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Abstract

High-resolution geochemical measurements were performed on core E09-08, which was taken from the top flat area of the
Korea Plateau in the East Sea (Japan Sea). Based on analyses of sedimentary lamination, high-resolution oxygen isotopes,
alkenone sea surface temperature (SST) variations, and comparison with previous results from the eastern part of the East
Sea, a detailed multi-proxy-based stratigraphy was reconstructed. The results demonstrated that the core bottom dates
approximately 500 kyr in the late marine isotope stage (MIS) 13, and provides high-resolution data on the paleoceanographic
regime in the study area. Biogenic components of total organic carbon (TOC), carbon and nitrogen isotopes of organic matter
(613C0rg and 615Norg), and alkenone concentrations indicate a paleoceanographic regime shift within the last 500 kyr. The
excursion of proxies of 8'%0, E‘SBCorg and 615NOrg and alkenone-based SST indicate two modes of oceanographic conditions:
strong negative coupled mode (SNCM) during MIS 2, 10, and 12, and normal oceanographic decoupled mode (NODM)
during other MIS. These two modes were interpreted as the terrestrial organic matter source domain and high-productivity
oceanographic domain, respectively. The SNCM is characterized by relatively low 613C0rg and 615Norg, and a high C/N ratio
(> 12), whereas the NODM is characterized by relatively high 613COrg and high 615N0rg, implying that larger amounts of
terrestrial material were supplied during MIS 2, 10 and 12, with enhanced productivity during other MIS. The SNCM and
NODM mode are also strongly associated with eustatic sea-level changes. The 613C0rg and SISNOrg values and alkenone-based
SST excursions over glacial-interglacial periods were generally consistent with global-scale paleoclimate variation, as well
as local paleoclimate. This study employed multi-proxy-based stratigraphy to demonstrate dramatic oceanographic variations

since MIS 13, indicating that the local oceanographic setting was superimposed on global glacial-interglacial variations.
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1 Introduction

The East Sea (Japan Sea) formed in the Early Miocene and
has evolved over the past 32 myr, providing abundant geo-
logical, geophysical, and paleontological records (Burckle
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and bioturbated mud in interglacial periods were deposited,
respectively (Bahk et al. 2000).

Several previous studies have shown that sediments below
the carbonate compensation depth (CCD) are deficient in
carbonate due to its dissolution. At present, the CCD of the
East Sea is highly variable locally, but is located at a water
depth of ca.1500 m in the San’in district of the East Sea
(Ujiie and Ichikura 1973). The CCD is much shallower than
this level in high-productivity coastal area near the Korea
Plateau (near Dokdo Island), where it is located at around
1000 m water depth (Hyun et al. 2010; Kim et al. 2010).
Therefore, sediment collected deeper than 1000 m is likely
to undergo carbonate dissolution, making it difficult to col-
lect foraminifera for oxygen isotope analysis.

Fundamental research on paleoceanographic variations
in the East Sea was initiated with the first research on oxy-
gen isotopes of foraminifera (e.g., Oba et al. 1991). This
was followed by numerous studies attempting to explain
the paleoceanographic and paleoclimatological variations
among glacial and interglacial periods in terms of the scope
of global environmental changes (Tada et al. 1999, 2018;
Kim et al. 2000; Bahk et al. 2000; Hyun et al. 2007, 2013;
Irino et al. 2018; Sagawa et al. 2018; Seki et al. 2019; Zhai
et al. 2021). The reason for these paleoceanographic varia-
tions is that the East Sea paleoenvironment was tightly asso-
ciated with dramatic changes due to the sea-level fluctuation
between glacial and interglacial periods (Tada et al. 1999,
2018). Repeated high and low sea-level during interglacial
and glacial periods affect the ventilation in East Sea, and
then the bottom water condition has been changed into oxic
and anoxic (Bahk et al. 2000, 2005). Findings related to
several paleoceanographic changes are relevant here: the
Younger Dryas records (Keigwin et al. 1992; Kim et al.
2000), the Dansgaard-Oeshger event (Dansgaard et al.
1993), the East Asian monsoon system (Tada et al. 1999;
Yokoyama et al. 2006; Nagashima et al. 2011; Shen et al.
2017; Ao et al. 2020), regional eustatic-related paleoceano-
graphic changes (Oba et al. 1991; Tada et al.1999, 2018;
Bahk et al. 2005), and organic geochemical studies (Lee
et al. 2008; Hyun et al. 2013; Kaiser et al. 2019; Wang et al.
2021; Zhai et al. 2021). These studies have all demonstrated
past environmental changes within the context of global and
local changes.

Most previous studies on late Quaternary paleoceanogra-
phy examined the Pleistocene conditions, and reported well-
defined chronostratigraphy based on lamination, oxygen
isotope, and other methods (Sagawa et al. 2018; Tada et al.
2018). However, paleoceanography and its relevant stratigra-
phy have been restricted to marine isotope stage (MIS) 8 due
to the deficiency of long piston core in Korea Plateau, East
Sea (Hyun et al. 2013). Therefore, the main objective of this
study was to reconstruct high-resolution multi-proxy-based
stratigraphy from the Korea Plateau in the East Sea, where

a topographic high is present that may reflect past oceano-
graphic changes. We also tracked paleoceanographic envi-
ronmental changes using records of carbon and nitrogen iso-
topes of organic matter (813C0rg and 815Norg) and alkenones

based on the newly defined stratigraphy of the last 500 kyr.

2 Geological Setting and Oceanography

The East Sea is one of the several semi-enclosed marginal
seas in the western Pacific, and is a back-arc basin of the
Eurasian continent. It is connected to the East China Sea
through the Korea Strait to the south and is surrounded by
the Korean peninsula, the Eurasian continent, and the Japa-
nese islands (Charvet et al. 1992; Ingle et al. 1992). The
topography of the East Sea is characterized by topographic
highs in the south (Korea Plateau) and east (Yamato Rise)
and small islands on the eastern side (Fig. 1a). The sub-
marine topography is composed of three major basins: the
Ulleung Basin in the south (UB), the Yamato Basin in the
east (YB), and the Japan Basin in the north (JB). The Korea
Plateau is located in the northern part of the Ulleung Basin.
It represents a topographic high and plays a crucially impor-
tant role in modulating surface and intermediate currents in
the East Sea (Fig. 1a) (Ingle et al. 1992).

