
Palaeogeography, Palaeoclimatology, Palaeoecology 414 (2014) 260–272

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

j ourna l homepage: www.e lsev ie r .com/ locate /pa laeo
High resolution climate and environmental changes of the northern
Japan (East) Sea for the last 40 kyr inferred from sedimentary
geochemical and pollen data
Sergey A. Gorbarenko a,⁎, Seung-Il Nam b, Yulia V. Rybiakova a, Xuefa Shi c, Yanguang Liu c, Alexander A. Bosin a

a V.I. II'ichev Pacific Oceanological Institute, FEB RAS, 43 Baltyiskaya Str., Vladivostok, Russia
b Korea Polar Research Institute, Songdomirae-ro, Yeonsu-gu, 406-840 Incheon, South Korea
c First Institute of Oceanography, State Oceanic Administration, 6 Xianxialing Road, Qingdao 266061, China
⁎ Corresponding author. Tel.: +7 4232312382; fax: +7
E-mail address: gorbarenko@poi.dvo.ru (S.A. Gorbaren

http://dx.doi.org/10.1016/j.palaeo.2014.09.001
0031-0182/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 February 2014
Received in revised form 20 August 2014
Accepted 4 September 2014
Available online 16 September 2014

Keywords:
Northern Japan (East) Sea
Millennial climate changes
Sea level
Last 40 ka
High-resolution lithological and isotope-geochemical analyses were made on a well age constrained sediment
from the northeastern Japan (East) Sea which recorded 10 dark layers (DL) over the last 40 ka BP. Pollen analysis
of the core allows us to reconstruct thehistory of surrounding landmass vegetation and to determinepronounced
vegetation/climate changes. We found that DL 10 which correlated with a DO/Chinese interstadial 8 was forced
by increased East Asian humidity and influx of the nutrient-rich water into the sea. DL 5 formed during the cold
Heinrich event 3 (HE), at 30–31ka BP,wasmost likely to be initiated by the global sea level descent and reduction
of seawater exchange with the North Pacific. High resolution of δ18Opf records reflects a unique sensitivity of the
Japan (East) Sea to input of the North Pacificwater through the shallow Tsushima and Tsugaru Straits. This led us
to the important evidence of the eustatic-sea level changes during the last 40 ka BP. Since 29 ka BP, δ18Opf curve
shows a continuous descending sea level interrupted by sharp drops of HE 2 with a following rise of DO
interstadial 2. A sharp δ18Opf increase since 18.6 ka BP is consistent with coral results which indicate abrupt
termination of LGM low stand by a rapid sea level rise initiated at 19.0 ka BP.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Japan (East) Sea has experienced dramatic changes in ocean-
ographic conditions during the Late Quaternary in association with
both the orbital and suborbital climatic forcing and glacio-eustatic
sea level changes (e.g., Oba et al., 1991; Tada et al., 1992, 1999;
Gorbarenko and Southon, 2000; Yokoyama et al., 2007). The past
oceanographic responses of this marginal sea to the global climate
changes and sea level variability are unique because of the shallow
Tsushima and Tsugaru Straits with−130 m sills (Fig. 1). Both straits
have played a key role in controlling the water exchange between
the Japan (East) Sea and the North Pacific.

Gorbarenko (1983, 1993) and Oba et al. (1991, 1995) demonstrated
that during the last glacialmaximum (LGM) of theMarine Isotope Stage
(MIS) 2, δ18O of planktonic foraminifera (δ18Opf) showed a strong
negative excursion implying that there was a distinct decrease in
surface water salinity. Because the Japan (East) Sea is connected to the
North Pacific through the shallow Tsushima and Tsugaru Straits, a
drastic decrease in inflow of the saline Tsushima Warm Current to the
marginal sea and prevalence of precipitation above evaporation during
the LGM resulted in strong freshening of the surfacewater (Gorbarenko,
4232312573.
ko).
1983; Oba et al., 1991, 1995; Matsui et al., 1998; Gorbarenko and
Southon, 2000). The low salinity of the surface water has strengthened
the water column stratification, which in turn has drastically decreased
the deep water ventilation, leading to euxinic bottomwater conditions.
As a result, the thin laminated dark sedimentswith slightly enriched or-
ganic carbon contents were deposited during the LGM with a distinct
negative excursion in δ18Opf values (Oba et al., 1991; Gorbarenko and
Southon, 2000). A euxinic bottomwater condition during the formation
of these layers leads to well preserved and abundantly accumulated
planktonic foraminiferal tests and barren of the benthic foraminifera
(Oba et al., 1991; Gorbarenko and Southon, 2000).

