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The Sea of Japan (JS), a unique marginal sea without any large river influxes in the western Pacific, provides ample information
about the evolution of sea level, East Asian monsoons (EAM), sea ice activity, and ocean currents in geological time. However,
insufficient investigation in the western JS limits our knowledge of East Asian climate change. This study utilizes major and
trace elements and Pb isotopes of fine siliciclastic components (<63 ym) of core LV53-18-2 and determines the provenances
using statistical methods and discrimination diagrams. The results show that the terrigenous debris of LV53-18-2 was mainly
composed of aeolian dust from northeast China, ice-rafted debris (IRD), and volcanic materials from the Far East coast over
the last 30 kyr. During the late last glacial period, sea ice activity carried weakly weathered IRD to the study area. Meanwhile,
the strengthened East Asian winter monsoon (EAWM) brought dust from northeast China to the study site owing to the cold
climate and enlarged sandy land. During the late last deglacial period to early Holocene (15-8 kyr), ascending boreal summer
insolation drove the intense melting of sea ice. This led to the deposition of large amounts of weakly weathered IRD and
remarkably influenced the chemical composition of the core. After 8kyr, the global sea level rose to -15m below the modern
sea level and opened the Tatar Strait. Consequently, freshwater supplied by the Amur River entered the JS and gave birth to
the Liman Cold Current (LCC), which transported more mafic materials from the Kema terrane upstream.

1. Introduction

Marine sediments are characterized by older records, expan-
sive sampling areas, and better preservation [1]. Marginal
seas act as pivots of materials and energy communication
between continents and oceans and receive abundant detrital
input with high sediment rates, making it possible to recon-
struct paleoclimatic evolution and processes with higher
resolution [2].

Among the marginal seas of the Pacific, the Sea of Japan
is unique in providing insights into the climatic and envi-
ronmental evolution of East Asia in the past [3]. The JS com-
municates with adjacent seas through four shallow straits
(Figure 1). The Tsushima Warm Current (TWC), a branch
of the Kuroshio Current, enters the JS via its deepest straits
(Tsushima Strait, ~130m) from the south, affecting its
oceanography by supplying vast amounts of heat and saline
[3]. Consequently, the paleoceanographic evolution of the JS
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FIGURE 1: Location of sediment core LV53-18-2 in this study and geologic scheme of the Sikhote-Alin region (modified from [45, 66]). Other
cores are shown for reference; core Lake Sihailongwan is from [47]; cores ODP 1202B and U1429 in Okinawa Trough are from [20, 67];
cores LV53-22, KT94-15-5, MD01-2407, and KCES-1 come from [5-7, 9], respectively.

changed dramatically throughout the Quaternary, when the
sea level fluctuated periodically [4]. The westerly jet (W])
and East Asia winter monsoon (EAWM) bring dust from
the Taklimakan Desert and the Mongolian Gobi Desert to
the JS, which are mainly regulated by dry-wet conditions
in the East Asian interior [5, 6]. Currently, no large rivers
flow into the JS, resulting in a limited terrigenous supply
from the neighboring landmass and a significant difference
in sedimentation patterns from other marginal seas [7-9].

Previous studies have revealed that thick sediments in
the JS archived tectonic framework changes in East Asia,
the growth and decay of global ice volume [10, 11], and
light-dark laminated layers that record East Asia summer
monsoon (EASM) oscillations and current intrusion at mil-
lennial timescale [3, 12]. A series of progress has been made
concerning the provenance research of the JS, employing
sedimentology, mineralogy, and elemental geochemistry.
These studies show that the sediments in the central part
of the JS since the Miocene are mainly a mixture of central
Asian aeolian dust and riverine input from the island arc
[10]. The properties of terrestrial components in the JS are
heterogeneous, with dominant continental clasts in the cen-
tral and southern JS, but prominent mafic contributions in
the western JS [8, 9]. Overall, provenance research since
the last glacial period in the central and southern parts of
the JS is sufficient. However, the investigations in the west-
ern and northern regions are very scarce, which limits our
comprehensive understanding of the basin-wide paleo-
environment evolution of the JS.

