens of millions of years (Tada et al., 2018). Previous research has revealed the influence of the East Asian tectonic activity, solar radiation, and sea-level changes on its sedimentation over longer timescales (Tada, 1994; Nagashima et al., 2007a; Shen et al., 2017; Zhang et al., 2018), and also indicates that the EAM and ocean current led to the paleoenvironmental evolution of the JS at shorter timescales (Itaki et al., 2004; Ikehara and Fujine, 2012). Thus, more detailed research on JS will help to develop our understanding of the evolution of the climate and environmental system of East Asia.
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FIGURE 1. Location map of core LV53-18-2 in the western Sea of Japan (A) during the Last Glacial Maximum (B) during the Holocene. Core KT94-15-5, MD01-2407 and KCES1 (Nagashima et al., 2007a; Zou et al., 2021) for comparison are shown in black hollow dots. Atmospheric circulation patterns, arid land over East Asian, oceanic current, and sea ice coverage influencing the Sea of Japan also are presented in this diagram which references (Nagashima et al., 2011).


As a critical part of the East Asian source-to-sink processes, the detrital materials in the JS mainly originate from the East Asian continent and the Japan Arc (Mahoney, 2005). Previous studies have confirmed various styles of detritus input, including atmospheric circulation, ocean currents, rivers, sea ice, and volcanic eruptions (Irino and Tada, 2000; Ikehara, 2003; Chun et al., 2007; Zou et al., 2012; Um et al., 2013; Xu et al., 2014; Zou et al., 2021). There are several dust records in the southern, centeral, and eastern JS, and the southward/northward shift of the Westerly Jet (WJ) was reconstructed by grain-size and mineralogy proxies (Nagashima et al., 2007a; Dong et al., 2017; Shen et al., 2017). A large amount of suspension from the East China Sea, which is delivered by the Yangtze and Yellow Rivers from the continent and the Kuroshio Current from Taiwan Island, was transported to the JS by the Tsushima Warm Current (TWC), resulting in fewer radiogenic sediments in the southwest basin (Zou et al., 2012; Xu et al., 2014; Zou et al., 2021). In the continental shelf area flowing out Japanese rivers and the Nakdong River, the sediments show significant evidence of being affected by materials from the island arc and the Korean Peninsula (Nagashima et al., 2007b; Um et al., 2013). Seasonal sea ice is formed in modern wintertime in the western JS due to the cold wind from Siberia. It expands southward from Marine Isotopic Stage (MIS) 5 to the Last Glacial Maximum (LGM) owing to global cooling with significant fluctuation, which may be related to millennium cold events triggered by the North Atlantic meltwater (Ikehara, 2003; Ikehara and Fujine, 2012). However, systematic understanding of the provenance and evolution of JS is still limited owing to the lack of research on the western JS compared with the southern and eastern JS.

Under the influence of the Liman Cold Current (LCC) and the formation area of the Japan Sea Proper Water, the western JS sediments recorded the growth and decay of sea ice and evolution of the EAM (Gorbarenko et al., 2014; Shi et al., 2019; Dou et al., 2020; Dong et al., 2021). Sea-ice coverage expanded southward significantly during the LGM and melted intensely as a result of boreal insolation rising during the Last Deglaciation (Ikehara, 2003). The formation of modern LCC is related to melting ice from the north, which is influenced by the fresh water input from the Amur River (Martin and Kawase, 1998; Park et al., 2006; Nihashi et al., 2017). A subpolar front occurs because of the confluence of the TWC and the LCC, contrasting the hydrology and climatology between the two sides (Park et al., 2007; Kim et al., 2008). However, information about the formation and evolution of LCC is scarce.

This study presents minor elements (Th, Zr, Cr, Sc), rare earth elements (REE), and Sr-Nd isotope records of core LV53-18-2 recovered from the western JS. The study aimed to reconstruct changes in relatively high-resolution sediment provenance and to examine the roles of atmospheric circulation, sea level fluctuation, and LCC in regulating terrigenous sediment input into the study area over the last 30 ka.