Even though the millennial scale climate changes, such as
Dansgaard–Oeschger (DO) events, have been observed first in δ18O re-
cord of Greenland ice core (Dansgaard et al., 1993), many subsequent
studies reported DO-like events in other parts of the Earth, including
the North Atlantic Ocean, the Japan (East) Sea, and the continental re-
cords of East Asia (Tada et al., 1992; 1999; Bond et al., 1997; Wang
et al., 2001; Voelker and workshop participants, 2002; Yokoyama
et al., 2006). Investigating the linkage of DO oscillations in Greenland
and the North Atlantic with those of the distant regions, such as the
Japan (East) Sea and its past oceanographic variability is crucial for un-
derstanding the driving mechanisms of the global and regional abrupt
climate changes during the Late Quaternary. Characteristically,
hemipelagic sediments deposited during the Late Quaternary in the
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Fig. 1. The bathymetric map of the Japan (East) Sea showing the location of sediment core LV32–33 and core GH95–1208 (Ikehara and Itaki, 2007). The main surface water currents are
shown according to Yarichin (1980); 1—TsushimaWarm Current, 2—Shrenk Current, 3—Primorskoye (Liman) Current, 4—South Primorskoye Current, 5—North Korean Cold Current, 6—
East KoreanWarmCurrent. Four shallow straits existed around the Japan Sea, namely, Tsushima, Tsugaru, Soya and Tatarskiy Straits. Thewater depths are ca. 135m for both Tsushima and
Tsugaru Straits and 55 m and 15 m for the Soya and Tatarskiy Straits respectively.
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Japan (East) Sea contains centimeter–decimeter scale alternations of
organic carbon-rich, thinly laminated dark layers (DL) and organic
carbon-poor, homogenous/bioturbated light layers (Tada et al., 1992,
1999). Furthermore, a basin-wide occurrence of alternating dark and
light layers shows a synchronicity between southern, central and north-
eastern parts of the Japan (East) Sea (Oba et al., 1991; Tada et al., 1992;
Ikehara, 2003; Itaki et al., 2004; Watanabe et al., 2007; Yokoyama et al.,
2007). According to age models of sediment cores from ODP Site 797,
cores KH-79-3 and C-3 (Tada et al., 1999), every dark layer above the
Aso-4 ash with age of 88 ka BP has been numbered continuously from
DL 1 to DL 21 in ascending order from the surface. According to Tada
et al. (1999), each dark layer corresponds to DO interstadial
(Dansgaard et al., 1993), except for MIS 2 when the sea level was
below ca. −90 m (1st Mode of the vertical circulation in the Japan
(East) Sea). Because of eustatic sea level changes from −90 m to
−60 m (2nd Mode of the vertical circulation) and from −60 m to
−20 m (3rd Mode) during the late glacial periods the bottom water
condition oscillated from the oxic to suboxic–euxinic conditions (Tada
et al., 1999; Yokoyama and Esat, 2011).

The former conditionwas responsible for sedimentation of thin light
layers, whereas the latter onewas favorable for the preservation of dark
layers with high content of TOC due to an increased inflow of low
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salinity from the East China Sea Coastal Water (ECSCW) with high con-
tent of nutrients (Tada et al., 1999). According to Tada et al. (1999), the
increased inflows of the ECSCWweremainly attributed to the increased
precipitation in central and eastern Asia and related enhanced fresh
nutrient-rich water discharges from Huanghe and Changjiang rivers to
the western Pacific during the warm DO interstadials.

