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Abstract

Various sediment properties, such as mean grain size, total organic carbon, total nitrogen, C/N ratio, CaCO,, and biogenic opal content, were analyzed
for a box core (BC02; 45 cm long) and a gravity core (GC02; 628 cm long), which were collected from the western margin of the Hupo Trough located
off the eastern coast of Korea. The study area has been affected by the East Korea Warm Current (EKWC), a branch of the Tsushima Warm Current
(TWCQ). The analytical results obtained for BC02 and the upper part of GC02 were in agreement, affirming the core-top preservation of GC02. Based
on the corrected calibrated AMS '*C dates, the sedimentation rate of GC02 changed abruptly at ~8.2ka from ~4.0—10.2cm/kyr in the lower part to
~56.6-91.0 cm/kyr in the middle to upper part. This corresponds to the lithologic change from sandy mud to mud sediments showing the mean grain size
change from 6.9 to 46.0 um. Diverse paleoceanographic proxies representing the surface water condition exhibited varying degree of change at ~8.2ka,
after which all the properties remain almost unchanged, implying stable and continuous depositional conditions following the complete development of
the EKWC. Furthermore, it indicated that the sediment depositional conditions in the Hupo Trough in response to the EKWC might have stabilized at
~8.2ka since the opening of the Korea Strait during the Holocene sea level rise. Moreover, microfossil data from previous studies on the establishment
of the TWC in the East Sea (Japan Sea) support our interpretation that the sediment properties revealed the Holocene development of the EKWC in
the Hupo Trough.
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Kuroshio Current (Figure 1(b)) (Chang et al., 2004). The TWC
splits into three branches after flowing through the Korea Strait
(Figure 1(b)) (Katoh, 1994). The first branch (i.e Nearshore
Branch: NB) through the eastern channel of the strait roughly fol-
lows the 200-m isobath of the continental shelf along the Japanese
coast. The second branch (i.e. Offshore Branch: OB) through the
western channel of the strait flows along the continental shelf
break and slope of the Japanese margin. The third branch, known
as the East Korea Warm Current (EKWC), flows along the eastern
coast of Korea as a western boundary current.

Glacio-custatic sea level fluctuations are critical key processes
that bring about dramatic environmental shift between the glacial
and interglacial periods of the East Sea, because all the straits
connecting the East Sea with the neighboring seas are very

Introduction

The eustatic sea level fluctuations by tectonic or glacial forcing
have influenced the terrestrial and oceanographic environment.
The Bering Strait throughflow connects the Bering Sea of the
North Pacific with the Chukchi Sea of the Arctic Ocean. During
the last glacial period, a drop in the sea level caused the closure of
the Bering Strait, leading to a halt of the Bering Strait through-
flow, which controlled the climatic variability in the North Atlan-
tic (e.g. Hu et al., 2012). At the same time, the connection of Asia
with Alaska by sea level lowering formed the Bering land bridge
(i.e. Beringia), which provided a postulated route of human
migration from Asia to America (Goebel et al., 2008). Similar to
the Bering Strait region, the East Sea, known as the Japan Sea
(hereafter the East Sea), as a marginal sea almost enclosed by the
East Asian continent and the Japanese islands, is an exceptionally
sensitive to the sea level change (Figure 1(a)).

The East Sea consists of three basins namely the Ulleung
Basin, the Yamato Basin, and the Japan Basin. The sea is deeper
than 2000 m, and is connected to neighboring seas through shallow
straits (Tatarskiy Strait: 12m, Soya Strait: 55m, Tsugaru Strait:
130m, and Korea Strait: 140m) (Figure 1(a)). The relatively broad
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(approximately 150km wide) Korea Strait between the Korean
Peninsula and the Japanese islands acts as the main entrance for
the Tsushima Warm Current (TWC) which is a branch of the
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Figure l. (a) Physiography of the East Sea with the core location of GH87-2-K-B (black circle), (b) surface currents in the East Sea, (c)
bathymetry of the Ulleung Basin to show the study area (red box) and the location of cores SSDP-102 and SSDP-105, and (d) bathymetry
of the Hupo Trough and the Hupo Bank with the core location of ES14-02 (red circle), 08HZP-03 (green rectangle), and HB13-2 (yellow

rectangle).