MATERIALS AND METHODS

The 393 cm sediment core LV53-18-2 characterized as grayish-green to grayish brown fine silt was retrieved from the western slope of JS (42°56′N, 134°44′E, 551 m depth) during the first China-Russia joint cruise in 2010 (Figure 1); it was sliced into centimeter-sized slices for further analysis.

An age model for core LV53-18-2 was established based on seven optically stimulated luminescence (OSL) ages obtained from fine grain (<38 μm) quartz (Figure 2). Sample preparation and luminescence measurements were carried out at the Luminescence Dating Laboratory of the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, China. The samples were wet-sieved to obtain a fine grain component and then treated with 10% HCl and 30% H2O2 to remove carbonates and organic materials. According to Stokes’ law, the fine grain fraction was separated and then etched in the 30% H2SiF6 to obtain pure quartz for dating. The age of the core bottom was 30.03 ka and the mean resolution was 76 a/cm. More details can be found in the report by Yang et al. (2015).
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FIGURE 2. Lithologic column profile and calendar age of LV53-18-2. The 7 OSL date samples are shown with an uncertainty of 2σ.


The sediment rates were calculated by linear interpolation between every two dating points. The sediment rates in the last glacial period (20.7 cm/ka on average) were higher than those in the last deglaciation (10.7 cm/ka) and the Holocene (10.3 cm/ka on average). The mass accumulation rates (MARs) of LV53-18-2 were calculated using the equation: MAR (g/cm2/ka) = linear sedimentation rates (LSR, cm/ka) × dry bulk density (DBD, g/cm3) (Zou et al., 2015).

A total of 120 samples from core LV53-18-2 were analyzed for trace elements and REE by ICP-MS (Thermo Scientific X SERIES 2) at the Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural Resources, China. The bulk sediment was treated using excess HCl (0.25 N) and H2O2 (15%) to remove carbonate and organic materials. Approximately 50 mg of dried and ground samples (<63 μm) were dissolved in a mixture of ultrapure HF-HNO3 followed by concentrated HClO4 in closed Teflon beakers and then redissolved in 5% HNO3. A blank experiment with GSD-9 standard material and one replicate with every ten samples were used for quality control during the experimental processes. The relative standard deviations of the trace element and REE analyses were all <5%. δEu was calculated by comparing the Eu concentration with its neighboring elements: δEu = EuN/(SmN × GdN)1/2, where N represents the normalization of the upper continental crust (UCC) (Taylor and McLennan, 1995).

The Sr and Nd isotopes of 28 samples were analyzed using MC-ICP-MS (Nu plasma) at the Key Laboratory of Marine Geology and Metallogeny, First Institute of Oceanography, Ministry of Natural Resources, China. Approximately 45 mg of organic and carbonate-free fine fractions (<63 μm) were weighed and dissolved in a mixture of ultrapure HNO3+HF+HClO4. The Sr and Nd fractions were separated using standard ion-exchange techniques (Cao et al., 2015). The Sr isotopic ratios were normalized to 86Sr/88Sr (0.1194) and the Nd isotopic ratios were normalized to 146Nd/144Nd (0.7219). Sr isotope compositions of standard NBS987 yielded 87Sr/86Sr = 0.710261 ± 0.000005 (1σ) (recommended value 0.710340 ± 0.00026); Nd standard JNdi gave 0.512115 ± 0.000001(1σ) (recommended value 0.512115 ± 0.000007). For convenience, the 143Nd/144Nd ratio is expressed as εNd with the chondritic uniform reservoir value of 0.512638 (Jacobsen and Wasserburg, 1980).