The deep and intermediate waters of the East Sea origi-
nate from the northern part of the shallow sea, mostly from
the Russian coast due to ice melt during glacial periods (Ike-
hara and Itaki 2007; Yoon and Kawamura 2002). However,
the surface and subsurface currents, including the Tsushima
Warm Current (TWC), a branch of the Kuroshio Current
(KC), flow into the southern part of the East Sea through
the Korea Strait (~ 140 m water depth), and flow out to the
Pacific Ocean through three shallow sills: the Soya (55 m
water depth), Tsugaru (130 m water depth), and Tartar (12 m
water depth) (Nitani 1972). This current pattern, however,
has been restricted by bathymetric highs (sills) and glacio-
eustatic sea level variations since the Quaternary (Fairbanks
1989). The studied core was taken from a plain area on the
topographic high of the Korea Plateau at 1259 m water depth
to obtain sediments covering a long age range, aiming to
avoid the carbonate dissolution effect and any gravity-flow-
related sediments, which occur frequently in continental
slope areas of the East Sea (e.g., Lee et al. 1999).

The physiographical condition and related eustatic sea-
level changes throughout glacial-interglacial periods are the
most important factors controlling paleoceanographic varia-
tions in the study area. In particular, the lower sea level dur-
ing glacial periods may have altered the current system via
cessation of the surface current inflow from the south (Irino
et al. 2018; Seki et al. 2019; Tada et al. 2018). As described
above, such a cessation or reduction of inflow may have
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Fig.1 a Surface and deep circulation patterns in the East Sea. JB
Japan Basin; KS Korea Strait; SS Soya Strait; 7S Tartar Strait; 755
Tsugaru Strait; UB Ulleung Basin; YB Yamato Basin; EC East
Korean Warm Current; LC Liman Current; NC North Korean Cold
Current; TWC Tsushima Warm Current; YC Yellow Sea Warm Cur-

isolated the East Sea, leading to stagnant ocean circulation
and likely anoxic alteration of the sedimentary environment.

3 Materials and Methods
3.1 Sample Acquisition and Description

The sediment core (E09-08) was collected from the Korea
Plateau (130°36"27.48E, 37°35'40.38, 1259 m water depth)
in the East Sea of Korea during the 2009 cruise of the
Research Vessel Onuri (Fig. 1b). The core E09-08 was
described under laboratory conditions after XRF scan-
ning (Avaatech XRF core Scanner, Netherlands). Based on
X-radiography and literatures, any changes in sedimentary
structures were described to acquire basic information.
High-resolution (0.1 cm interval) X-ray scanning was con-
ducted for major and minor elements. The simplified litho-
logical characteristics and basic information based on visual
description and X-radiograph are shown in Fig. 2.

@ Springer

rent. b Bathymetric map of the Ulleung Basin and South Korea
Plateau showing core locations and chirp track line of (¢). ¢ Chirp
sub-bottom profile showing the E09-08 core location. UIG Ulleung
Interplain Gap. Asterisks indicate sampling points. (1) This study; (2)
Kido et al. (2007)

3.2 Oxygen Isotopes of Foraminifera and *C Age
Dating

Planktonic foraminifera, G. bulloides, which are common
in the East Sea, were selected for stable oxygen and car-
bon isotope analysis. A total of 113 samples of G. bulloides
were reacted with dehydrated phosphoric acid (H;PO,))
under vacuum at 70 °C. The oxygen and carbon isotopic
composition of foraminiferal samples was measured using an
automated carbonate preparation device (KIEL-III) coupled
to a mass spectrometer (Finnigan MAT 252) at the Envi-
ronmental Isotope Laboratory in the University of Arizona.
The isotopic composition measurement was calibrated based
on repeated measurement of National Bureau of Standard
(NBS)-19 and NBS-18 and precision were = 0.1%o for oxy-
gen isotope and +0.08%o for carbon isotope, respectively.
The results of oxygen isotopic analyses are expressed as
per mil deviation from PDB (PeeDee Belemnite) through
the calibration standard. To establish a more exact core
age, we also measured '“C ages of planktonic foraminifera
(G. bulloides) from four layers (26, 29, 43, and 68 cm of
core depth) at the Beta Analytic, USA. Calendar ages were
converted from radiocarbon ages using CALIB Rev. 6.1.1
(Stuiver and Reimer 1993). The data for the 14C results,
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Fig. 2 a Simplified lithology of core E09-08. b, ¢ Photographs of bio-
turbated mud facies and crudely laminated facies with tephra layer.
LBM, DBM and CM indicate light bioturbated mud, dark bioturbated
mud, and crudely laminated mud, respectively. d, e X-radiograph of
CM and a tephra layer

foraminifer oxygen isotope, and alkenone-based SST data
were combined and used to reconstruct stratigraphy.

3.3 Total Organic Carbon and Nitrogen and Their
Stable Isotopes

All sediments were powdered using an agate motor and
pestle after drying at 60 °C overnight. The total car-
bon (TC) in the powdered samples was determined by
direct measurement using CHNS analyzed (EA 1112)
at the Korea Institute of Ocean Science and Technology
(KIOST). The total organic carbon (TOC) was determined

by analyzing powdered samples treated with 1 N hydro-
chloric acid. The biogenic carbonate content was calcu-
lated by the difference between TC and TOC (i.e., TIC)
as follows: CaCO; (wt.%) = (TC wt.%) — (TOC wt.%) X
(100/12). The duplication error for the TOC and carbon-
ate was less than 5%. Powdered samples were analyzed
for carbon (613C0rg) and nitrogen (615N0rg) isotopes of
organic matter at the Iso-Analytical Ltd., UK. The ana-
lytical errors for these 8'°C,,, and 615N0rg values were
less than 5%.