shallow (Gallagher et al., 2018; Itaki et al., 2004; Khim et al.,
2007, 2008, 2009, 2012; Kido et al., 2007; Oba et al., 1991; Tada
et al.,, 1999). The East Sea was almost isolated during the last
glacial maximum (LGM; 26.5-19ka, Clark et al., 2009) when the
global sea level was lowered by approximately 120-130m (Fair-
banks, 1989). Thus, the present-day physiography and hydro-
graphic conditions of the East Sea are extremely different from
the LGM when the low sea level almost isolated the East Sea from
the neighboring seas. For example, such a physiographic constric-
tion prevented the influx of the TWC, which subsequently caused
a remarkable change in the sediment deposition due to the hydro-
graphic alteration of seawater properties. As a result, in response
to the low sea level position during the last glacial period, the dark
laminated mud layers characterized by the high concentration of
redox-sensitive elements were deposited on the seafloor at a water
depth greater than at least 500 m (Bahk et al., 2000; Crusius et al.,
1999; Ikehara et al., 1994; Khim et al., 2008, 2009, 2012).

The TWC disappeared during the LGM due to the subaerial
exposure of shallow shelf areas around the Korea Strait (e.g. Park

et al., 2000). During the postglacial period, the TWC began to enter
into the East Sea by the Holocene sea level rising. The development
of the TWC plays an important role in transporting heat and mois-
ture into the East Sea, leading to a stable climate regime. For exam-
ple, Gotanda and Yasuda (2008) found that the spatial changes in
the biome in southwestern Japan have been dependent on the pres-
ence of the TWC since the LGM. The evolution of the TWC after
the breaching of the Korea Strait in response to the postglacial sea
level rise was revealed mostly by microfossil studies (Domitsu and
QOda, 2006, 2008; Itaki et al. 2004; Kim et al., 2000; Koizumi, 1989,
2008; Oba et al., 1991; Takata et al., 2018; Ujiie and Ichikura,
1973). These studies postulated that the initiation of the TWC
occurred at about 11-9ka, and the modern-type establishment was
complete at around 9-7ka.

The high-resolution seismic profiling and sediment coring
were conducted extensively on the continental shelf adjacent to
the Korea Strait which acts as the gateway of the TWC (e.g. Yoo
et al., 2014a, 2014b). Yoo et al. (2014a) revealed that the seismic
units of the sedimentary sequence in the continental shelf were
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highly correlated with the lithologic units of core SSDP-102
(34°572'N, 128°52.9'E, 40 m deep; Kong and Park, 2007) drilled
in the inner continental shelf near the Nakdong River estuary.
These sedimentary sequences were established in response to the
postglacial sea level rise and the sediment supply from the
Nakdong River during the development of the TWC. Conse-
quently, the thick accumulation of Holocene sediments in the
inner shelf around the Korea Strait indicated that the Nakdong
River had played an important role in supplying the fine-grained
sediments into the East Sea. Additionally, the EKWC led to the
deposition of Nakdong River-derived sediments along the south-
eastern coast of Korea after the breaching of the Korea Strait dur-
ing the postglacial sea level rise (Chun et al., 2015; Kong and
Park, 2007; Lee et al., 2010).

Among the three branches of the TWC, the evolution of the
EKWC flowing along the southeastern coast of Korea has not
been studied in detail, compared with the OB and NB. In this
study, we document the multi-proxy data of a box core (BC02)
and a gravity core (GC02) collected from the western margin of
the Hupo Trough in the southwestern East Sea, where the EKWC
is dominant. Our results highlighted that the sediment properties
of GCO2 in the Hupo Trough revealed the depositional history in
response to the Holocene sea level rise. Based on the results, we
suggest the timing at the complete development of the EKWC
similar to the present-day in terms of depositional process in the
Hupo Trough.

Study area

The Ulleung Basin occupies the southwestern part of the East Sea
(Figure 1(c)). Along the western continental margin of Ulleung
Basin, the continental shelf is generally flat and narrow (~20km
wide) with an abrupt and steep continental slope at a water depth of
130-150m (Figure 1(d)). The upper continental slope comprises a
submarine ridge (Hupo Bank) and a depression (Hupo Trough),
which are aligned parallel to the shoreline along the eastern coast of
Korea (Figure 1(d)). The Hupo Bank is approximately 100 km long
and has a relatively flat top at a water depth of 10-200 m. The Hupo
Trough, bordered by the Hupo Bank and located on the wide, flat,
and shallow (<200 m deep) continental margin, consists of a small
sediment depository influenced by the EKWC (Figure 1(b)).
Because the Hupo Trough is shallower than ~200 m, the anoxic bot-
tom water was not effective during the last glacial period. For
example, the dark laminated mud layer was not observed in the
glacial sediments of the 7.4m-long core 08HZP-03 (36°42.0'N,
129°39.4’E, 195.4m deep) in the Hupo Trough (Kim et al., 2010).