RESULTS


Minor Elements

Trace elements in sediments can be affected by provenance, weathering, transportation, sorting, and diagenesis (Franzese and Hemming, 2013). Among them, REE, Zr, Th, Sc, and Cr originate from the continental crust. They were conservative and thus, usually used to trace the origin. Cr and Sc are mostly enriched in mafic/ultramafic rocks, while Th is mainly concentrated in felsic rocks (Vital and Stattegger, 2000). Th/Sc is usually used as an indicator of igneous chemical differentiation processes and the Zr/Sc ratio is a useful index of zircon enrichment (McLennan et al., 1990). Figure 3A shows that detrital components are more felsic and that the Th/Sc ratio decreases after the Holocene. This implies a shift of provenance or change in the proportion of different sources. Enrichment in zircon (high Zr/Sc ratio) can be observed during the late last deglacial period, indicating strong hydrodynamic conditions during that time (Figure 3B).
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FIGURE 3. Evaluation of sedimentary provenance and sorting by plots of (A) Th/Sc-Cr/Sc and (B) Th/Sc-Zr/Sc.


The REE parameter depth profiles and UCC-normalized pattern of LV53-18-2 both show two-stage variations (Figures 4, 5A–D). Before the Holocene, the ΣREE/Al2O3 ratio and ΣREE concentrations remained relatively high and exhibited a similar trend. REE fractionation patterns resemble those of the Northern China desert (Xie et al., 2019) and Chinese Loess Plateau (Jahn et al., 2001) except for depleted light REE (LREE) concentrations and positive Eu anomalies (Figures 4A–F). During the Holocene, REE parameter values decreased significantly, accompanied by more depleted LREE and high REE (HREE) concentrations as well as prominent positive Eu anomalies, which are similar to the pattern of the Japan Arc (Togashi et al., 2000). The mass accumulation rates are much more lower during the Holocene than other periods while the Eu anomalies display opposite trend that it increases after 8 ka significantly (Figures 4G,H). The UCC-normalized results exhibit significant positive Eu anomalies of 1.0 to 1.2, from 30 to 8 ka, and of 1.3 to 1.4 after 8 ka.
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FIGURE 4. Depth profiles of parameters of REEs (A–H), Sr-Nd (I–L), and grain size (M) in core LV53-18-2. Red rectangles denote age control points.
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FIGURE 5. Comparisons of UCC-normalized REE patterns among sediments of core LV53-18-2, Japan Arc (Togashi et al., 2000), Northeast China desert (Xie et al., 2019), Chinese Loess Plateau (Jahn et al., 2001), and Taklimakan desert (Yang X. et al., 2007). The REE patterns are shown with different periods: the late last glaciation (30∼18 ka, A), early last deglacial period (18∼15, B), late last deglacial period (15∼11.7 ka, C), and the Holocene (11.7∼0 ka, D).




Nd and Sr Isotopes

The Sr and Nd contents, together with their isotopic parameters, fluctuated before the Holocene and abruptly changed at 8 ka (Figures 4I–L). During the last glacial period, 87Sr/86Sr ratios range from 0.708164 to 0.711713 and Sr contents varied from 158 to 211 ppm, Nd content and εNd values changed from 19.1 to 23.7 ppm and −4.9 to −3.6 respectively. During the deglacial period, the 87Sr/86Sr ratios and Nd content decreased slightly, Sr content and εNd increase a bit. During the Holocene, 87Sr/86Sr ratios ranged from 0.706346 to 0.708265, and Sr contents varied from 193 to 289 ppm. The εNd values show an increasing trend from −4.5 to −2.5.



DISCUSSION


Variations in REEs and Sr-Nd Isotope Ratios

REEs have been well accepted as reliable provenance tracers because they behave conservatively (Taylor and McLennan, 1995). As mentioned above, many factors including parent rock composition, grain size, mineralogy, and weathering are responsible for REE compositions (Yang et al., 2002). In this study, samples were treated with excess HCl and H2O2 to remove carbonate and organic matter. Therefore, the residual fractions represented the siliciclastic fraction of the core. Poor correlations between ΣREE, mean grain size, and MnO concentration are observed, demonstrating that the sediment grain size and sedimentary redox conditions are not important factors in controlling the REE concentrations in our samples (Figures 4M, 6A,B).
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FIGURE 6. Plots of correlations among ΣREE, silt mean size (A), and MnO concentration (B) in core LV53-18-2.