Although Tada et al. (1999) explained the formation of alternating
dark and light sediment layers in the Japan (East) Sea, several important
questions, particularly, their formation and correlation between
organic-rich dark layers and DO cycles, still remain unanswered. For in-
stance, based on the investigation of millennial-scale environmental
and sedimentation changes in the Japan (East) Sea for the last
40 ka BP, Itaki et al. (2004) and Yokoyama et al. (2007) have reported
significantly different numbers of DL layers, and its age compared to
those of Tada et al. (1999). Therefore, the following two task need to
be clarified: (1) numbering of major and minor DL layers and finding
their correlation with DO cycles in Greenland ice core (NGRIP
members, 2004), Chinese Interstadial (CIS) in the Chine cave stalagmite
records (Wang et al., 2001; Wang et al., 2008) and Heinrich event (HE)
in the North Atlantic (Heinrich, 1988), and (2) transition of DL layers
originated from the 1st Mode of the Japan (East) Sea hydrology to the
2nd Mode that is associated with the climate and sea level changes
and variability of the ECSCW inflow, respectively. Moreover, themillen-
nial scale environmental and climatic changes in the Japan (East) Sea,
the accumulation of alternating dark and light sediment layers, and
the associated surrounding landmasses vegetation/climate changes
(Yokoyama et al., 2006) are not fully studied and thus insufficient to
establish their correlations firmly with DO and Chinese cycles.

In this study, we present high-resolution, lithological, isotopic and
micropaleontological data of a well age constrained sediment core LV
32–33, raised from the northern Japan (East) Sea. The lithological char-
acteristics including color along with records of selected productivity
proxies allow us to identify several DL layers for the last 40 ka BP
(Fig. 2). High frequent sampling (1–2 cm) of studied corewith high sed-
imentation rate (on average 20 cm/kyr) allows us to reconstruct high
resolution of environmental changes in the Japan (East) Sea with a
time span of 50–100 years. We also reconstructed millennial scale veg-
etation associated with climate changes in the surrounding landmasses
of Northeastern Asia with the data of pollen spectrum of the studied
core (with time resolution of 250–500 years). Finally, we correlated
our dated multiproxy records and previously identified DLs in other
cores to test the origin of DL layers in the Japan (East) Sea and its linkage
with DO and China cycles, aiming to better understand the linkages be-
tween the marine environment, DL layer formation and surrounding
terrestrial climate changes during the last 40 ka BP.
2. Oceanographic setting of the Japan (East) Sea

The Japan (East) Sea is a semi-enclosed marginal sea located be-
tween East Asia and the Japanese Island. The Japan (East) Sea is connect-
ed with the East China Sea, the NW Pacific Ocean and the Okhotsk Sea
through four shallow straits (Fig. 1). Among them, the southwestern
Tsushima Strait and the northeastern Tsugaru Strait are the two deepest
straits with sill depths of ~130 m.

At present, the Tsushima Warm Current, a branch of the Kuroshio
Current, flows into the Japan (East) Sea through the Tsushima Strait
and flows out mainly through the Tsugaru Strait (Fig. 1). The North
Korea Cold Current (NKCC), a branch of the Liman Current from the
Sea of Okhotsk merged with the returning branch of the TWC, flows
southward along the eastern part of the East/Japan Sea. The NKCC
meets the northward flowing East Korean Warm Current, a branch of
the TWC, at latitude 40° N. A polar front at about 40° N acts as the
boundary between two surface water masses with a clear contrast in
temperature. We raised a sediment core LV 32–33 in the northern
part of the Japan (East) Sea where the southward flowing Liman Cold
Current dominates the water column characteristics (Yarichin, 1980;
Yoon and Kim, 2009) (Fig. 1).

At present, the intermediate and deepwaters of the Japan (East) Sea,
formed in the northern part of the basin during winter (Martin et al.,
1992) facilitate good ventilation in deeper parts of the water column.
The water mass below 200–300 m is called the Japan Sea Proper
Water, which is characterized by low temperature (0.1–0.3 °C), low
salinity (34.0‰–34.1‰), and high oxygen content (5–6 mL/L) (Gamo
et al., 1986; Gydrometeorologiya and gydrochimija morej, 2003).
Substantial amount of the East China Sea Coastal Water (ECSCW) and
the Yellow Sea waters is transported through TWC into the Japan
(East) Sea (Suk et al., 1996) (Fig. 1). The core investigated is located in
the northern part of the Japan (East) Sea, a region weakly influenced
by the sea ice formation during winter seasons (Yakynin, 1979).
3. Materials and methods

The sediment core LV 32–33 was recovered in the northern Japan
(East) Sea (46° 28.8′N, 139° 0.3E′) at water depth of 1140 m during
RV “Academician M.A. Lavrent'ev” cruise 32, in 2003 (Fig. 1).
Hemipelagic sediments of the studied core are characterized by alterna-
tion of dark layers and homogenous/bioturbated light layers. Three
thinly laminated dark layers were documented in the middle part of
core (212–391, 407–417 and 485–512 cm, Fig. 2).