org

3.4 Alkenones and Alkenone-Based SST

Lipids were extracted from about 5 g of dried sediment
using a DIONEX Accelerated Solvent Extractor ASE-200
at 100 °C and 1000 psi for 10 min with 11 ml of (dichlo-
romethane-methyl alcohol) CH,Cl,—~CH;OH (6:4) and then
concentrated. The lipid extract was separated into four frac-
tions using column chromatography (SiO, with 5% distilled
water; [.D., 5.5 mm; length, 45 mm): F1 (hydrocarbons),
3 ml hexane; F2 (aromatic hydrocarbons), 3 ml hexane-tolu-
ene (3:1); F3 (ketones), 4 ml toluene; F4 (polar compounds),
3 ml toluene-CH;OH (3:1); n-C36H74 was added as an
internal standard to F3. Gas chromatography (GC) for the
analysis of alkenones in F3 was conducted using a Hewlett
Packard 5890 series II gas chromatograph with on-column
injection and electronic pressure-control systems, and a
flame ionization detector (FID). Samples were dissolved in
hexane. Helium was the carrier gas and the flow velocity was
maintained at 30 cm/s. A Chrompack CP-Sil5CB column
was used (length, 60 m; i.d., 0.25 mm; thickness, 0.25 Im).
The oven temperature was programmed to rise from 70 to
290 °C at 20 °C/min, from 290 to 310 °C at 0.5 °C/min, and
to hold at 310 °C for 30 min. The standard deviations of five
duplicate analyses averaged 7.5% of the concentration for
each compound. All analytical procedure for alkenones con-
centration in Gas Chromatography (GC-6990) was referred
previous works (Lee et al. 2008; Hyun et al. 2013).
Alkenones unsaturation index (UK037) was then cal-
culated from the concentrations of di- and tri-unsatu-
rated C37 alken-2-ones [C37MK] using the following
expression (Prahl and Wakeham 1987; Prahl et al. 1988):
UK37=[C37:2MK]/([C37:2MK] + [C37:3MK]). Temper-
ature was calculated according to the equation (Prahl and
Wakeham 1987; Prahl et al. 1988): UK37=0.034 T+0.039,
where T =temperature [C] based on experimental results for
cultured strain 55a of Emiliania huxleyi (Prahl et al. 1988).
Analytical accuracy was 0.24 °C in the laboratory.
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Fig.3 a Profiles of 880 variations from planktonic foraminifera
and sediment lamination in core E09-08, b Alkenone-based sea-sur-
face temperature (SSTs) in core E09-08, ¢ Spectral Mapping Project
(SPECMAP; Martinson et al. 1987) for stratigraphic establishment,

4 Results
4.1 Oxygen Isotope (5.720)

A total of 112 G. bulloides samples were analyzed; their
8'%0 fluctuations are shown in Fig. 3a. The maximum (4.5
%o0) and minimum (1.23%o0) (ave.=2.9, SD=0.74) values
occurred at core depths of 520 cm and 560 cm, respectively.
Overall, 8'30 excursion showed high fluctuation through-
out the depth, with lower values in laminated layers indi-
cating glacial periods. These depleted values correspond to

@ Springer

which revealed that the age of the bottom reached 500 kyr, at the
end of Marin Isotope Stage (MIS) 13. d Profiles of 5'30 variations
from two planktonic foraminifera species and laminated layers in core
MDO01-2407 (Kido et al. 2007)

similarly low values reported in previous work (Kido et al.
2007), as shown in Fig. 3d.

4.2 Alkenone Concentration and Alkenone-Based
SST

The concentrations of total C;; alkenones
(C37.0+Cs57.5+ C57.4) exhibited strong fluctuations through-
out the core (Fig. 6) with a range of ca.~ 1840 ug/g (n=102,
ave.=179, SD=287) and a time-dependent trend (Figs. 3
and 6). Higher C;,., alkenone concentrations were found
during glacial periods, but they fluctuated widely between
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Fig.4 Time-dependent variations in total organic carbon (TOC, %),
CaCO3 (%), the carbon/nitrogen (C/N) ratio, and 613C0rg and E‘SISNOrg
ratios of organic matter with oxygen isotope of foraminifera (5'%0)

from the core. Both 613C0rg and 615NOrg ratios can be divided into

glacial and interglacial periods. SSTs calculated based on
UKj3; ranged from 12.0 to 24.1 °C and fluctuated widely
between glacial and interglacial periods. Notably, the
UK;;-based SST at MIS 8 was not as low as those of other
glacial MISs (Fig. 6).

and 8."°N

org org

4.3 TOC and §'3C

TOC content ranged from 0.1 to 4.4% (average, 1.8%,
SD=0.9, n=69) and the carbonate content ranged from 1.8
to 21.8% (average, 7.4%, SD=4.0, n=68) in the studied
core. The time-dependent profiles of 613COrg and E‘SlSNOrg for
core E09-08 are shown in Fig. 4, with §"°C,, ranging from
— 25.8 to — 22.1%0 (average, — 23.9%o0, SD=1.1, n=69)
and ESISNorg showed moderate variation, ranging from 3.5

t0 6.5%eo.

i b~ () - )

two categories: strong negative coupled mode (SNCM) and normal
oceanographic decoupled mode (NODM). Arrows indicate SNCM,
and shown MISs 2, 10, and 12 only

5 Discussions
5.1 Multi-proxy Stratigraphy

5.1.1 Sedimentary Structure and Glacial Records
of Laminated Mud

Based on X-radiography and the literatures, several distinc-
tive sedimentary structures were observed in the studied sed-
iment core (Fig. 2). As reported in several previous studies,
core sediments showed typical hemipelagic characteristics
and contain biogenic materials such as organic carbon and
CaCO;, as well as terrestrial organic matter and aeolian dust
driven by strong winds, thereby reflecting surrounding envi-
ronmental changes (Bahk et al. 2000; Irino and Tada 2002;
Yokoyama et al. 2006; Nagashima et al. 2011; Hyun et al.
2013). Lithological changes are strong indicators of various
oceanographic and environmental changes.

The outstanding feature of the studied core is the occur-
rence of thin and thick laminated layers, which can be used
to establish a reliable stratigraphy. As described previously,
large amounts of freshwater could be transported from
neighboring regions during glacial periods, leading to water-
column stratification, a stagnant ocean, and anoxic bottom
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conditions (Oba et al. 1991; Lee and Nam 2003). Weak ven-
tilation and freshening of the surface water promote anoxic
bottom conditions, causing thin or thick laminated layers to
form, as shown in Fig. 2 (Tada et al. 1999, 2018; Bahk et al.
2000; Watanabe et al. 2007). As a sedimentological feature,
this alternating dark/light lamination series indicates alter-
nating sedimentary environmental changes and provides an
important tool for stratigraphic comparison, supporting the
establishment of a reliable chronostratigraphy (Tada et al.
1999; Bahk et al. 2000; Khim et al. 2008; Hyun et al. 2013;
Tada et al. 2018). This distinctive lamination pattern that
formed during the glacial period in East Sea makes it pos-
sible to correlate the lithological units at a basin-wide scale
(Khim et al. 2009; Irino et al. 2018).