Sr–Nd isotopic compositions of sediments are effective proxies for the discrimination of their provenance (Mclennan et al., 1993). The Sr isotope ratios of detrital materials are often influenced by grain size due to varying mineralogy. Fine grained fractions tend to be enriched in radiogenic 87Sr because clay minerals (such as micas and biotite) tend to have high Rb/Sr ratios (Walter et al., 2000). In contrast, the Nd content is barely affected by superficial geochemical processes and inherits the characteristics of provenance, which makes it an excellent tool for the reconstruction of provenance in sediments (Goldstein et al., 1984; Grousset et al., 1988). To further explore the factors influencing the Sr isotopes, we plotted the correlation between 87Sr/86Sr, Rb/Sr, and silt mean size, as shown in Figures 7A,B. The Rb/Sr ratio may reflect the chemical weathering of sediment because Sr has greater mobility than Rb. This usually leads to a high Rb/Sr ratio when chemical weathering intensity is enhanced. A strong positive correlation coefficient (R2 = 0.88) between Rb/Sr and Sr isotopic ratios indicates that the weathering effect on 87Sr/86Sr is dominant. A moderate correlation (R2 = 0.36) was observed between 87Sr/86Sr and silt mean size, implying that grain size still exerts an effect on the Sr isotopic ratio. Nevertheless, these points can be divided into three distinct clusters, and each cluster seems to have no strong correlation between 87Sr/86Sr and mean silt size. Therefore, we conclude that provenance variations instead of grain size affect the dominating 87Sr/86Sr ratio.
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FIGURE 7. Plots of correlations among 87Sr/86Sr, Rb/Sr (A), and silt mean size (B) in core LV53-18-2.




Potential Provenance End-Members

Previous studies have suggested that the Sino-Korean Craton is the main source area of terrigenous debris, and wind and that ocean currents are the primary transport agencies affecting the southwest JS (Nagashima et al., 2011; Zou et al., 2012; Xu et al., 2014; Shen et al., 2017; Zou et al., 2021). Nevertheless, the East Asian continent is also tectonically controlled with obvious differences in chemical compositions across different regions (Chen et al., 2007). The εNd in the arid region of Northeastern China is more positive than that in central and western China, which is the result of a collision between the Siberian Plate and the southern blocks. In central China, the China Loess Plateau, representing the weathering residual of the UCC, is characterized by low εNd and high 87Sr/86Sr ratios and controls the radiogenic properties of Yellow River sediments (Meng et al., 2008). The Yangtze River, which plays a major role in the fluxes of terrestrial material from the Chinese mainland to the western Pacific, is also affected by compositional variations among different reaches. Its εNd values gradually decrease downstream from −10.8 on average in the upper reaches to −12.3 in the lower reaches, while the 87Sr/86Sr ratios increase correspondingly (Yang S. et al., 2007). The Korea Craton can be excluded as a potential source for our core because its basement is less radiogenic (<−15) compared with our records (Mahoney, 2005).

Notably, the study area is adjacent to the Sikhote-Alin orogenic belt in the Far East (Jahn et al., 2015), which can provide terrigenous materials to affect the composition of core LV53-18-2. The Sikhote-Alin orogenic belt overlaid with late Cretaceous-Paleogene volcanic rocks was composed of a Jurassic-Late Cretaceous accretionary prism and island arc, which were later intruded by Cretaceous granites (Grebennikov et al., 2016). Despite the complex components of it, more attention should be paid to the island arc belt along the western coast.

Compared with the Sino-Korean Craton, the Japan Arc can supply more materials to the JS directly via rivers (Milliman and Meade, 1983). The amount of detritus entering the JS through the Tsushima Strait may be less than 10% of that provided by the Japan Arc (Irino and Tada, 2000). The εNd values of Japan crust, as well as sediments delivered by rivers on it, are more radiogenic than the Sino-Korean Craton, although the chemical compositions in the northeast and southwest Japan differ to some extent (Mahoney, 2005).