There are many processes from sediments generation to
deposition, including physical and chemical weathering,
dynamic sorting, and resuspension after deposition. These
processes eventually lead to grain size, mineral composition,
elemental composition, and isotopic geochemical changes

[13]. As an essential aspect of paleoclimatic and paleoenvir-
onmental research, provenance studies have focused on
changes in stable constituents in sediments, such as
weathering-resistant minerals, stable elements, and isotopes
[14]. High-field strength elements tend to crystallize in
magma and are averse to weathering. Therefore, they have
the potential to distinguish and trace the source area of ter-
rigenous components, thus acting a powerful tool for recon-
structing the paleoenvironment. Sr-Nd-Pb isotopes are the
most commonly used isotope combinations for provenance
tracing. Sr isotopes are typically used in pairs with Nd
because of grain size effects [15-17]. Although the relation-
ship between Pb isotopes and grain size has not been clearly
established, many applications have proven its reliability in
source tracing [18-20].

This study presents minor elements, and Pb isotope
records the core LV53-18-2 in the western JS. Combined
with the published Nd data of this core [8], this study makes
further efforts to reconstruct changes in sediment prove-
nance and discuss the main controlling factors, aiming to
provide a better explanation of the paleoenvironmental evo-
lution in the western JS over the last 30 kyr.

2. Geological and Oceanographic Settings

Geologically, the JS is a back-arc basin lying on the south-
eastern part of the Amur plate, which includes the Korean
Peninsula, Japan arc, northeastern China, and Russian Far
East. The opening of the JS occurred in the early Miocene
and was controlled by large intracontinental strike-slip
faults. The major plate reorganization in East Asia in the
Early Middle Miocene (ca. 15 Ma) led to the JS back-arc clo-
sure that continues today [21]. The JS is a semi-enclosed
marginal sea, spanning from the subtropical to the subpolar
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zone (Figure 1), covering one million square kilometers and
has an average depth of 1650 m. The JS is composed of the
Ulleung Basin, Yamato Basin, and Japan Basin, and
exchanges water with the East China Sea, Pacific Ocean,
and Sea of Okhotsk via four straits: Tsushima Strait
(130m), Tsugaru Strait (130m), Soya Strait (55m), and
Tatar Strait (15m) from the south to north [22].

At present, the surface of the JS is covered by counter-
clockwise surface circulation, which is mainly composed of
the southern TWC and the northern Liman Cold Current
(LCC), dominating the surface hydrology of the JS [23].
The TWC is presently the only current flowing into the JS.
It is formed after a branch of the Kuroshio Current mixes
with freshwater input from the Changjiang River (Yangtze
River) in the East China Sea and carries a large amount of
water with heat and saline to the JS [24]. After entering
the JS, the TWC divides into three branches. The first
and second branches flow northeastward along the western
side of the Japanese island. The third branch flows north-
ward along the eastern edge of the Korean Peninsula and
then turns east, crossing the middle of the JS at approxi-
mately 38°N [25]. A subpolar front is generated when
the TWC mixes with cold northern water [26]. Seasonal
sea ice forms in the northern part of the JS in winter,
mainly in the Tatar Strait, the coast of the Far East, and
Peter the Great Bay. It has been suggested that the forma-
tion of seasonal sea ice is related to the frequency of storm
occurrence and intensity of the EAWM [27]. The melting
of sea ice in late spring and summer, accompanied by the
input of freshwater from the Amur River, gives rise to the
LCC [28].

The ]S is one of the few areas where deep water circula-
tion has developed in modern times [29, 30]. The nature of
water below 300m is homogeneous, characterized by low
temperature, high salinity, and high dissolved oxygen, and
is called Japan Sea Proper Water (JSPW) [31]. Studies have
proven that brine rejection related to the formation of sea
ice in winter in the western JS contributes to the generation
of the JSPW. Compared with other seas, the JSPW has a very
short residence time (approximately 100 years) and is sensi-
tive to climate and environmental change [32]. Previous
studies have shown that since the 1950s, the oxygen content
of the JSPW has significantly reduced, and the water struc-
ture has changed, which both could influence the marine
fisheries and ecosystems of JS [33].