Active efforts were made to investigate the geological structures
in the Hupo Trough (e.g. Yoon et al., 2014), but very few studies
involved understanding the sediment cores (Kim et al., 2010; Jun
etal., 2014). Kim et al. (2010) reported that the 3'*C and §'°N val-
ues of organic matter from core 08HZP-03 divided three intervals;
the first (<6ka) characterized by marine algae, the second (6—
10ka) consisting of a mixture of C, land plant and marine/fresh
algae, and the third (>10ka) characterized by C, land plants. The
sediments of 3.3-m long core HB13-2 (36°42.70'N, 129°42.32'E,
193 m deep) include diverse minerals such as quartz, microcline,
orthoclase, albite, and clay minerals (chlorite, kaolinite, illite, and
smectite). However, there was not much variation in the mineral-
ogical composition throughout the core, indicating that the sedi-
ment source may be limited (Jun et al., 2014).

The Nakdong River, located in southeastern Korea, has a
drainage area of approximately 24,000km? and annually dis-
charges about 6.3 X 10'°tons of freshwater and 10 X 10°tons of
sediment (Figure 1(c); Williams et al., 2013). The major discharge
(about 71%) of water and sediments occurs during the summer
rainy season (Park and Chu, 1991). In general, turbid river plumes
formed by the discharged water and sediments were dispersed

into the nearby bay or flow northeastward parallel to the coast
(Lee et al., 2006). Consequently, the EKWC transports the river-
derived sediments through the Korea Strait into the Ulleung
Basin. A distal mud deposit (Korea Strait shelf mud) along the
southeastern coast of Korea in a modern-type depositional envi-
ronment might be formed by shore-parallel sediment transport
(Bahk et al., 2004; Chun et al., 2015; Lee et al., 2010).

Materials and methods

Abox core (ES14-BC02; 45 cm long, hereafter BC02) and a gravity
core (ES14-GC02; 628 cm long, hereafter GC02) were collected at
site ES14-02 (36°42.03'N, 129°39.36’E, 189 m deep) located on the
western margin of the Hupo Trough during the test cruise of IB
Araon in 2014 (Figure 1(d)). The cores were delivered to the labo-
ratory of Korea Polar Research Institute (KOPRI) for preliminary
observation, photographs, and sediment sampling for further analy-
ses. A photography of the sediment slab obtained from the gravity
cores was taken at KOPRI. Prior to the laboratory analysis in the
Pusan National University, the sediment samples were obtained
from BC02 and GCO2 at 1 and 2 cm intervals, respectively.

Grain size was analyzed for 14 selected samples using a Laser
Diffraction Particle Analyzer Microtrac S3500 at the Korea Insti-
tute of Geology and Mineral Resources. For pretreatment prior to
the measurement, the organic matter of the dried bulk sediments
was removed using a 6% hydrogen peroxide solution. Because of
very low CaCOj, content, CaCO, was not removed. Mean grain
size and granulometry were calculated using the Gradistat (Blott
and Pye, 2001). Total carbon (TC) and total nitrogen (TN) con-
tents were measured at 1 cm interval (n=45) for BC02 and at 2 cm
intervals (n=317) for GC02, using an elemental analyzer (Model
Flash 2000). The analytical precision of the instrument expressed
as relative standard deviation (= 1c) was 1%. Total inorganic car-
bon (TIC) content was measured at 8cm intervals (2=80) for
GC02, using a UIC CO, Coulometer (Model CM5014). Assum-
ing that all TIC is in the form of CaCO,, TIC content is converted
to CaCOj, content as a weight percentage using the multiplying
factor 8.333. The analytical error involved in TIC measurement
was expressed as one relative standard deviation (= 1) and found
to be =1.0%. Total organic carbon (TOC) content was calculated
by determining the difference between TC and TIC. C/N ratio was
calculated by TOC/TN. The biogenic silica content was analyzed
at 2—4 cm intervals (n=163) for GC02 by the wet alkaline extrac-
tion method modified from DeMaster (1981). The relative error
of biogenic silica content in sediment samples was less than 1%.
The biogenic opal content was calculated by multiplying the bio-
genic silica content by 2.4 (Mortlock and Froelich, 1989). The
analytical data were tabulated in Supplemental Data File.