Sr-Nd isotopic records in the southwestern JS have demonstrated a dominating terrigenous detrital material from mainland China (Xu et al., 2014; Zou et al., 2021). Meanwhile, multi-proxies including grain size and the electron spin resonance of quartz at different sites have suggested that dust from East Asia also plays an important role in the sedimentation of eastern and central JS (Nagashima et al., 2007a; Nagashima et al., 2007b). Compared to southwest JS, which can receive a significant quantity of terrigenous debris by TWC and coastal rivers and thus is less affected by dust, we pay attention to aeolian input from the Northeast China Sandy Land, Chinese Loess Plateau, and even the Taklimakan desert in the western JS, considering the wind trajectory and geographical position. Moreover, the absence of large rivers along the western coast limits the riverine input to the western JS.



Variations in Terrigenous Provenance Over the Last 30 ka

REEs and Sr-Nd isotopes were plotted to discriminate the provenance of the terrigenous component in core LV53-18-2 (Figures 8A,B, 9A,B). All plots indicate sediment source in this core is the closest to northern China before the Holocene and approaches volcanic materials gradually after 8 ka. The main difference between these two plots is in terms of the variations in Sr-Nd isotopes during the late glacial period and early Holocene (15∼8 ka), which is not obvious in the plot of (La/Sm)N-(Gd/Yb)N and (LREE/REE)N-(HREE/REE)N. However, all the plots indicate that northern China and volcanic materials are the two main source end members.
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FIGURE 8. Discrimination plots of (Gd/Yb)N v.s. (La/Sm)N (A) and (LREE/REE)N v.s. (HREE/REE)N (B) for the sediments of this study. Values of modern riverine sediments of Yangtze and Yellow Rivers (Yang et al., 2002), Japan Arc (Togashi et al., 2000), Northeast China desert (Xie et al., 2019), Chinese Loess Plateau (Jahn et al., 2001), and Taklimakan desert (Yang X. et al., 2007) are also shown for comparison.
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FIGURE 9. Discrimination plots of εNd v.s. 87Sr/86Sr in core LV53-18-2 sediments (A), in comparison with potential sources (B). The curve represents the proportion of the Japan Arc (Morris and Kagami, 1989) end-member (εNd = 3.59, 87Sr/86Sr = 0.704142) mixing with the Mongolian Gobi (Zhao et al., 2015)-Northeast China desert (Chen et al., 2007) end-member (εNd = −5.4, 87Sr/86Sr = 0.7145).


Several provenance studies have been reported for southwestern JS using REEs and Sr-Nd isotopes (Xu et al., 2014). These suggested that terrigenous material in the southwestern JS are mainly from China mainland via the Yellow River since 21.1 ka and that the portion from Taiwan increases after 7.2 ka. REEs provenance discrimination revealed that sediments on the slope of the Ulleung Basin are a mixture of sediments from Chinese rivers and the Nakdong River, and sedimentation was controlled by the East Asian Winter Monsoon (EAWM) and sea-level change during the last glaciation (Um et al., 2017). The latest Sr-Nd isotope result of core KCES1 in southwestern JS further demonstrated that the terrigenous material is derived from mainland China, transported by the Yangtze and Yellow Rivers from 42 to 7 ka, and dominated by Yangtze river-derived sediments after 7 ka (Zou et al., 2021; Figure 9B). Compared to the reports mentioned above, our records do not reflect the importance of Chinese rivers but emphasize the role of atmospheric circulation (the EAWM and Westerly Jet) in sediment transportation, implying that Chinese rivers can barely affect sedimentary processes in the western JS. Furthermore, it is likely to be an intrinsic correlation of provenance change during the middle Holocene between the western and southwestern JS because the source change occurred at about 8–7 ka. This should be investigated in detail in a further study.