3. Materials and Methods

A 393cm long sediment core LV53-18-2 (42° 56’ N, 134°
44" E, 551 m depth) was retrieved from the western slope
of the JS during the first China-Russia joint cruise in 2010
(Figure 1). This core was composed of grayish green to
grayish brown fine silt. Owing to lack of sufficient forami-
nifera to conduct radiocarbon dating, 7 optically stimu-
lated luminescence (OSL) samples were used to establish
the age model of LV53-18-2 (Table 1). Preparation and
luminescence measurements were performed at the Lumi-
nescence Dating Laboratory of the Nanjing Institute of

TaBLE 1: Age model of core LV53-18-2 according to OSL data.

Core Depth (cm) OSL age (ka) Error (ka)
LV53-18-2 82 7.11 +0.41
LV53-18-2 153 14.97 +0.84
LV53-18-2 193 18.91 +1.01
LV53-18-2 217 21.60 +1.12
LV53-18-2 292 24.18 +1.3
LV53-18-2 317 26.27 +1.47
LV53-18-2 393 30.02 +1.66

Geography and Limnology, Chinese Academy of Sciences,
China. The samples for dating were wet sieved to obtain
a fraction of <38 ym and treated with 10% HCI and 30%
H,0, to remove organic components and carbonates.
The residual fraction was separated according to Stokes’
law and etched in 30% H,SiF; to obtain pure quartz for
OSL dating. More details about these procedures are pro-
vided in [34]. The age of the bottom layer was determined
to be 30.02 + 1.66 kyr.

The core was subsampled at a 1-cm interval. A total of
120 samples were chosen for elemental measurement.
Twenty-eight samples were used for the Pb isotopic mea-
surements at the Key Laboratory of Marine Geology and
Metallogeny, First Institute of Oceanography, Ministry of
Natural Resources, China. Preparations, including wet siev-
ing, carbonates, and organic removal, were conducted to
obtain a <63 pm silicate component. For elemental measure-
ment, approximately 50.00mg of powdered sample was
digested entirely in a mixture of ultrapure HNO,;-HF-HCl
in a Teflon beaker. Major and trace elements were analyzed
using inductively coupled plasma optical emission spectros-
copy (ICP-OES; Thermo Scientific iCAP 6000, Thermo
Fisher Scientific) and inductively coupled plasma mass spec-
trometry (ICP-MS; Thermo Scientific X-SERIES 2, Thermo
Fisher Scientific), respectively. For quality control, the refer-
ence material GSD-9, duplicate, and blank samples were
used. All blank samples were below the detection limit, and
the relative standard deviations of the major and trace ele-
ment analyses were <5%.

For Pb isotope measurements, pretreated samples were
dissolved using a mixture of ultrapure HNO,-HF-HCIO,
followed by extraction using a column filled with anion
exchange resin (AG1-X8). Samples were loaded into the
columns as 0.6 M HBr solution. The column was washed
twice with 1ml of 6 M HCI and 1ml of Milli-Q water
and then conditioned with 1ml of 0.6N HBr. After load-
ing samples, 0.5ml of 0.6 N HBr was added to elute three
times. Finally, the Pb fractions were collected using 1ml
6N of HCL. The Pb isotopic compositions were measured
using a Nu plasma multicollector ICP-MS (MC-ICP-MS;
Nu Instruments). The Tl-spike method corrected Pb isotope
ratios for instrumental mass fractionation and machine
bias. Repeated analyses of NIST SRM 981 standard gives
208pp/29ph = 36.6863 + 0.0008 (28), 2°’Pb/*°°Pb = 15.4878
+0.0003 (26), and 2°Pb/***Pb = 16.9351 + 0.0004 (26).
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FIGURE 2: Temporal variations of Pb concentration and its isotopic ratios.