Such laminations were observed at several depths in our
sediment column (Fig. 2). As noted above, the East Sea has
experienced lowered sea level during glacial periods, and
laminations usually occurs in glacial sediment. Based on
detailed observations of X-radiographs, lamination was
identified at five depth intervals in this study. In other words,
the formation of this lamination was favored under condi-
tions of weak ventilation and anoxic and/or dysoxic bottom
water during glacial periods. Therefore, every depth at which
lamination occurred can be defined as sediment deposited
during a glacial period. However, laminations did not occur
in all glacial sediment layers; therefore, lamination forma-
tion may have been associated with multiple factors such as
water depth and the degree of ventilation.

A previous study conducted at the other side of the East
Sea also examined five distinctive lamination layers over
the past 640 kyr (Kido et al. 2007) and reported that the
occurrence of lamination accompanied orbital-scale varia-
tions (Fig. 3). These basin-wide laminations were observed
in the present study during MIS 2, 6, 10, and 12; however,
no lamination was present during MIS 8. Therefore, MIS 8
did not undergo the same oceanographic ventilation and bot-
tom conditions. Assuming that lamination is likely to occur
under the conditions of slow ventilation and anoxic bottom
water, paleoceanographic conditions of the bottom water
may not have been sufficiently anoxic during MIS 8. Thus,
water exchange with open ocean was very limited during
MIS 2, 6, and 10. The sediment characteristics in combina-
tion with heavier oxygen isotope ratio and higher alkenone
concentrations observed during MIS 8 may indicate dysoxic
ocean conditions.

5.1.2 Oxygen Isotope Stratigraphy

Generally, the 8'%0 of planktonic foraminifera is a power-
ful tool for the establishing stratigraphy of marine sediment
cores as well as tracking of oceanographic variations. As
isotopic signals show synchronized fluctuations over the
whole world and at all ocean depths, they have been used for
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chronological comparisons of marine sediments (e.g., Mar-
tinson et al. 1987; Lisiecki and Raymo. 2005). In the same
way, the oxygen isotopes of foraminifera have been analyzed
to evaluate paleoceanographic evolution in the East Sea,
showing that numerous oxygen isotope fluctuations reflect
past global paleoclimate and paleoceanographic variations
during the Quaternary (Oba et al. 1991; Kim et al. 2000;
Kido et al. 2007). However, the oxygen isotope signal is not
continuous in some sediment deposited below the CCD, and
it is therefore necessary to conduct multi-species analyses
or compensate for the missing values using other proxies.

At the Spectral Mapping Project (SPECMAP) scale, iso-
tope variations clearly show a decreasing trend during inter-
glacial periods and higher values during glacial periods. The
oxygen isotope results exhibit large fluctuations throughout,
with a difference of about 3%¢ between higher and lower
values, as shown in Fig. 3. The oxygen isotope results of
the core examined in this study do not follow the global
SPECMAP trend, but instead show opposite trend during the
glacial periods of MIS 2 and 6, as well as potentially MISs
10 and 12. The appearance of negative peaks of this oxygen
isotope during glacial periods is an important characteristic
of the East Sea sediment, as demonstrated in previous stud-
ies (Kido et al. 2007; Sagawa et al. 2018). Negative peaks of
5'80 are caused by surface water freshening at euastatic sea
levels lower than 120 m (Oba et al. 1991; Ikehara and Itaki
2007; Kido et al. 2007; Sagawa et al. 2018).

Thus, except for low values during MIS 2, 6, 10 and 12,
our oxygen isotope excursion followed SPECMAP pattern,
reflecting fairly good high-resolution oxygen isotope records
over the last 500 kyr (Fig. 3a). As noted previously, this

Table 1 Age control points for core E09-08

Depth (cm) Methods/Markers Calendar
Age (ka)
26 ¥C/G. bulloides 12.8
29 4C/G. bulloides 13.9
43 YC/G. bulloides 20.1
68 4C/G. bulloides 26.7
102-111 AT (ash) 29.4
160 Alkenone-SST 71.6
170-175 Aso-4 88
250 Alkenone-SST 129.8
305 Alkenone-SST 190.3
428 Alkenone-SST 242.7
475 Alkenone-SST 299.4
525 Alkenone-SST 334
580 Alkenone-SST 371.7
610 Alkenone-SST 422.6
655 Alkenone-SST 475.4
700 Alkenone-SST 500
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freshwater influx causes a relatively high-intensity negative
shift in oxygen isotope values, which was observed at the
last glacial maximum (LGM) and has been employed as a
stratigraphic criterion (Oba et al. 1991; Kim et al. 2000;
Kido et al. 2007). We argue that the difference in oxygen
isotope values between core E09-08 and SPECMAP arises
from the freshwater inputs and subsequent anoxic conditions
in the East Sea during glacial periods.

In terms of the radiocarbon isotope age span, supplemen-
tary '4C age data and several tephra layers were analyzed to
enhance the accuracy of the chronology (Table 1). The upper
two 4C ages samples (26 cm and 29 cm) correspond to
12.7 ka and 13.8 ka, during the transitional period from the
LGM to the Holocene. The lower two '“C ages also belong to
glacial periods of MIS 2, and their relatively low oxygen iso-
tope values reflect freshwater input during the glacial period.
Similar isotopic decrease occurred MIS 6, 10 and 12. There-
fore, decreasing trends of these oxygen isotope excursions
were in the opposite direction of the trends in SPECMAP.
In conclusion, the high-resolution oxygen isotope stratigra-
phy of core E09-08 revealed detailed records reaching back
over 500 kyr. This refined geochemical chronostratigraphy
enables tracking of high-resolution paleoceanographic vari-
ations in the East Sea around the Korea Plateau.