Volcanic material and northern China were chosen as end members to plot the mixing line aiming to quantitatively assess their relative contributions. Figure 9B shows that the volcanic portion in our records increases gradually with time and can reach 42% after 8 ka. The ratio of the mixing of two end members (A and B) can be calculated based on the binary mixing theory and the equation is as follows:
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where f is the percentage of end members A and B, XA and XB are the mean concentrations of X in the components, [image: image] represents the measured isotope ratio of X in components A and B, and [image: image] and [image: image] are isotopic ratios of X.



Paleoenvironmental Implications From Provenance Variations

To discuss provenance changes and controlling factors during the last 30 ka, we compared our records with the boreal insolation (Berger and Loutre, 1991), East Asian Summer Monsoon (EASM) (Cheng et al., 2016), sea level reconstruction (Liu et al., 2004), and dust records from MD01-2407 (Nagashima et al., 2007a; Figure 10A–J). Although REE parameters and Sr-Nd isotope records suggest that sediments in core LV53-18-2 are formed owing to binary mixing including volcanic material and northern China (Figures 8, 9), we cannot determine the contribution from the Sikhote-Alin orogenic belt because of its complicated components and a direct comparison with our results is difficult.
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FIGURE 10. Comparison of global and regional records during the last glacial period. June insolation at 45°N (A) (Berger and Loutre, 1991), Chinese speleothem δ18O (B) (Cheng et al., 2016), sea level curve of China Seas (C) (Liu et al., 2004), dust fraction of Gobi-Northeast China desert in core MD01-2407 (D) (Nagashima et al., 2007a), REEs mass accumulation rates (E), sea ice indicator (F) (Dou et al., 2020), REEs/Al2O3 ratio (G), Eu anomaly curve (H), radiogenic isotopes record in core LV53-18-2 (I,J). LGM, the Last Glaciation Maximum; H1, the Heinrich stadial 1 cold event; B/A, the Bølling–Allerød warming event; YD, the Younger Dryas cold event. Red rectangles denote age control points.



Wind and Sea Ice Control Effects on Sedimentation During the Late Last Glaciation

The low boreal insolation enlarged the Northern Hemisphere ice sheet (Figure 10A), resulting in the strengthened Siberia High and East Asian Winter Monsoon (EAWM) during the late last glaciation (Sun et al., 2011). Meanwhile, the WJ accelerated and expanded over northern China (Nagashima et al., 2011). Previous dust records in southern core MD01-2407 and eastern core KT94-15-5 (Figure 1) have revealed the following: (1) that the strengthened EAWM would bring more dust from northern China to the eastern and southern JS and vice versa. (2) The WJ jumped northward and southward in response to the insolation change on the orbital scale. The WJ main axis was located south of the Tibet Plateau but its coverage expanded over northern China, facilitating the dust transportation of the EAWM during the glacial period. During the interglacial period, more dust from the Taklimakan Desert-China Loess Plateau could have been carried to southern JS because the WJ was narrowed and jumped to the north of the Tibet Plateau (Nagashima et al., 2007a; Nagashima et al., 2011). Some studies suggest that the WJ can influence the variability of the EAM on different timescales (Nagashima et al., 2013; Chowdary et al., 2019). Nevertheless, it is difficult to differentiate the respective influences of the WJ and the EAWM on aeolian dust deposition in the JS. In this study, these two types of dust transportation were considered as a single contribution because they both contributed to the delivery of aeolian dust to the JS during the last glacial period.

In contrast, low stand sea level (Figure 10C), another prominent phenomenon that is linked to the growth of ice sheets, enclosed the JS from open waters due to its shallow straits (Oba and Irino, 2012). Extremely light planktic foraminiferal δ18O and dominating terrigenous material from mainland China in the southwest JS during the late last glaciation especially the LGM indicated that the restrained TWC (Gorbarenko and Southon, 2000; Domitsu and Oda, 2006) and more freshwater input by Chinese rivers led to upper column stratification. Previous research reported that sea ice expanded significantly southward, because of freshwater input and the strengthened EAWM, and reached 40°N during the LGM (Ikehara, 2003). Furthermore, another study observed that the peaks of Ice-Rafted Debris (IRD) could be linked to the intensity of the EAWM on millennial-centurial timescales during MIS 3 and 4 (Ikehara and Fujine, 2012).