4. Results

4.1. Pb Isotopes. Pb concentrations and isotopic composi-
tions are shown in Figure 2. The Pb concentrations vary
from 14.17 to 26.77 ppm. Compared to Pb concentrations
in the upper continental crust (UCC) [35], the average value
of this core was higher during 30-w15 kyr but was lower after
15kyr. Values of “°*Pb/***Pb, **’Pb/***Pb, and **°Pb/***Pb
fall in the ranges from 38.52107 to 38.64643, 15.58484 to
15.60252, and 18.42027 to 18.50494, respectively. Pb isotopes
in the vertical variation show similar patterns, and they all
display small fluctuations before 10kyr and then show a
decreasing trend.

4.2. Major and Trace Elements. The underlying hypothesis is
that the geochemical data set represents a mixture of differ-
ent chemical sources. Factor analysis is often used to sim-
plify a large matrix of variables measured on many
geochemical samples, identifying relationships between var-
iables in a dataset based on the correlation structure of the
variables. To better reveal the control mechanism behind
the elements data of LV53-18-2, we used Statistical Product
and Service Solutions (SPSS 26, IBM) to perform a Q-mode
factor analysis (varimax-rotated) on a dataset of 25 elements,

including Al,O,, K,0, TFe,0,, MgO, TiO,, Na,O, MnO, Sc,
V, Cr, Co, Ni, Cu, Zn, Pb, Rb, Ba, Nb, Ta, Th, Zr, Hf, U, and
rare earth elements (summed to ) REE). These elements can
be sorted into three factors (Table 2). As is shown in
Figure 3, F1 contains AlL,O,, TFe,0;, MgO, TiO,, Sc, V,
Cr, Co, Ni, Cu, Zn, and Pb. Concentrations of these elements
before 15kyr were relatively higher than those after 15kyr,
except for some millennial-scale low values. F2 consists of
K,O, Rb, Ba, Nb, Ta, Th, and Y REE (Figures 4(a)-4(g)).
They displayed a relatively smooth trend from the bottom
to 8kyr, except during HS1. After 8kyr, the concentration
of F2 gradually decreased, in contrast to the increasing
trend of most elements in F1. Zr and Hf, members of F3
(Figures 4(h) and 4(i)), had a similar trend to indicators
of seasonal sea ice activity, especially during 15-8kyr
(Figures 4(j) and 4(k)).

To further reveal the mechanisms behind the elemental
changes, we analyzed the correlation between Al,O, and
the partial elements of F1 and F2 (Figures 5 and 6). Al,O,
has a good correlation with most elements of F1 and F2 dur-
ing 30-8 kyr. After 8kyr, Al O, still had a moderate correla-
tion with TFe,0;, MgO, and Sc, but the coefficients of K,O,
Rb, Th, and Ta were notably reduced, indicating provenance
variations after 8 kyr.
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TaBLE 2: Matrix of factor loadings (varimax rotation) of sediment
geochemical elements in core LV53-18-2.

Factorl Factor2 Factor3
MgO 0.960 0.203 -0.123
Co 0.959 0.041 -0.137
Ni 0.956 0.141 -0.172
A% 0.944 0.213 -0.085
TFe,0, 0.932 0218 -0.134
Cu 0917 0.101 -0.253
Cr 0.877 -0.110 0.214
Sc 0.872 0.361 -0.186
TiO, 0.795 0.293 0.335
AL O, 0.767 0.569 -0.059
Zn 0.746 0.554 -0.237
Pb 0.725 0.539 0.019
Na,O -0.620 -0.515 0.471
K,0 0.183 0.946 0.040
Rb 0.245 0.927 -0.156
Ta 0.137 0.921 0.110
Th 0.336 0.908 0.023
Nb -0.001 0.880 0.109
REE 0.188 0.860 0.265
Ba 0.212 0.741 0.306
U 0.562 0.580 0.130
Hf -0.499 0.340 0.726
Zr -0.545 0.295 0.715
MnO 0.335 -0.394 0.493
Variance (%) 41.71% 35.60% 8.05%
Cumulative variance (%) 41.71% 77.31% 85.36%

5. Discussions

5.1. Potential Terrigenous Sediment End-Members. Using
sediment grain size, mineralogy, and geochemistry, previous
studies have demonstrated that the East Asian continent and
the Japanese archipelago are the two primary sources of ter-
rigenous sediments in the JS [36]; and ocean currents, rivers,
EAWM/WJ, and sea ice are all possible transportation agen-
cies [6, 8-10, 37, 38]. Dust from the arid land of East Asia
can be carried over the JS by the EAWM/WT] and settled to
deposition. Aeolian dust deposition since the middle Mio-
cene has been recognized in the central JS, and it archives
information about the strengthened aridification of central
Asia, Tibetan uplift, and global cooling [10]. On orbital
and millennial timescales, dust records in the southern JS
revealed a meridional transition of the WJ, supported by
variations in the relative contribution from the Taklamakan
Desert and Mongolian Gobi Desert [6].