Because foraminiferal tests were rare in GC02, accelerator
mass spectrometry (AMS) was operated to determine the abun-
dance of C in the acid-insoluble organic matter fraction of the
seven bulk sediments at the Rafter Radiocarbon Laboratory, Insti-
tute of Geological and Nuclear Sciences (New Zealand). Mixed
benthic foraminifera at a depth of 592cm in GC02 were also
dated to provide additional information. Table 1 lists AMS “C
conventional ages (yrBP), which were converted to calibrated cal-
endar year (cal yrBP) with a marine reservoir effect of 400 years
(i.e. AR=0) (e.g. Kong and Park, 2007) using the CALIB Radio-
carbon Calibration Program version 7.1 (Stuiver et al., 2017). In
this study, the age unit of “ka” is equivalent to the calibrated age
unit of “cal kyr BP.”

Results

Sediments of GCO2 consists mostly of bioturbated and homoge-
neous mud with faintly-laminated mud, and bioturbated sandy
mud (Figure 2). Based on the sediment texture, GC02 is divided
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Table I. AMS '*C ages of core ES14-GCO02 in the Hupo Trough of the Ulleung Basin in the southwestern East Sea.

Depth (cm) Conventional '“C Error (=1 6)  8'3C (%) Calibrated '“C age  Corrected Material Lab code
age (yrBP) (cal yrBP) calibrated '*C
age (cal yrBP)
1-2 1167 20 -21.8 706 6 Bulk sediments NZA60892
154-155 2766 21 -21.4 2492 1792 Bulk sediments NZA60893
311312 4073 25 -21.7 4111 3411 Bulk sediments NZA61034
482483 6599 27 -21.3 7131 6431 Bulk sediments NZA60894
526-527 10,387 46 -23.4 11,455 10,755 Bulk sediments NZA61660
558-559 17,440 95 -23.7 20,547 19,847 Bulk sediments NZA61661
622623 31,843 523 -23.5 35,352 34,652 Bulk sediments NZA61035
592 30,501 362 0.3 34,164 Benthic foraminifera NZA61075
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Figure 2. Downcore profile of mean grain size of core GC02, some representative radiographs showing the main sedimentary structures, and
three grain size distributions showing the dominant mode change. Upward fining of mean grain size is distinct in the lower part of the core and
the mean grain size is almost consistent from the middle to the upper part of the core.

into three lithologic units: the sandy mud from the core-bottom to
~550cm, the transitional interval from ~550 to ~518 cm, and the
mud from ~518cm to the core-top. Moreover, the transitional
interval between the upper and lower lithologic units is character-
ized by strong bioturbation with the lithologic boundary at 510 cm
(Figure 2). Mean grain size of sediments ranged between 6.9 and
46.0um, clearly showing the fining-upward trend, which was
divided into the lower part from the core-bottom to 550 cm and
the middle to upper part from 518 cm to the core-top with a transi-
tion from 550 to 518cm. The mean grain size remains more or
less constant (6.9-21.0 um, mean 15.2 um) in the middle to upper
part of core. The fining-upward change of GC2 was also sup-
ported by the grain size distribution that the dominant mode shifts
from the coarse to the fine fraction (Figure 2). The mean grain
size (6.9 um) of the upper part (13 cm) of GCO2 is almost similar
to that (~8¢ = ~4 um) of nearby core HB13-2 (Jun et al., 2014).
TC and TN contents of the upper part of GC02 were compared
with those of BC02 (Supplemental Figure S1), because the top
part of the gravity corer was sometimes lost during the core
retrieval process, whereas box corer preserved the complete sedi-
ment-water interface of the core-top. The variability in the TC and
TN contents between the top part of GC02 and BC02 was very
similar within a small analytical error range (Supplemental Figure

S1). Moreover, both cores exhibited that TC and TN contents
increased slightly and gradually from ~16 cm toward the core-top,
confirming that the core-top of GC-02 was rarely missing.
Downcore variations of various geochemical properties (TOC
and TN contents, C/N ratio, and CaCO, and biogenic opal con-
tents) of GCO02, representing the surface water condition, are
shown in Figure 3. The variations in the properties follow a pat-
tern similar to the changes in the lithology represented by the
mean grain size (Figure 2). There was remarkable change in the
sediment properties between the upper and lower units. It is
clearly discernible that all the profiles except for the biogenic opal
content exhibited nearly no variation above ~500 cm in the upper
lithologic unit. Compared with other geochemical properties,
there were some fluctuations in the biogenic opal content through-
out the core. At ~560cm, the C/N ratio was the maximum,
whereas all the other properties had the minimum values. From
the core-bottom to ~560 cm, there were slight decreases in TOC,
TN, and biogenic opal contents and moderate decreases in CaCO,
content, whereas the C/N ratio slightly increased. In contrast,
TOC and TN contents increased and C/N ratio decreased dis-
tinctly from ~560 to ~500 cm. Consequently, it can be stated that
the variations in the C/N ratios and TOC and TN contents were
contrary each other in the lower unit. It is worth of note that
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Figure 3. Downcore profiles with depth and time of sediment geochemical properties (total organic carbon (TOC), total nitrogen (TN),
TOC/TN (C/N), CaCO,, and biogenic opal contents) of core GC02. The variations in these properties were distinct between 500 and 560 cm.
There was almost no change in the properties since ~8.2ka. The minimum is marked at the LGM (gray interval).
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Figure 4. Age-depth relationship of core GCO02 (Table ). Blue
dots represent bulk sediments, and the red rectangle represent
mixed benthic foraminifera. The change in the sedimentation rate is
distinct at ~500 cm by green dashed lines. The sediment ages were
calculated using the sedimentation rate for each interval.