Our records reveal that terrigenous debris was mainly derived from northern China during the LGM, which is supported by previous research that the strengthened EAWM and expansion of the WJ brought more dust from Gobi-Northeast China to the JS during the glacial period (Nagashima et al., 2007a). Notably, REE and Sr-Nd isotope results changed significantly when sea ice activity was intensified on the millennium scale during the last glaciation indicated by IRD peaks (Figures 10F–J). Sea ice can erode bedrock along with the coastal orogenic belt and transport quantities of weakly weathered detritus including heavy minerals and volcanic ash for long distances (Heinrich, 1988), resulting in the enrichment of ΣREE and/or radiogenic εNd when sea ice melts (McLennan, 1989). Thus, our records suggest that northern China and the coastal orogenic belt were the main provenances of LV53-18-2 during the late last glaciation. Detritus from the former source was delivered by atmospheric circulation (the EAWM and WJ) and later source-to-sink processes were mainly achieved by sea ice transportation on a millennium scale.



Persistent Sea Ice Coverage During the Heinrich Stadial 1

The abrupt increase in planktic foraminifera δ18O values indicated the inflow of relatively saline and cold water from the East China coast into the JS through the Tsushima Strait during HS1 (Domitsu and Oda, 2006). Redox-sensitive elements, radiolarian proxies, and reappearance of benthic foraminifera suggest that deep-water ventilation was enhanced in the eastern and centeral JS (Domitsu and Oda, 2006; Zou et al., 2012; Dong et al., 2020; Dong et al., 2021). In addition to the provenance change documented in core KCES1 (Zou et al., 2021), this evidence demonstrated that an intrusion of paleo-TWC into the JS due to the reopening of the Tsushima Strait during HS1.

In contrast to ventilation improvement and provenance change in the southwest JS, our records showed no evident element variations and marked low IRD contents compared to the LGM. The weakened sea ice activity yields two distinct assumptions, namely, no sea ice coverage or persistent/perennial sea ice coverage. We infer the following. (1) The latter assumption supported by the mean grain size of the Gulang Loess (Sun et al., 2011) and Chinese speleothems δ18O records (Cheng et al., 2016), indicates stronger EAWM and weakened EASM, coinciding with iceberg melting events in the North Atlantic. (2) UK′37-temperatures at southern ODP797, MD01-2407 and eastern MD01-2408 both display a cold peak of surface water during HS1 (Fujine et al., 2009; Liu et al., 2014). (3) The frontier of sea ice melting is still located south of 42°N (Ikehara, 2003). This evidence supports the hypothesis that cold conditions prevail during HS1 and facilitate sea ice formation and preservation.

Our records emphasize the different responses to sea level and monsoon changes in the interior JS during HS1 (Shi et al., 2019; Dong et al., 2021). Sea level rise induced the enhancement of ventilation, hydrologic sorting, and change of provenance in the southern JS during HS1, but it had a smaller impact on the paleoenvironmental evolution of western JS compared to that of EAM.



Multi-Millennial Sea Ice Variations During the Last Deglaciation and Early Holocene

The raised boreal summer insolation enhanced the EASM, transporting more moisture and heat to arid regions, thereby ameliorating the climate in East Asia. In contrast, the decay of the northern ice sheet diminished the Siberia High and accelerated the rise of the global sea level (Denton et al., 2010). The dust flux from KT94-15-5 and the northern desert fraction of MD01-2407 decreased remarkably in response to the weakened EAWM and narrowed WJ (Nagashima et al., 2007a). Combined with the entry of the Oyashio Current via the Tsugaru Strait after 15.6 ka, ventilation in the southern and eastern JS is ameliorated continuously (Itaki et al., 2004; Domitsu and Oda, 2006). Meanwhile, the abrupt enhancement of the EASM facilitated the input of nutrient-rich freshwater from East Asian rivers and increased primary productivity (Zou et al., 2012).