The planktonic foraminifera, Neogloboquadrina pachyderma (sin.)
were picked out from N125 μm fraction of sediments and measured
for oxygen (δ18O) and carbon (δ13C) isotopes in the Leibniz Labora-
tory of Kiel University. Sample preparation and analytical procedures
were described in Kiefer et al. (2001). Planktonic foraminifera
N. pachyderma (sin) from fraction 125–250 μm were also picked for
AMS 14C dating. The radiocarbon age has been measured by the
Leibniz-Laboratory for Radiometric Dating and Isotope Research at
Kiel University (Kiel, Germany) and theNationalOcean Science Acceler-
atorMass Spectrometry Facility atWoods Hole Oceanographic Institute
(Woods Hole, USA), respectively. All radiocarbon ages were converted
into calibrated 2-sigma calendar age ranges using the calibration
program CALIB REV 7.0.1 (Stuiver and Reimer, 1993) with the Marine
13 calibration curve (Reimer et al., 2013) (Table 1). We accepted the
constant reservoir age of the Japan (East) Sea surface water to be
equal tomodern value of 400 years (Yokoyama et al., 2007) throughout
the studied time period, although this value, could have increased
during the glacial and weaker deglacial ventilation (Matsumoto and
Yokoyama, 2013).

Sediment for pollen analysis was prepared with the standard
method of Grichuk (Sladkov, 1967). Fossil pollen species assemblages
were identified using microscope MICMED-1 with magnification of
63–1350 power. For the entire core, 122 sediment samples with
5–10 cm intervals were analyzed for pollen. In most samples, 150 to
840 pollen grains were counted; with intervals 50, 60, 280–310, 615,
620, 760 and 765 cm range within 110–150 grains. In general, pollen
grains were more abundant in the upper part of the core compared to
the middle and lower parts of the core. In order to reconstruct the
past vegetation and climate changes of surrounding landmass, we
calculated the paleoclimatic coefficient (Kp). The Kp is a ratio of total
percentages of warm species (for example, dark conifer Picea sect.
Omorica and Picea sect. Eupicea (spruce) and broadleaves — Quercus
(oak), Yuglans (walnut) and Ulmus (elm)) and cold species (such as
Duschekia (alder)). These species were used because their pollen per-
centages varied significantly in the investigated core. Quercus and
Ulmus are major elements of broadleaved forest in the studied region
at the present according to the map in the Primorsky vegetation region
(Lavrenko, 1964). Picea forms dark coniferous vegetation and has a
wide-spread occurrence. Duschekia characterizes the vegetation of the
northern areas with cold climate conditions. Therefore, high Kp values
are related to vegetation formed under a warm climate and vice versa.



Fig. 2.Depth profiles of proxy records obtained from core LV32–33 investigated in this study: IRD (weight % of coarse fraction (63 μm–2000 μm)), total organic carbon (wt.%) and chlorine
content (μg/g sediment), number of the planktonic and benthic foraminifera (# shell/g sed.), opal and CaCO3 content (wt.%), δ18O and δ13C of the planktonic foraminifera N. pachyderma
sin. (‰ relative to PDB), climatic coefficient Kp and % of cold species of Duschekia in shrub-tree group. Also included are δ 18O records of Chinese cave stalagmite (Wang et al., 2008) and
δ18O of the Greenland ice core (NGRIPmembers, 2004) versus age (calendar ka) for comparison. AMS 14C dates of core LV 32–33 (calendar ka) are shown at the bottom. Shaded barsmark
the DLs 10–6, 1 and dark shaded bars—the thinly laminated DLs 5–2. Chinese interstadials (CIS) and cold Heinrich event (HE) are shown at the top.
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Total carbon and inorganic carbon (CaCO3) contents of sediments
were measured at 1 cm intervals by a coulometric analyzer (AN-7529)
(Gorbarenko et al., 1998). Total organic carbon (TOC) content was cal-
culated from the difference between total carbon and inorganic carbon
contents.