5.1.3 Alkenone Sea Surface Temperature (SST)-Based
Stratigraphy

In addition to the oxygen isotope of foraminifera, sedi-
mentary organic alkenones represent a powerful tool for
reconstructing stratigraphy and oceanographic conditions
(Brassell et al. 1986; Prahl and Wakeham 1987; Sawada
and Handa 1998; Ishiwatari et al. 1999). As alkenones are
refractory compounds even in sediment deposited below the
CCD, it has been used for stratigraphic comparisons of the
sediment cores with poor yields of planktonic foraminiferal
tests (e.g., Brassell et al. 1986; Hyun et al. 2013).

In this study, alkenone-based SST changes show larger
fluctuations, ranging between about 23 °C and 14 °C, and
follow the pattern of global oxygen isotope excursions from
MIS 1 to 9, compared with the SPCEMAP curve (Fig. 3).
In particular, comparison between the alkenone-based SST
variations and SPECMAP data shows a strong resemblance
through MIS 5 to 9. However, alkenone-based SSTs show
relatively high values in MIS 2, which is not synchronous
with 880 trend of foraminifera. Higher SSTs during MIS
2 have been reported in previous studies (Oba et al. 1991;
Ishiwatari et al. 1999; Hyun et al. 2013). In addition, the
excursions of alkenone-based SST do not follow those of
isotope excursions during MIS 10-12.

The important characteristic of the excursions in alk-
enone-based SST is the low SST at the end of MIS 6, and
the very similar low SST range with minor variation during

MIS 10-12. As this particular excursion differs from the
alkenone-based SST stratigraphy by Brassell et al. (1986),
our alkenone-based SST excursion during MIS 6 and MIS
10-12 may reflect local phenomenon. Another major char-
acteristic of the alkenone-based SSTs used in this study is
the extremely high SSTs during MIS 2, when the freshwater
effect occurred and sea level was low (Oba et al. 1991; Ishi-
watari et al. 1999; Hyun et al. 2013). This specific excursion
has been noted in previous studies, and the present isotopic
results indicate extremely high SSTs during the LGM.

In previous work of Hyun et al. (2013), the alkenone-
based SST during the end of MIS 6 and 8 reached ~8 °C
at the eastern part of the Korea Plateau, slightly lower than
in this study. However, SST during MIS 10-12 has not
been reported to date at the Korean Plateau. These small
changes in SST during MIS 10-12 are considered a specific
oceanographic characteristic of the studied area, and may be
associated with local oceanographic changes such as severe
cold condition with relatively shallow water depth and very
weak ventilation. However, excluding the laminations, which
likely formed during a glacial period with weak ventilation
and dysoxic bottom conditions, this interval clearly shows
low SST, with two distinctive laminations corresponding
to MIS 10 and MIS 12, as shown in Fig. 3. The deficiency
of oxygen isotope signals was overcome with the use of
alkenone-based SST, resulting in robust alkenone-based
stratigraphy for the last 500 kyr.

Alkenone Cs;.4 can provide much information about pale-
osalinity (Harada et al. 2008; Kaiser et al. 2019; Wang et al.
2021). As shown in Fig. 6, the percentage of C;;., fluctuated
greatly, with sharp increases during glacial periods. Because
this compound can be an indicator of surface-water fresh-
ening, we attribute increased Cs,,, content during glacial
periods to surface water freshening. Therefore, high Cs,.4
content of implies that the estimated alkenone-based SSTs
may not reflect real SSTs during MIS 10-12.

5.2 Excursions of Biogenic Components
5.2.1 TOC and Carbonate Content

Organic carbon and biogenic carbonate are crucial com-
ponents of the biogenic fraction in hemipelagic sediments
because they are strongly related to the global carbon cycle
through biogenic productivity over long geological time-
scales. Numerous previous researchers have shown that TOC
and carbonate modulate atmospheric carbon dioxide con-
centrations and the fluctuation of CCD in the ocean (e.g.,
Farrell and Prell 1989; Feely et al. 2008). In this context,
several studies have demonstrated high fluctuations in TOC
and carbonate contents in the East Sea. In particular, the
carbonate content showed extreme fluctuations from near 0
to~40% (e.g., Hyun et al. 2007; Suh et al. 2013). This strong
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Fig. 6 Vertical profiles of total alkenones concentrations and the relative proportions of Cs7., (%), Cs7.3 (%) and Csy.4 (%). Cs7.4 (%) increased
during glacial periods (shaded), and alkenone-based SST variation and MISs are shown

fluctuation of carbonate content has been interpreted as a
consequence of CCD changes (Ujiie and Ichikawa 1973).
As shown in Fig. 4, TOC generally did not show any
distinctive trends associated with glacial and interglacial
periods; TOC content was slightly higher during MISs 6, 8,
and 12. The carbonate content of the core clearly increased
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during glacial periods and decreased during interglacial
periods. In previous research, the carbonate content during
glacial periods was found to be as much as four to five times
higher than that in the Holocene in the Ulleung Basin core
sediments, indicating that carbonate and opal content rep-
resent two alternating components in the East Sea (Hyun
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et al. 2007; Khim et al. 2008). The fluctuation in carbonate
content in the current study, therefore coincides with the
previous research; the carbonate content has been found to
be predominantly biogenic during the glacial period (Hyun
et al. 2007; Suh et al. 2013).

Both TOC content and C/N ratio have been used to deter-
mine sedimentary environmental changes and organic matter
sources (Stein 1990; Lamb et al. 2006). Usually, the C/N
ratio of organic matter with terrestrial origins is greater than
12, and when the value is less than 12 the source is consid-
ered to be marine (Tyson 1995; Lamb et al. 2006). In the
present study, higher C/N ratios (> 12) were observed at MIS
2, 10, and 12, indicating that high levels of terrestrial organic
carbon were supplied from land. Although high C/N ratios
are not always associated with the terrestrial source (e.g.,
Nakatsuka et al. 1995), the C/N ratios in this study imply
that a large portion of the preserved organic material was
transported from neighboring areas. However, even if the
input of terrestrial organic matter during these periods was
high, the TOC content was not higher than in other intervals
(Fig. 4). This finding demonstrates that a high TOC content
alone does not indicate enhanced productivity.