CaCO, and biogenic opal contents also followed the increasing
pattern in TOC and TN contents during this interval. Therefore,
the lithologic change in terms of mean grain size from 550 to
518 cm in GCO2 was reflected by the variation in geochemical
properties from 560 to ~500 cm.

AMS '“C ages of the bulk sediments

and sedimentation rate

The AMS C ages of seven bulk sediments in GC02 showed no
age reversal (Figure 4), validating a reliable stratigraphic order of
sediment deposition. The AMS '“C measurements were performed
on the acid-insoluble organic matter of the bulk sediments
(Table 1). Because fresh (autochthonous) organic matter is likely to

dissolve in HCl and HNO,, the acid-insoluble organic matter could
be more affected by old allochthonous (continental) organic matter.
Thus, AMS '“C dating of the acid-insoluble organic matter is likely
to show an older age than its depositional age. It is noteworthy that
the age of core-top (1-2cm) was 0.7ka (Table 1), although the
core-top of GC02 was well preserved (Supplemental Figure S1).
Such an old age of the core-top is mainly due to the local contami-
nation by old continental and marine organic carbon. For example,
such type of contamination is very common during the determina-
tion of AMS '*C ages of surface sediments in the Antarctic Ocean
(e.g. Andrews et al., 1999). Consequently, the local contamination
by acid-insoluble organic matter from the sediments containing
older carbon is commonly observed during radiocarbon dating, par-
ticularly in the shallow marine environment.

In this study, we assumed that the core-top should be the mod-
ern, based on the comparison of sediment properties between the
top part of gravity corer (GC02) and box corer (BC02) (Supple-
mental Figure S1). Thus, the local contamination (0.7 kyr) of core-
top age was subtracted from the calibrated AMS 'C ages, although
the local contamination factor seems different with time. Ikehara
(2000) compared AMS '“C ages between the planktonic foramin-
ifera and organic carbon of marine sediments, and reported that
AMS 'C ages of organic carbon were older by ~1080-1790 years
than those of planktonic foraminifera. Despite smaller, the local
contamination (0.7 kyr) in this study seems close to that by Ikehara
(2000). More contamination by old terrestrial carbon might occur
during the low sea level condition. However, because we cannot
estimate the contamination factor during the low sea level condi-
tion in the study area, we applied the uniform factor throughout the
time. In addition, the AMS '“C dating of benthic foraminifera mea-
sured at 592 cm was 34.2ka (Table 1). Such an age of benthic fora-
minifera by 0.5kyr older than the expected age at the equivalent
depth (27.7ka) may indicate that the shells were reworked. Thus,
we did not consider this age information.

Stratigraphic order of sediment deposition in GC02 is reliable
due to no age reversal of the AMS C ages, although the bulk
sediments were used. For the establishment of age model, we cal-
culated the sediment age using the sedimentation rates. Based on
the corrected calibrated AMS '“C dates of seven bulk sediments,
it was observed that the sedimentation rate was different between
the upper and lower units of the core (Figure 5). There was an
abrupt change in the sedimentation rate, that is, from very low
(~4.0 to ~10.2cm/kyr) to very high (~56.6 to ~91.0 cm/kyr) at
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Figure 5. (a) Biplot between TOC and TN contents of core GC02
and (b) biplot between C/N ratio and TOC content of core GC02.
Two clusters were distinctly separated by ~8.2 ka.

around the lithologic unit boundary (at 510cm). Such change in
the sedimentation rate further confirmed the lithologic division
based on the mean grain size and sediment geochemical proper-
ties (Figures 2 and 3). With the assumption that the core-top rep-
resents the modern and the sedimentation rate is constant between
the age points, the calculated ages of the sediments of GC02 were
shown in Figure 4. Consequently, the boundary (~500cm) at the
geochemical property change was calculated to be about 8.2ka.
Kim et al. (2010) reported that §'>C and 8"°N values of organic
matter changed abruptly at 4.75m depth in core 08HZP-03 in the
Hupo Trough (Figure 1) which is younger than 10.6ka dated at
5.11m in 08HZP-03. Thus, the boundary of organic matter iso-
topes in 08HZP-03 may correspond to that of geochemical prop-
erties in GCO2.