Opal content in sediments was analyzed following the method
of Mortlock and Froelich (1989) described also in Gorbarenko
et al. (2004). The chlorine content, the transformation product of
chlorophyll-a in sediments, was measured with a Shimadzu UV–
vis-NIR spectrophotometer (UV-3600) according to the modified
method of Harris et al. (1996).

Ice rafted debris (IRD) content in the studied core was measured
as weight percentage of the fraction 63 μm–2000 μm in the carbon-
ate free dry sediments (Conolly and Ewing, 1970; Sakamoto et al.,
2005). According to binocular testing control, material of this
fraction is presented mostly by terrigenous particles, which were
delivered to the core area by the sea ice drifting and its melting during
summer seasons.

image of Fig.�2


Table 1
AMS 14C data on monospecies planktonic foraminifera N. pachyderma sin. for core LV
32–33. All measured 14C age data were corrected by Japan (East) Sea surface water reser-
voir ages of 400 years (Yokoyama et al., 2007). All radiocarbon ages were converted into
calibrated 2-sigma calendar age ranges using the calibration program CALIB REV 7.0.1
(Stuiver and Reimer, 1993) with the Marine 13 calibration curve (Reimer et al., 2013).

Accession # Depth
(cm)

Foram species AMS 14C age
(yrs BP)

Error
(±yr)

Cal. age
(ka BP)

KIA 34207 105 N. Pachyderma sin. 5235 40 5.63
KIA 34208 202.5 N. Pachyderma sin. 16,850 100 19.90
KIA 34209 212.5 N. Pachyderma sin. 17,520 110 20.73
KIA 34210 226.5 N. Pachyderma sin. 18,250 120 21.66
KIA 34211 300.5 N. Pachyderma sin. 20,660 150 24.51
KIA 34212 380 N. Pachyderma sin. 23,590 170 27.47
KIA 34213 412 N. Pachyderma sin. 24,530 240 28.28
KIA 34214 500 N. Pachyderma sin. 27,440 330 31.10
OS-102816 222-1 N. Pachyderma sin. 18,000 80 21.33
OS-102817 222-2 N. Pachyderma sin. 17,850 70 21.17
OS-102671 232-2 N. Pachyderma sin. 18,350 65 21.79
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Benthic and planktonic foraminiferal (BF and PF, respectively)
abundance in sediments were counted under binocular and measured
as number of shells per gram of natural dry sediment.

4. Results

4.1. Isotope-geochemical and lithological results

Fig. 2 shows depth profiles of important productivity proxies such as
TOC, chlorine, opal contents and abundances of planktonic and benthic
foraminifera in the sediment core LV 32–33. Also included in Fig. 2 are
the IRD variability, values of δ18O and δ13C of planktonic foraminifera,
and pollen results—paleoclimate coefficient Kp and percent of cold
species Duschekia in arboreal group.

In addition to observed three thinly laminated DLs (212–391 cm,
407–417 cm, and 485–510 cm) and dark layers determined in the
course of sediment description, we used productivity and lithological
proxies in order to be more precise in defining the location of DL layers
1–10 in the studied core. The determination of DL layers is based on
Tada et al. (1999)'s criteria with higher organic component content —
TOC, chlorine and CaCO3 except for MIS 2 (shaded bars, Fig. 2). It was
suggested that the formation of DL layers under suboxic to euxinic sur-
face sediment condition also leads to good preservationof PF, but barren
BF; however BF content at the base of following light layers, formed
under higher oxygen content, sharply increased with respect to dark/
light layer transition (Oba et al., 1991; Tada et al., 1999). An interval of
151–156 cm had higher values of chlorine and TOC, followed by in-
creased BF contentwhich is likely to be correlatedwith earlier identified
DL 1 in the Japan (East) Sea (Tada et al., 1999; Yokoyama et al., 2007)
(Fig. 2). DLs 2–10 in core LV 32–33 consistently correlated with the
above mentioned productivity and foraminiferal occurrence criteria
(Fig. 2). Lithological description was identified at an interval of
212 cm–391 cm, as a single thinly laminated layer in core LV 32–33
with high CaCO3, PF abundance and chlorine content, lightest values
of δ18Opf and absence of BF in sediment (Fig. 2). However, they may
be separated as DL 3 and DL 2 based on the deviation in chlorine,
PF abundance, δ18Opf and δ13Cpf records (Fig. 2) at intervals of
212–302 cm and 319–391 cm, respectively. This is consistent with
earlier founded dark layers 2 and 3 in the Japan (East) Sea (Tada
et al., 1999; Yokoyama et al., 2007). The thinly laminated DLs 2–5
(Fig. 2, dark shaded bars) demonstrate the abundance of PF and ab-
sence of BF followed by increased numbers of BF, suggesting their
survival responses with respect to dark/light layer transitions. DLs
6–9 are characterized by a lesser increase of the productivity proxies
and PF content. However, they demonstrated all features related to
DLs (Fig. 2, light shaded bars). DL 10 is clearly characterized by
peaks of productivity indices such as TOC and chlorine contents.
4.2. Pollen results