The increase in carbonate content coincided with the
higher C/N ratio (> 12) (Fig. 4). The elevated carbonate con-
tent during the glacial period may have been associated with
carbonate dissolution, carbonate production and/or dilution
by terrestrial materials (Stein 1990). The mechanism respon-
sible for this variation in carbonate content is beyond the
scope of this study; however, terrestrial carbonate materials
may have been supplied from dry continental area to the East
Sea during glacial periods (Oba and Pedersen 1999), leading
to high levels of terrestrial carbonate being preserved in core
sediments in the East Sea.

5.2.2 Excursions §">C,;and 8."°N,,

org
613C0rg (%o) ratios in sedimentary organic matter are con-
trolled by various factors including organic matter sources,
degradation and/or diagenetic alternation of organic mat-
ter after deposition, and productivity changes (Altabet and
Francois 1994; Nakatsuka et al. 1992, 1995; Freudenthal
et al. 2001; Lehnamnet al. 2002; Naidu et al. 2000; Nagel
et al. 2009; Mobius et al. 2011). Thus, 613C0rg values are
influenced by variation phytoplankton growth rates and ter-
restrial carbon contribution (Naidu et al. 2000), and 613C0rg
variation in sediment cores can provide diverse information.
Similarly, 8"°N,,,, (%o) is strongly associated with nitrogen
in surface water and with diagenetic alteration. In particu-
lar, 615Norg appears to be useful for tracking environmental
changes in the East Sea, as the ocean conditions switched
between anoxic and oxic environments during the glacial
and interglacial periods (Oba et al. 1991; Bahk et al. 2000).

Generally, marine plankton sources have heavier isotopes,
whereas higher plant sources have lower isotopes. Specifi-
cally, low values of 613C0rg (ca. -27%o) indicate a terrigenous
C; plant source (Lim and Fujiki 2011).

Overall, both 613COrg and 615NOrg ratios fluctuated in a
synchronous manner. The entire area can be divided into two
domains according to 613C0rg and 615ng values, and C/N
ratio. In this study, simultaneous decrease in both 613C0rg
and 615NOrg values with increased C/N ratio were observed
during MIS 2, 10 and 12. Therefore, we regard this specific
excursion as a strong negative coupled mode (SNCM) dur-
ing MIS 2, 10 and 12 and others are normal oceanographic
decoupled mode (NODM) during all other periods (Figs. 4
and 5). Notably, SNCM conditions were observed only in
the glacial periods of MIS 2, 10 and 12, whereas no similar
trend was observed in MIS 6 and 8. Therefore, the excur-
sions 813C0rg and 815Norg values differed among glacial peri-
ods, and appear to have depended on local productivity or
the supply of terrigenous organic materials.

Previously, Khim et al. (2008) noted extraordinarily co-
varying 613C0rg and 615ng values (lower shift of 613C0rg
and 615Norg) in sedimentary organic matter collected from
four sediment cores from the Japan Basin, Yamato Basin,
and Korea Plateau in the East Sea. These co-varying 613COrg
and E‘SlSNOrg signals occurred particularly in thick and dark
laminated mud layers in MIS 2 and MIS 6 in the main basin
of the East Sea. They were interpreted as a consequence
of the enhanced contribution of terrestrial organic detritus
and anoxic diagenetic conditions in the bottom water during
these times. Thus, simultaneous decrease in both 613C0rg and
615N0rg values are attributable mainly to terrestrial input and
minor denitrification due to the bacterial activities under
anoxic conditions.

In some restricted environments, diagenetically pro-
cessed material can have affected on 8'°N__ values. Huge

org
differences in 8'°N__ values have been found between the

Or;

interglacial and glacgial periods (Ganeshram et al. 2000).
Under certain condition, denitrification after deposition
was the most influential factor. Denitrification can occur in
oxygen-deficient bottom environments. Bacterial activity
preferentially removes '# N nitrate, resulting in '3 N enrich-
ment during denitrification. Denitrification records in sedi-
ment deposited during glacial and interglacial periods have
revealed a difference of ca. 3%o0 (Emmer and Thunell 2000;
Ganeshram et al. 2000). A previous study showed that nitro-
gen isotope values decreased to ~3%o below initial values
under anoxic conditions, whereas these values increased by
3%o under oxic conditions (Emmer and Thunell 2000).

In our study, low 613C0rg occurred in MIS 2, 10, and 12,
reflecting contributions from terrestrial sources. However,
these shifts toward lighter values did not always occur dur-
ing glacial periods (Fig. 4). Additionally, 8"°C,, and 8"°N,,
ratios were strongly associated with marine productivity.
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Thus, high productivity increased the 613C0rg values in the
sediment. Therefore, the higher trends occurring in MIS 6,
7, 8 and 9 in the examined core may reflect high produc-
tivity (Fig. 5). Higher TOC contents and moderate carbon-
ate contents were also observed, and the C/N ratio of this
interval remained below 12, indicating increased oceanic
productivity.

In the present study, strong negative anomalies were
observed during the MIS 2, 10, and 12 glacial periods, and
differences in 8'°N org Values of ~3%o were observed between
glacial and interglacial periods in core E09-08 (Fig. 4). Sim-
ilar to the variation in 613C0rg, that in 615N0rg did not vary
significantly between MIS 5 to MIS 9. As noted above, the
behavior of 615NOrg is strongly associated with nitrate utili-
zation in the corresponding surface water. Therefore, this
interval of high 615NOrg with low variation may be attribut-
able to active surface-water circulation and high productiv-
ity as supported by the finding that high-productivity area
generally showed high 8'° N content in Pacific margin sedi-
ments over the past 120 kyr (Calvert et al. 1992; Kienast
et al. 2002).

The 3%o difference between glacial and interglacial can-
not be explained by glacial-interglacial differences alone, as
the 615NOrg differences in the current study were ca. 3—4%o.
Given that the samples examined in this study involved sev-
eral laminated layers and low 515N0rg values, different ocean
conditions may have prevailed after MIS 13, and denitrifica-
tion during MIS 2, 10 and 12 cannot completely be excluded.
The ocean conditions appear to have been non-uniform in
terms of 613C0rg and 615NOrg excursions, suggesting that
some of the factors controlling 613C0rg and 615NOrg values
have changed since MIS 13. As previously mentioned, the
laminated sediment layers had the most distinctive charac-
teristics of all depositional features in the East Sea.