The chemical compositions in our core during this interval shift to volcanic end members and are different from the aeolian dust derived from northern China. The decreased dust input from northern China can explain the MAR in our core, evidenced by similar trends in the dust records of KT94-15-5 and MD01-2407. In addition, our data also recorded violent melting and enhanced hydrodynamics since the onset of Bølling–Allerød (BA) warming event (Figure 3B) and weakened melting after the early Holocene, which is in concert with boreal summer insolation and EASM changes. Insolation-driven melting is also supported by the IRD records in the upstream core LV32-33 (Gorbarenko et al., 2014). Similar to sea ice activity on millennials during the late last glaciation period, an increased proportion of IRD deposition could significantly influence the composition of sediments in this core.

The reason for the difference in the degrees of ice melting during the HS1 and YD events must be clarified. Taking high sea level and boreal insolation into consideration, we argue that more favorable conditions for summer sea ice melting (e.g., stronger EASM and intrusion of warmer waters induced by high sea level) prevail in YD compared to the corresponding conditions in HS1.



Development of the Liman Cold Current Since the Middle Holocene

Boreal insolation decreased after the early Holocene Optimum and environmental deterioration would be conducive to dust transportation (Chen et al., 2008). As stated earlier, almost all elemental proxies show prominent variations after 8 ka. Generally, intermediate and felsic volcanic materials are enriched with REE-depleted quartz and plagioclase, and Eu-Ca isomorphous substitution occurs commonly in Ca-enriched plagioclase (Franzese and Hemming, 2013). Higher mafic fraction, low REE concentrations, and remarkably positive Eu anomaly together indicate the input of continuous volcanic materials through the last 8 ka. However, it is unreasonable to attribute volcanic input to sea ice activity because of the trends are not similar, and the development of coastal current is another rational explanation.

In the modern era, the LCC originates from melting ice around the Tatar Strait, which is supplied mainly by fresh water delivered from the Amur River (Martin and Kawase, 1998). The connection between JS and open waters is limited and the LCC can barely develop in the condition of low sea level until the sea level rises to -15 m (Liu et al., 2004). When the sea level rises to the height corresponding to the opening of the Tatar strait at 9–8 ka, the fresh water input by the Amur River and subsequent erosion and transportation by the current along the coast are characterized by a Cretaceous island arc system and could increase the proportion of volcanic materials in sediments (Jahn et al., 2015).

Previous studies have demonstrated that the TWC continuously entered the JS at around 9 to 7 ka (Itaki et al., 2004; Dong et al., 2020; Zou et al., 2021), which is almost synchronous with the development of the LCC. Therefore, we infer that 8 ka represents the critical time indicator of the formation of the modern surface circulation system in the JS.



CONCLUSION

Based on the analysis of minor elements (REEs, Th, Zr, and Sc) and Sr-Nd isotope in the fine detrital component (<63 μm) of gravity core LV53-18-2, this study has discussed the provenance and controlling factors in the western JS during the last 30 ka. We conclude that: (1) the main terrigenous provenance of this core is the northern China and Sikhote-Alin orogenic belt in the Far East. The intensity of atmospheric circulation, sea ice activity, and ocean currents are the primary factors that influence sediment deposition. (2) During the late glacial period/LGM, intensified atmospheric circulation (the East Asian Winter Monsoon and Westerly Jet) transported more dust from northern China, while sea ice activity on the millennium scale was facilitated by coastal supply. Climatic transformation in the deglacial period significantly diminished the ability of wind transportation and increased the amount of IRD deposits due to high boreal insolation, which remarkably affected sediment composition remarkably. (3) We infer that the development of the Liman Cold Current, occurring at about 8 ka, was induced by the rise in sea level and subsequent opening of the Tatar Strait.
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