The Changjiang River (Yangtze River) and Huanghe
River (Yellow River) can carry large amounts of suspension
into the East China Sea, a portion of which can be delivered
into the JS via the Tsushima Strait by the TWC [39]. Sr-Nd
isotopes have proved that most of the fine-grain sediments
in the southern JS came from East Asia, delivered by the

Changjiang River and Huanghe River since the last glacial
period; the Changjiang River played a critical role in offering
terrestrial materials to the southern JS after 7kyr [9]. How-
ever, no large river flows directly into the JS. The riverine
input from small rivers, such as the Nakdong River on the
Korean Peninsula, the Tumen River in northeast Asia, and
a series of rivers on the Japanese archipelago, is all limited
to the coastal area [37, 40].

Sediment core LV53-18-2 was recovered from the west-
ern JS, where provenance studies are scarce. Therefore, the
geological background of the study area, potential terrige-
nous supply, and transport forces must be carefully evalu-
ated [8]. The Sikhote-Alin orogenic belt, situated in the
Russian Far East, is a potential source area for our core. First,
riverine contribution should be neglected because there are
no large rivers in this region. The Amur River, which
streams into the Sea of Okhotsk and is blocked by the shal-
low Tatar Strait (15m), can hardly influence the core com-
position [3]. Second, there are no records of desertification
in this region, which eliminates the possibility of dust
sources [41]. Third, seasonal sea ice covers the northern
Tatar Strait, the coast of the western JS, and Peter the Great
Bay in modern winter [42]. When the climate became
colder, the seasonal sea ice would expand southward [43].
Unsorted debris transported by sea ice would settled in the
study area when the ice melted. Sea ice activity over the last
30kyr has been reconstructed with the LV53-18-2 grain size
proxy (Figures 4(j) and 4(k)), showing an intense melting
period during 15-8kyr and late LGM. This results in large
quantities of IRD deposition [8]. In brief, sea ice and cur-
rents are two reasonable transport modes, the source of
which remains inexplicit.

Previous studies of the Sikhote-Alin orogenic belt lithol-
ogy showed two terranes along the coast: the Kema and
Taukha terranes. The Kema Terrane is a fragment of the
Barremian-Albian island arc system after colliding with the
late Albian continental margin and mainly consists of flysch
deposits and volcanic-sedimentary rocks [44]. The Taukha
Terrane is an Early Cretaceous accretionary prism composed
of various materials, including pelagic to hemipelagic, and
marginal deposits [45, 46]. In summary, these two terranes
are both potential sources for our core, and volcanic compo-
nents characterize the Kema Terrane. However, the nature
of the Taukha Terrane cannot be compared with that of
our core because of its complexity [45].

5.2. Elemental and Pb Isotopic Evidence for
Provenance Change

5.2.1. Pb Isotopes. Lead isotopes have been used as tracers in
sediment provenance studies. Based on previous work, we
grouped the Pb isotopes of LV53-18-2 into three intervals.
Compared to data before 15 kyr, *’Pb/***Pb (**°Pb/***Pb
and “%*Pb/***Pb) of 15-8 kyr were less (more) radiogenic
during 15-8 kyr, indicating source changes induced by the
IRD input (Figure 7). After 8 kyr, **°Pb/***Pb, **’Pb/***Pb,
and 2°*Pb/?>**Pb ratios decreased remarkably (Figure 7(a)).
Compared to the published data of potential sources, our
dataset was closer to volcanic material and far from the East
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FIGURE 4: Temporal variations of elements concentration in factors 2 (a-g) and 3 (h-i), and sea ice activity in LV53-18-2 (j-k).