All pollen taxa in core LV 32–33 were classified into three groups,
arboreal (trees and shrubs), herbaceous and spores, and their variability
against depth is shown in Fig. 3. Fig. 3 also includes two families of
spores (Polypodiaceae and Sphagnum), dominant arboreal species and
climate coefficient Kp. On the basis of dominant and subdominant arbo-
real species, shares of different groups in total pollen assemblage andKp
values, we demarcated 8 pollen zones in the studied core which allow
us to demonstrate the evolution of regional vegetation in the past
(Fig. 3).

Zone 8 Duschekia–Betula sect. Albae (interval 780–820 сm). The
amount of spore increases in the overall composition, whereas percent-
age of arboreal and shrubs decreases. Pollen of Duschekia dominates
(over 80%) in pollen assemblages. The Kp is low (on average, 0.1). This
zone shows growth of vegetation mainly alder, which is typical of cold
conditions (Fig. 2).

Zone 7 Betula sect. Albae–Duschekia (interval 750–780 сm). Pollen of
arboreal and shrubs dominates the overall composition (63–86%). The
pollen percentage of Betula sect. Albae decreases to 26%, Duschekia de-
creases almost twice of Albae, and Quercus pollen is singly observed.
The Kp index is strongly increased. This zone characterizes climate
warming.

Zone 6 Duschekia–Abies–Betula sect. Albae (interval 550–750 сm).
Pollen of arboreal and shrubs dominates in the overall composition,
Duschekia in this group has a large percent. Several peaks of Abies pollen
(about 14% each) are noted in this zone. The Kp index is characterized
by low values.

Zone 5 Duschekia (interval 480–550 сm). This zone is characterized
by a percentage increase of arboreal and shrub pollen. Pollen of
Duschekia reaches its maximal value for the whole core (81–88%). The
average value of Kp is very low (0.05). This zone points to growth of
tundra vegetation and cold condition in the region.

Zone 4 Duschekia–Betula sect. Albae–Picea (interval 215–480 сm).
Subzone 4c Duschekia–Picea sect. Eupiceae (interval 405–480 сm).

Groups of arboreal and shrubs in the overall pollen composition
increase appreciably, and pollen of Duschekia dominates (to 73%).
Insignificant peaks of Picea sect. Eupiceae pollen are noted at the interval
of 460 cm–410 cm and Kp in these intervals increases to 0.3. Subzone
indicates the growth of alder and spruce.

Subzone 4b Duschekia–Betula sect. Albae–Picea sect. Omorica
(interval 245–405 cm). Content of Duschekia pollen on average is
about 70% in the group of arboreal and shrubs. Content of Betula sect.
Albaepollen increases to 5–17% in comparisonwith subzone 4с. Content
of Duschekia shows a sharply decreasing pattern, and content of fir and
spruce is increasing at 305 cm. The Kр index reaches 0.4.

Subzone 4a Duschekia–Picea sect. Omorica (interval 215–245 сm).
Pollens of Duschekia and Betula sect. Albae decrease in group of arboreal
and shrubs. There is a low content of pollen Picea sect. Eupiceae and
Picea sect. Omorica which both decrease down to 5%. There is appear-
ance of a small percent of pollen of broad-leaved taxa. The value of Kp
is the same as in subzone 4b.