Discussion

Detrital sediment transport changes associated with
onset of the EKWC

The very low sedimentation rate (~4.0cm/kyr) observed in the
lower part of GC02 confirmed that the sediment delivery was
extremely limited during the last glacial period (Figure 4).
Although the Hupo Trough is located offshore near the eastern
coast of Korea (Figure 1(d)), the supply of terrestrial sediments
from Korea is limited because most streams are short and small,
and the sediments are deposited in the shallow inner continental
shelf (Chough et al., 2000). The sediments deposited in the Hupo
Trough might be mainly transported by oceanic current (i.e. the

EKWC), although aeolian processes seem to contribute to a cer-
tain extent. Based on the sediment geochemistry, Um et al. (2017)
reported that the provenance of fine-grained sediments on the
southwestern slope of the Ulleung Basin was also the Nakdong
River in addition to Chinese rivers. The mineralogical analyses of
sediments in the Hupo Trough showed that the mineral composi-
tion of the Holocene sediments was consistent (Jun et al., 2014),
confirming that there was no significant change in the sediment
provenance. Thus, the conditions near the Korea Strait in response
to the sea level position are critical to the supply of sediments
from the Nakdong and Chinese rivers to the southern Ulleung
Basin and the Hupo Trough by the EKWC.

Bahk et al. (2004) reported that there was a significant increase
from 15 to 10ka in the detrital SiO,/Al,0, and TiO,/Al,O; ratios
and silt/clay ratios in the southern margin of the Ulleung Basin
during the last deglaciation. It is attributed to the substantial
increases in the hemipelagic fluxes particularly associated with
the formation of the beach-shore complex during the early stage
of the postglacial transgression. However, the shore-parallel sedi-
ment transport by the EKWC through the Korea Strait might be
ineffective because of the decreased seawater flux governed by a
substantial lowering in the sea level during the last deglaciation.
Holocene sedimentation rates of GC02 were significantly differ-
ent before ~8.2ka (<~10.2cm/kyr) and after ~8.2ka (~56.6 to
~91.0 cm/kyr) (Figure 4). The abrupt change in the sedimentation
rate corresponds to the shift in the variation pattern of geochemi-
cal properties and lithologic division. Remarkably, sediment
properties except for the biogenic opal content were generally
constant since ~8.2 ka (Figure 3), as was the mean grain size (Fig-
ure 2). These features clearly indicated that the depositional con-
ditions in the Hupo Trough might have changed at ~8.2 ka.

Productivity changes associated with onset of the
EKWC

Since the LGM characterized by the minimum values of TOC, TN,
and CaCO,, and biogenic opal contents, these geochemical proper-
ties increased gradually until ~8.2ka (Figure 3). Such a gradual
increase in TOC, TN, and biogenic opal contents implied that the
surface water properties were altered, leading to higher primary
production presumably due to the warmer seawater and rising sea
level. A slightly higher CaCO, content (~10%) during the last gla-
cial period is typical of the East Sea (e.g. Oba and Pedersen, 1999).
Although the geochemical properties depend on the grain size of
sediments, their increases in the Hupo Trough were more affected
by the surface water production rather than the grain size effect
because the increasing patterns are different among the geochemi-
cal properties. It is also noteworthy that, since ~8.2ka, these prox-
ies of surface water production seemed to remain almost constant
even under high sedimentation rates (Figure 3). The quasi-cyclic
variations in the biogenic opal content during the last 8kyr were
significantly different compared with the variations in other sedi-
ment properties of GC02. The diatom, Fragilariopsis doliolus, has
been regarded as an indicator species for the TWC (Koizumi,
1989). The variations in biogenic opal content during the middle to
late-Holocene may be attributed to the degree of diatom production
in surface waters of the Hupo Trough with the changes in the
strength of the EKWC. This pattern was similar to the variations in
the diatom temperature index and abundance of F. doliolus with the
change in the strength of the TWC in the East Sea (Khim et al.,
2005; Koizumi, 1989; Koizumi et al., 2006).