Asian continent represented by the Chinese Loess Plateau,
Changjiang River, and Huanghe River (Figures 7(b) and 8).
This is consistent with the Sr-Nd isotopes of this core [8],
implying the validity of Pb isotope tracing and the large
source difference between the central and western JS.

F3 are also high-field strength elements and are usually
enriched in heavy minerals. Concentrations of Zr and Hf
showed larger values during 15-8 kyr, coincidental with sed-
iment proxies of sea ice activity, indicating that Zr and Hf
both can reflect hydrodynamic conditions, and IRD input

had influenced sediment components remarkably during
5.2.2. Major and Trace Elements. The concentration of ele- 15-8 kyr (Figure 4).

ments in F1 varied inversely to the mean silt size over the We compared our data with the Kema terrane, northeast
last 30 kyr, indicating that the mean grain size (<63 um) is ~ China sandy land, UCC, Japan arc, Chinese Loess Pla-
the main controlling factor of F1 [8] (Figure 3). Elements teau, and Mongolian Gobi Desert and drew La-Th-Cr
in F2 were all incompatible and preferred to be enriched in (Figure 9(a)) and La-Th-Sc (Figure 9(b)) ternary plots to
the UCC. Therefore, F2 may represent the input change in  discriminate the provenance of our core. These two plots
continental sourced materials. Specifically, Nb, Ta, Th, and  show source changes where continental components (north-
YREE are high-field strength elements, which are more  east China, UCC, and Chinese Loess) decreased and volcanic
weathering resistant and immobile than large ion lithophile materials (Kema terrane and Japan arc) increased from the
elements represented by K, Rb, and Ba. The Zr and Hf in  late last glacial period to the Holocene. The UCC,
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Taklamakan Desert, and Chinese Loess should be excluded
because their Nd and Pb isotopes are very different from
those of core LV53-18-2. Therefore, northeast China is a
potential source area for western JS aeolian dust. Based on
the isotopic Sr-Nd composition of dust in Lake Sihailong-
wan, northern China (northeast China more precisely) is
considered the primary source, and northwesterly winds
associated with the EAWM/W] are carriers of dust from
these deserts to the Lake Sihailongwan throughout the past
80 kyr [47]. This conclusion is consistent with our inference
that EAWM can transport aeolian dust to the study area [8].

Although both the Japan arc and Kema terrane in the
Far East are of volcanic origin, it is more reasonable to rec-
ognize the Kema terrane as the main source after 8 kyr than
the Japan arc if we consider the geographical location and
current direction. In addition, it is worth noting that we have
discovered the provenance difference between 15 and 8 kyr
with other periods, but were unable to discriminate its
source area due to insufficient inference data.

5.3. Paleoenvironmental Evolution in the Western JS since
30kyr. As mentioned above, our results revealed four-stage
variations in elemental compositions and Pb isotopes and
recognized northeast China and the Kema terrane as two
primary terrigenous sources of core LV53-18-2. We used
the Th/Sc ratio to indicate the relative contribution of felsic
to mafic source materials [14] and also calculated the chemical
index of alteration (CIA) to evaluate chemical weathering in
source areas [48]. To reconstruct the paleoenvironmental evo-
lution in the western JS over the last 30 kyr, we compared our
elemental proxies with the boreal summer insolation, EASM
intensity, global sea level, sea ice activity, and §Eu of LV53-
18-2 and TWC intensity of LV53-22 in the central JS
(Figure 10).

5.3.1. Dust and IRD Input during the Late Last Glacial Period
(30~15 kyr). During the late last glacial period, East Asia was
characterized by lower boreal insolation [49] (Figure 10(a)),
strengthened EAWM [50], and weakened EASM [51]
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(Figure 10(b)). The JS was nearly closed to open seas when
the global sea level dropped to -130m during the LGM
[52] (Figure 10(c)), suppressing the inflow of the TWC
and facilitating the stratification of upper water and ventila-
tion deterioration [53-55]. The colder and dryer climates in
East Asia induced intensified desertification, with sandy land
in northern China expanding to the southeast relative to the
Holocene [56]. The enlarged arid area accompanied by
enhanced EAWM intensity contributed more dust to the
downwind region. The reported three cores that received
dust deposition, ODP 797 in the central JS [57], KT94-15-
5 in the eastern JS, and MD01-2407 in the southern JS [5]
all showed a high flux of dust input during the marine iso-
tope stage 2 (MIS 2). Combined with previous Sr-Nd isoto-
pic evidence and the elemental results in this study [8], we
suggest a continuous aeolian input transported by the
EAWM from northeast China occurred during the late last
glacial period.