Despite some consistency between the 613C0rg and 615Norg
values and the occurrence of laminated layers, the 813Corg
and 515N0rg excursions indicate strong association with both
sedimentary and bottom condition. In a neighboring core
(M04-PC1A), lamination was absent in MIS 2, unlike at
other sites (Hyun et al. 2013). Thus, the sedimentary envi-
ronment of the studied area differed from other sites, as
shown by the excursion of 613C0rg and 615N0rg, which differ
from those of other sites. The shallow depth of the core site
analyzed in this study may have caused these differences,
as thick lamination is prevented by shallow depth and occa-
sional active circulation.

Alternating periods of SNCM and NODM occurred over
the past 500 kyr. SNCM was observed only during MIS 2,
10, 12, whereas during other MISs NODM occurred. There-
fore, these two modes are not consistent with the glacial-
interglacial pattern; rather, NODM occurred in MIS 9 to
MIS 5, which include both glacial and interglacial periods.
Specifically, some small variations in C/N ratio, and 813C
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and 8'°> N values are apparent even though the alkenone-
based SSTs follow a typical glacial and interglacial mode
during this interval. Therefore, the occurrence of NODM
between MIS 9 and MIS 5 can be regarded as represent-
ing transitional periods, which might have been influenced
by local oceanographic variations such as productivity and
active circulation rather than the global glacial-interglacial
cycle.

Tada et al. (1999) demonstrated that paleoceanographic
and paleoclimatic variations in the East Sea are strongly
associated with glacio-eustatic sea level changes, and the
resulting sedimentolgical characteristic have been linked
to humid conditions in eastern Asia. In particular, the fluc-
tuations between high and low TOC contents and thinly
laminated layers are caused by the four modes arising from
changes in sea level. In the present study, only two of these
oceanographic modes are dominant, and thus, the four-mode
classification used in major basin is not appropriate for the
Korea Plateau.

5.2.3 Alkenone Concentration and Alkenone-Based SSTs

Total C;, alkenone concentrations (Cs;.,+ Cs7.5+Cs7.4)
exhibit strong fluctuations throughout both glacial and
interglacial periods (Fig. 6). The total concentrations of Cs,
alkenones in this study are much lower than corresponding
values from the Bering Sea (Harada et al. 2003) and are
very similar to those from the Sea of Okhotsk (Harada et al.
2008). The C,; concentrations in this study are also similar
to the values reported by Lee (2007) from the Ulleung Basin
in the East Sea, and by Hyun et al. (2013) from a sediment
core (M04-PC1A) collected in the eastern part of the Korea
Plateau in the East Sea. These similarities imply that the
total C;, alkenone concentrations acquired here are reason-
able and can be considered as an indicator of paleoceano-
graphic variations. However, the total C5; alkenone concen-
trations show a wide range of fluctuations, with very low
concentrations during MIS 2, 10, and 12. In particular, C5;.4
concentrations, which are considered as an index of salin-
ity than SSTs or paleo-SSTs in shallow ocean environments
(Bendel et al. 2005; Harada et al. 2003; Wang et al. 2021),
were higher during MIS 24, 6, 8-10, probably associated
with an enhanced freshwater supply during those periods
(Fig. 6).

The alkenone-based SST variations observed in this study
were characterized by lower SSTs during MIS 6, 8, 10, and
12 then during MIS 5, 7, and 9. The mean alkenone-based
SST was lowest (~ 14 °C) at the end of MIS 6, and was gen-
erally higher during MIS 7. The similarity between the SST
excursions and the SPECMAP oxygen isotope values indi-
cates that the SST variations may reflect glacial and intergla-
cial climatic changes between MIS 9 and MIS 1. However,
SSTs did not reflect glacial condition during MISs 10 and
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12 (Fig. 3). This implies that the oceanic conditions might
have been different for these glacial periods than for other
glacial periods, since alkenone-based SST can be influenced
by changes in the haptophytes community between ocean-
dwelling and brackish species (Kaiser et al. 2019). It should
be noted that several previous studies have suggested that
C;5.4 1s associated with salinity or temperature lower than
10 °C in lacustrine environments (Blanz et al. 2005; Araie
et al. 2018). Given that the isolation of the East Sea and sur-
face freshening due to the lowered sea level during glacial
periods, alkenone Cs,.4 synthesis may be associated with
much fresher environments of the East Sea. Unfortunately,
supporting evidence such as haptophyte assemblage data
are currently unavailable in the East Sea. Further studies
should discern the effect of salinity and temperature lower
than 10 °C on alkenone-based SST in the East Sea to inter-
pret this proxy with confidence.

The most remarkable characteristics of the reconstructed
SSTs can be summarized as follows. First, the unexpectedly
higher SSTs (20.3 °C) during MIS 2 might have been driven
by the enhanced inflow of the WTC (Ishiwatari et al. 1999),
and possible surface freshening (Oba et al. 1991; Lee and
Nam 2003). Second, the SST variation during MISs 10-12
was minor. To date, SSTs during MISs 10-12 have not been
reported in sediments from the Korean Plateau in the East
Sea, which does not seem to follow global SST trends. These
small changes in SSTs during MIS10-12 are likely an impor-
tant oceanographic characteristic of the Korea Plateau in
the East Sea, which might be associated with local oceano-
graphic changes with relatively shallow water depth. There-
fore, the general assumption that global SSTs were similar
worldwide during glacial periods cannot be applied to the
Korea Plateau in the East Sea. Furthermore, our results show
arelatively small decrease in SSTs although large fluctuation
of SSTs were observed between glacial and interglacial peri-
ods. This further suggests that the SST variations observed
in the study area reflect more local oceanographic conditions
rather than global oceanic conditions.

5.3 Paleoceanographic Regime Shift on the Korea
Plateau Over the Past 500 kyr

Paleoceanographic variations in the East Sea clearly associ-
ated with sea level changes, which were > 120 m during the
LGM and exhibited repeated changes between glacial and
interglacial periods (Oba et al. 1991; Tada et al. 1999). This
result indicates that the East Sea was isolated physiographi-
cally, which would have led to freshwater input from the
neighboring area (Oba et al. 1991; Lee and Nam 2003). Due
to this freshwater influx, a relatively high-intensity negative
shift in oxygen isotope values occurred during the LGM
(Oba et al. 1991; Kim et al. 2000; Kido et al. 2007; Sagawa
et al. 2018), which has been used as a stratigraphic criterion.