TOC content of bulk sediments of GC02 is influenced by a
mixture of sinking particles from the surface water and lateral
transport from the nearby land (Stein, 1991). The degree of pri-
mary production in the shallow marine environment is the major
factor governing TOC content of bulk sediments, assuming that
the degree of degradation of the organic matter during sinking
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within the water column and on the seafloor remains the same.
The biplot between TOC and TN contents displays two separate
clusters of TOC and TN contents: one before ~8.2ka and another
after ~8.2ka, despite the transition at ~8.2ka (Figure 5(a)). The
samples after ~8.2ka were characterized by higher TOC and TN
contents, in addition to higher biogenic opal content (Figure 4),
than those before ~8.2 ka. Although the correlation between TOC
and TN contents showed similar slopes for the two clusters, the
relationships between the clusters and variables were signifi-
cantly different (Figure 5(a)). The samples before ~8.2 ka showed
negligible TN content, which may be attributed to either the selec-
tive degradation of nitrogen compounds during the postdeposition
or degradation of different compounds of organic matters before
~8.2ka.

C/N ratio of bulk sediments has been used to differentiate the
origin of organic carbon (Hedges and Parker, 1976; Meyers,
1994). C/N ratios of the samples before ~8.2 ka were much higher
than those after ~8.2 ka, indicating the greater contribution of ter-
restrial organic matter before ~8.2ka (Figure 5(b)). Moreover, the
correlation between C/N ratio and TOC content of the two tempo-
ral domains was contrary each other (Figure 5(b)). It may indicate
that the depositional environment of the organic matter during
these two periods was different. Prior to ~8.2 ka, the Hupo Trough
was dominated by more terrestrial-derived organic matter whereas
more marine organic matters dominated the Hupo Trough after
~8.2ka. Biomarker and 8'3C and 8'°N values of organic matter in
the surface sediments of the East Sea revealed the surface water
conditions, despite the lateral contribution to the deeper site
(Khim et al., 2018; Park et al., 2019). Kim et al. (2010) reported
that 8'*C and §'°N values of organic matter in core 08HZP-03
were low before 10.6ka and high after 6.0ka, and an environmen-
tal condition might be changed sometime between 6.0 and 10.6 ka.
Thus, the oceanographic conditions affected by the EKWC in the
Hupo Trough may gradually change after the LGM, reaching
equilibrium condition at ~8.2 ka.

Onset timing of the EKWC and development of the
TWC system

Microfossil studies have revealed the onset timing of the TWC in
the East Sea after the breaching of the Korea Strait in response to
the postglacial rise in sea level (Domitsu and Oda, 2006, 2008;
Itaki et al. 2004; Kim et al., 2000; Koizumi, 1989, 2008; Oba
et al., 1991; Takata et al., 2018; Ujiie and Ichikura, 1973). Ujiie
and Ichikura (1973) reported that the TWC began to flow at
~11ka based on the coiling-direction shift of planktonic foramin-
ifera (Neogloboquadrina pachyderma). The appearance of F.
doliolus, which is indicative of the TWC, occurred at 10-9ka
(Koizumi, 1989). Oba et al. (1991) confirmed that the TWC
began to flow at ~10ka, based on the appearance of F. doliolus,
the change in coiling direction of N. pachyderma, and prevalent
occurrence of warm-water microfossil species. Moreover, they
suggested that the modern-type TWC was established since
~8.2ka. Based on the predominance of Cycladophora davisiana
and the absence of Actinomma boreale/leptoderma Group, Itaki
et al. (2004) suggested that active deep-water formation took
place in response to the TWC inflow during the early Holocene
(11-9ka). On the other hand, Kim et al. (2000) reported that the
dextrally-coiled N. pachyderma appeared in the Ulleung Basin
since ~8.0ka, and the TWC was established by ~6.6ka.

Koizumi (2008) proposed that the relative abundance of F
doliolus represented the first occurrence of the TWC at §-8.5ka
in the southern part and at 7.5ka in the northern part of the East
Sea. Domitsu and Oda (2006) reported that warm-water plank-
tonic foraminifera (Globigerinoides ruber, N. dutertrei, Pullenia-
tina obliquiloculata, G. tenellus, and Globigerinita glutinata)
appeared since 9.3ka, and N. incompta was dominant at 7.3 ka.
Recently, Takata et al. (2018) found that there was a decrease

from 11.5 to 7ka in the accumulation of benthic foraminifera, and
warm-water planktonic foraminifera commonly occurred at ~9—
7ka. Their results implied that the TWC was initiated before
9.3 ka, and the establishment of modern-type TWC was stabilized
before 7.3 ka. Although there has been no microfossil study on the
initiation of the EKWC, the timing of its onset can be similarly
estimated. Thus, these previous microfossil studies verify that the
development of the EKWC expressed in terms of depositional
conditions might have been completed at ~8.2ka.