Previous research has revealed millennial sea ice activi-
ties in the eastern JS since MIS 6 and suggested that this is
relevant to the intensity of the EAWM [58]. Our core
recorded millennial sea ice activities over the last 30kyr,
including a prominent sea ice melting event at 19kyr [59]
(Figure 10(d)). Synchronously, the TWC taxa and JSPW
assemblage of radiolaria in core LV53-23 resumed in the
central JS at 19 kyr, indicating an increased intrusion of the
TWC [60] (Figure 10(h)). It is recognized that a global
warming event may had occurred at 19 kyr, which is syn-
chronized with an increase in greenhouse gas concentrations
[61], an abrupt rise in sea level in the East China Sea [62],
and a negative excursion of speleothems 8'®0 in East Asia
[63]. Our results show that the 19kyr ice melting event in
our core may have responded to this sudden hemispheric
warming noting that this event cannot be well constrained
due to OSL dating error. If this respondence stands, we sug-
gest that the rising sea level may have led the TWC to
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intrude into the JS, increasing the overall heat content and
melting sea ice in the western JS. This warming event was
interrupted by subsequent HS1 cold event when cold water
species of diatoms in the southern JS increased [64], TWC
taxa sharply reduced [60], and perennial sea ice developed
on the western coast of the JS [59].

The CIA of LV53-18-2 indicated that the study area
had suffered weathering under a cold climate from 30kyr
to 15kyr but fluctuated on a millennial timescale

(Figure 10(g)). On the orbital timescale, this general
upward trend of the CIA, indicating chemical weathering
intensity, contradicts the weakened EASM (Figure 10(b)).
We attributed this abnormal trend to source changes other
than chemical weathering. Sea ice can carry weakly weath-
ered large grain debris to the research area and distinctly
affect sediment components, leading to lower CIA values.
Therefore, the increase in the CIA index from 30 to
15kyr can be explained by weakened sea ice activity.

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6405238/5639954/6405238.pdf

bv auest



10

25
75

75

Lithosphere

o\
100 R .JO’.O%
0 25 50 75
La
()
+ 30~15ka o UCC
15~8 ka o Japan arc
+ 8~0ka o Chinese loess

e Kema terrane
o Northeast China

o Mongolia gobi

25 50 25 100

FIGURE 9: Provenance discrimination ternary plots of (a) La-Th-Cr and (b) La-Th-Sc. Data from the Kema terrane [44], northeast China
[68], UCC [35], Japan arc [69], Chinese Loess Plateau [70], and Mongolian Gobi Desert [71] are also shown for comparison.

There are some fluctuations on the millennial timescale
where the CIA index reaches a minimum, which can be
explained by the input of a weakly weathered IRD. For
instance, during the warming event at 19kyr, deposition
of a large quantity of IRD containing much large grain
debris derived from the Far East coast influenced our
core’s Th/Sc ratio and led to smaller CIA values
(Figures 10(e)-10(g)).

5.3.2. IRD Input from the Late Deglacial Period to the Early
Holocene (15~8 kyr). The global climate began to warm up
in pace with boreal summer insolation, increasing from
15kyr [65]. The enhanced EASM, bringing more moisture
and heat from low latitudes, has ameliorated the arid condi-
tions of East Asia and reduced the source of dust generation
[56]. However, the weakened Siberian High and temperature
contrast between the polar and tropic region had diminished
the loading ability of EAWM/WT] [6, 50]. The aeolian dust
flux in the JS has reduced significantly since the late deglacial
period [5].