Based on the 613C0rg and 615N0rg ratios, paleoceano-
graphic features such as paleoproductivity and circulation
patterns may have undergone two modes on the Korea
Plateau, differing from that modes that occurred in other
parts of the East Sea. The first mode, consisting of strong
negative coupling of the 613COrg and 615NOrg ratios (SNCM),
occurred in MISs 2, 10, and 12 (glacial periods). This mode
is characterized by high C/N ratios, and low 613C0rg and
815NOrg ratios. The second mode (NODM) is characterized
by relatively high 613C0rg and S]SNOrg ratios and C/N ratio
that did not exceed 12 (Figs. 4 and 5). However, the C/N
ratio increased slightly during MIS 6 and 8. Although MIS
6 and 8 were glacial periods, they may represent an inter-
mediate stage between SNCM to NODM. The higher TOC
and carbonate contents and slight increase in the C/N ratios
support this idea.

Assuming that the variations in 615Norg ratios were asso-
ciated mainly with changes in nitrate utilization and pro-
ductivity, these shifts in the ratio may reflect water column
circulation changes around the Korea Plateau. When ter-
restrial inputs reached their maximum level at the peak of
an SNCM period, i.e., MIS 2, 10 or 12, ocean conditions
were unfavorable to high productivity. These SNCM periods
are characterized by lower 613C0rg and 615Norg excursion,
suggesting enhanced terrestrial organic matter input. Previ-
ous studies have suggested that nitrogen isotope values may
have decreased by about 3%o below their initial values under
anoxic conditions during the Holocene, whereas under oxic
conditions, these values may have increased by 3%o0 (Emmer
and Thunell 2000). Another study suggested that alternat-
ing organic-rich dark layers and organic-poor light layers
observed in deeper parts of the basins in the East Sea could
be interpreted as reflecting changes in bottom-water oxygen-
ation, which changed the paleo-circulation mode (Watanabe
et al. 2007). This phenomenon can be attributed to terrestrial
organic nitrogen input and denitrification caused by reduced
ventilation during these periods. Lower 615NOrg and 613Corg
and high C/N ratios (Fig. 6) clearly support terrestrial input
of organic matter.

This series of complicated oceanographic environmen-
tal changes appears to have occurred under alternating
SNCM and NODM conditions with a transitional sub-mode
(Fig. 7). During the glacial periods, intensified cold water
formed at the northernmost part of the East Sea (Ikehara
and Itaki 2007) may have affected the circulation over the
Korea Plateau. However, relatively weak warm water may
have been further weakened during this period, mostly due
to the closure of the Korea Strait. A larger amount of ter-
restrial material was delivered to this site due to the intensi-
fied temperature gradient. However, the strong warm water
came from the Korea Strait, and the relatively weak cold
water domain modulated the oceanographic conditions of
the Korea Plateau during the interglacial period. Even if the
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Fig.7 Mode schematics for oceanographic conditions around the
Korea Plateau, East Sea. Both modes were determined according to
threshold conditions controlled by the high input of cold water (rec-
tangular) from the north and warm water from the south, and by the
intensity of intermediate water circulation. A sub-mode during MIS
6 and 8 is shown in the middle of the figure. Tan indicates freshwa-
ter intrusion during glacial periods and blue indicates the invasion of

rise and decline in amount of cold water and shutdown of
the Korea Strait occurred during the glacial and interglacial
periods, these changes may not have played important roles
in determining the oceanographic conditions on the Korea
Plateau. The degree of nitrogen utilization may have been
influenced by two opposing environmental changes. The
threshold condition may be reached in a short time, although
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cold water from the north. FW Freshwater; KC Kuroshio Current; OC
Oyashio Current; SOIW Suboxic Intermediate Water; TWC Tsushima
Warm Current; UB Ulleung Basin. Broken lines during glacial peri-
ods indicate the position of subpolar fronts. These schematic modes
were based on various references of Oba et al. (1991); Lee et al.
(2003); Ikehara and Itaki (2007) etc.

this rapid shift should generally occur during transitional
periods. Galbraith et al. (2004) described the use of nitro-
gen during glacial-interglacial periods. Likewise, biological
productivity driven by nitrogen utilization at our site may
have been associated with several complex factors such as
the mixing rate of water masses.
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The alternating sediment layers observed here could
provide insight into our results. The low 515N0rg values
at the end of MIS 12, 10, and 2 may reflect an influx of
terrestrial material and a degree of denitrification related
to weak circulation changes. Although ESBCUrg increased
at the boundary between MISs 8 and 7 and at the end of
MIS 6, 515ng values did not increase at these times. This
finding indicates that the factors controlling the increasing
trends of both 613C0rg and 615NOrg differed among MIS.
This difference was probably caused by changes in ocean
circulation on the Korea Plateau. These factors are closely
associated with the influences of two different modes of
water mass and sea-level conditions during glacial-inter-

glacial periods.

6 Conclusions

Sedimentary lamination, excursions of high-resolution oxy-
gen isotope values in foraminifera, and alkenone-based SST
variations make it possible to reconstruct the refined stratig-
raphy of the Korean Plateau sediments in the East Sea. The
age of the studied core covered the past 500 kyr, reaching the
end of MIS 13, and recorded evidence of paleoceanographic
regime shifts. The geochemical chronology established in
this study revealed that the paleoceanographic conditions
on the Korea Plateau may have differed from those in other
parts of the East Sea, and these patterns were not uniform
between glacial and interglacial periods or from one gla-
cial period to another. The variations in 613C0rg and 615NOrg
had two predominant modes over the last 500 kyr. The first
was the SNCM, characterized by low 513Corg and 615N0rg,
and was likely associated with the terrestrial organic matter
influx and denitrification. These conditions occurred in MIS
2, 10, and 12. The second mode was NODM, with high TOC
contents, characterized by high productivity and interme-
diate transitional conditions between glacial to interglacial
periods. Therefore, the typical pattern of glacial-interglacial
paleoceanographic phenomena observed in major basins of
East Sea sediment are not applicable to the Korea Plateau.
The most plausible causes of such difference are associated
with eustatic sea-level changes during glacial-interglacial
periods and with the location and water depths of the Korea
Plateau, which is situated at the confluence of two currents,
where topographic highs modulate oceanic conditions.
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