Based on microfossil studies (Domitsu and Oda, 2006, 2008;
Itaki et al. 2004; Kim et al., 2000; Koizumi, 1989, 2008; Oba
et al., 1991; Takata et al., 2018; Ujiie and Ichikura, 1973), it can
be stated that the TWC appeared in the East Sea after ~9.3ka at
the latest. Because the glaci-eustatic sea level was still lower
than ~20m below the present-day sea level at that time (Fair-
banks, 1989), the TWC might have been the proto-type different
from the modern-type. According to the abrupt change observed
in the sedimentation rate and the significant increase in abun-
dance of Pulleniatina obliquiloculata in the outer continental
shelf of the Korea Strait, Lim et al. (2006) suggested that the
coastal water stage terminated at ~7.0 ka when the TWC began to
flow into the East Sea. The sedimentological study by Nishida
and Ikehara (2013) off Fukuoka in the Korea Strait proposed that
the influence of the TWC on the depositional environment was
established after 8.4ka. Moreover, based on the evaluation of
warm-water benthic foraminifera in the Nakdong River Delta,
Takata et al. (2016) suggested that the TWC was intensified at
~8ka. Accordingly, the sediment transport and deposition by the
TWC in the Korea Strait might have reached present-day levels
since ~8.4ka.

Figure 6 illustrates the relationship between the sediment
deposition and the occurrence of microfossils, in terms of TOC
and 8'3C0rg, representing the presence of the TWC. The TOC con-
tent of GCO2 remained almost constant after ~8.2ka (Figure
6(a)), indicating continuous and uniform deposition of organic
matter under the present-day oceanographic conditions in the
Hupo Trough. Kong and Park (2007) reported a similar deposi-
tional feature at SSDP-105 (35°22.2'N, 129°29.0'E, 79m deep)
located in the distal mud deposit along the southeastern coast of
Korea (Figure 6(b)). TOC contents and 8*C . values were gener-
ally constant after 7.9 ka, at which the sediment lithology changed
abruptly from muddy sand to mud similar to GCO02. It reflected
that the present-day stable depositional conditions in the Hupo
Trough were similarly established, despite a little delay due to the
further northward site. In addition, the major discrepancy between
the two depositional sites is that the location of SSDP-105 was
greatly influenced by the Nakdong River-derived sediments. The
sedimentation rate (~3.6 m/kyr) since 7.9 ka at SSDP-105 is more
than four to six times that (~56.6 to ~91.0 cm/kyr) since ~8.2 ka.
Domitsu and Oda (2008) reported that N. incompta, which repre-
sents the TWC, first occurred at 9.3ka along the path of the NB
(Figure 6(c)). However, a rapid increase in N. incompta abun-
dance began at ~8.0ka. Hence, the estimated time (~8.2ka) based
on the sediment properties by which the EKWC was established
in the Hupo Basin, is reasonably acceptable.

Conclusions

The East Sea has experienced drastic environmental and oceano-
graphic changes between the glacial and interglacial periods, as
the sea level fluctuations led to different physiographic configura-
tions and subsequent hydrographic conditions. One of the remark-
able oceanographic changes is the initiation and establishment of
the TWC (i.e. the EKWC, OB, and NB), which plays an important
role in transporting heat and nutrients during the rise in sea level.
The Holocene sediments of GCO02, collected from the Hupo
Trough, provided distinct information on the establishment of the
EKWC in terms of present-day sediment depositional processes.
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Figure 6. Profiles showing (a) variation in TOC content of core GCO02, (b) variations in TOC content and 5'3Cc>rg value of core SSDP-105
(Kong and Park, 2007), and (c) variation in microfossil abundance (N. incompta) of cores GH87-2-K-B (red: Domitsu and Oda, 2006) and KT98-

17 P-1 (blue: Domitsu and Oda, 2008).

Distinct change among the properties occur at the similar time (~7.9 to ~8.2ka) for all the cores.

FO: first occurrence; TWC: Tsushima Warm Current.

All the sedimentary features, including sediment lithology, sedi-
mentation rate, mean grain size, geochemical properties, substan-
tiate the evolution of the EKWC by showing an abrupt change in
the features at ~8.2ka and subsequent consistency thereafter. Pre-
vious data on microfossils and other geochemical properties in
the East Sea support our conclusion that the present-day EKWC,
expressed in terms of the sediment transport and depositional
conditions, was stabilized at ~8.2ka.
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