Our Pb-Nd isotopic and ternary plots as well as the Sr-
Nd discrimination plot [8] suggest that the provenance
changed remarkably after 15kyr. Furthermore, the La-Th-
Sc and La-Th-Cr ternary plots show that the UCC provided
more supply to this core during this period. Th/Sc ratio fluc-
tuations show greater frequency and higher volatility than
that during 30-15kyr (Figure 10(f)). These changes can be
attributed to IRD deposition. Figure 10(d) indicates that dra-
matic sea ice melting occurred from 15kyr to 8kyr in the
research area. IRD deposition significantly alters sediment
composition. Elemental evidence from our core indicates

that sea ice transported more felsic debris to the study area
during 15-8kyr, although the source of the IRD is difficult
to constrain due to the lithological complexity of coastal
areas in the Far East.

A sharp decrease in the CIA index occurred at 15 kyr ago
and first showed a downward and upward trend until about
8 kyr. Obviously, these variations are not in agreement with
hemispheric warming on the orbital scale, which will
enhance the weathering intensity and increase the CIA
values, but are in harmony with the sea ice activity of our
record. IRD deposition induced by intense sea ice melting
remarkably affects the component, reduces the maturity of
sediments, and causes insults in abnormally low CIA index
from 15 to 8kyr.

5.3.3. The Liman Cold Current since 8 kyr. The isotope and
elemental tracing plots of our samples showed a notable
increase in the contribution of mafic materials since 8 kyr.
We suggest that the Kema terrane, which is the residual of
the island arc on the western coast, is a the potential prove-
nance. The EASM reached a maximum and then progres-
sively declined from 8kyr, and the W] was much weaker
than that in the glacial period. Therefore, the aeolian dust
contribution to the JS was limited, as demonstrated in the
southern and eastern cores [5]. In addition, the possibility
of IRD input containing volcanic debris is unsupported by
our data because of the weakening of sea ice activity after
8kyr. As a result, current transportation is the only reason-
able explanation.

The Liman Cold Current originates from the Tatar Strait
and flows to the south along the western coast of the modern
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LV53-18-2 [8]; (g) indicator of chemical weathering intensity of LV53-18-2 in this study; and (h) TWC intensity indicator of LV53-22 [60].

JS. The Amur River runoff is considered one of the primary
sources of the LCC [28]. There are other scientific questions
about the Tatar Strait and the LCC: When did the Tatar
Strait open since the LGM, and is there any connection
between the opening of the Tatar Strait and the birth of
the LCC? Based on our elemental and isotopic results, we

argue that (1) the Tatar Strait opened at about 8 kyr when
the sea level continued to rise since the LGM and reached
about -15m, a height that opened the Tatar Strait. (2) Once
the Tatar Strait opened, the freshwater input from the Amur
River could cross the strait and give birth to the LCC, which
could scour the coast upstream and bring mafic materials
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from the Kema terrane to the study area, resulting in a §Eu
anomaly (Figure 10(e)) and a decrease in the Th/Sc ratio
(Figure 10(f)).

During this period, the CIA index continued to decrease
(Figure 10(g)). This is consistent with the fact that volcanic
materials are generally rich in weakly weathered ash and
glass. In this study, the CIA index was controlled by source
variations, such as IRD or volcanic material, which elimi-
nated the signal of chemical weathering induced by climate
change.

6. Conclusion

We investigated the provenance variations of fine-grain ter-
rigenous sediment in the western JS over the past 30kyr
based on major and trace element and Pb isotope from core
LV53-18-2. Our results show that northeast China and the
Kema terrane in the Far East are the two primary sources.
During 30-15 kyr, the EAWM had carried dust from north-
east China to the study area, and sea ice also transported
weakly weathered IRD to deposition. From the late deglacial
to the early Holocene (15-8kyr), the deposition of large
quantities of IRD remarkably influenced the nature of the
sediments. After 8 kyr, more mafic materials derived from
the Kema terrane were supplied to our core, supporting
the deduction that the Tatar Strait opened and LCC gener-
ated at approximately 8kyr due to rising sea levels. The
CIA index of this core serves as an indicator of source
changes, and not of chemical weathering intensity.
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