Zone 3 Duschekia–Quercus (interval 195–215 сm). At 205–220 cm,
Duschekia pollen decreases sharply down to 19%, whereas the content
of Betula sect. Albae and Picea sect. Omorica pollen increases (19% and
20%, respectively). The value of Kp sharply increases. On the interval
of 195–205 cm, the content of Duschekia pollen increases, while the
contents of Betula sect. Albae and Picea sect. Omorica decrease. This
zone indicates growth of alder, birch and spruce vegetation.

Subzone 2b Quercus–Duschekia (interval 165–195 cm). Quercus
pollen sharply increases while Duschekia strongly decreases. The value
of Kp sharply increases. This subzone indicates significant warming.

Subzone 2a Quercus–Picea sect. Eupiceae (interval 60–165 cm).
Quercus dominates in the group of arboreal. In the interval of
110–150 cm, its content reaches maximal value up to 47% of the whole
core. The presence of pollens Juglans, Ulmus, and Tilia is noted. Pollen of



Fig. 3. Percentages of total pollen composition (arboreal plus shrubs), spore and herbs groups (%), 2 families of spores, percentages of pollen species of arboreal group and the paleoclimate
coefficient Kp in core LV32–33 sediments against core depth. Also shown are major 8 pollen zones and sub-zones.
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conifers (Pice sect. Eupicea, Pinus s/g Haploxylon, Picea sect. Omorica,
Pinus s/g Diploxylon) is contained in a considerable amount. The value
of Kp is high (0.95). This zone indicates the growth of mixed forest and
warm climate conditions.

Zone 1 Pinus s/gHaploxylon–Quercus (interval 0–60 cm). This zone is
characterized by high content of arboreal and shrub pollen and Pinus s/g
Haploxylon. However, content of Quercus decreases, and Juglans and
Ulmus are rare. The value of Kp does not change. Zone 1 indicates the
growth of taiga and broad-leaved forest and cooler climatic conditions.

5. Age model

Age model of the core LV 32–33 was constrained by using AMS 14C
dating (Table 1). A correlation of well known DLs with its boundary
Table 2
Ages (calendar ka) of dark/thinly-laminated layers (DL) according to Yokoyama et al.
(2007), Itaki et al. (2004) and Tada et al. (1999) with the studied core numbers.

DL number Yokoyama et al. (2007)
D-GC-6, MD01-2407

Itaki et al. (2004)
GH-96-1217,
KT94-15-PC9

Tada et al. (1999)
Site 797, KH79-3

2 top 17.40 15.60 17.67
2 bottom 23.10 22.15
3 top 23.8
3 bottom 27.3 25.25
4 bottom 28.6 26.50 26.66
AT ash 29.24
5 bottom 31.60 31.00 30.32
6 bottom 31.08
7 ?34.20a 32.07
8 top 32.5
8 bottom ?37.4a 34.63
9 bottom 36.72
10 middle
10 bottom 38.14

In this case the ages are closed to reality.
a Seems to be that Yokoyama et al. (2007) mean DLs 7 and 8 as dark layers, correlated

with DOIs 7 and 8.
ages of several dated cores in the Japan (East) Sea was used (Tada
et al., 1999; Itaki et al., 2004; Yokoyama et al., 2007; Table 2) and a cor-
relation of the DL 5 and DL 10 with prominent vegetation/climate DO
cycles was determined by pollen analysis of the same core sediment
(Fig. 2).

As was mentioned earlier, DL 1 with age of 11.4 ka BP (Tada et al.,
1999; Yokoyama et al., 2007) was estimated according to its maxima
in productivity proxies in the interval of 151–156 cm (Fig. 2). In addition
to Tada et al.'s (1999) hypothesis of the dark layer formation with high
organic content duringDO interstadials, we hypothesize that during de-
glaciation and after normalization of the Japan (East) Sea, surface water
salinity (after 18–17 ka BP), formation of light layer (LL) in the interval
of 196–206 cmwithminima of productivity proxies (TOC and chlorine)
was related to a more severe climate condition of DO stadial equivalent
to HE 1 (Fig. 2). Age of HE 1might be correlatedwith Greenland ice core
δ18O record (NGRIP members, 2004; Wolff et al., 2010) and with the
best dated Chinese stalagmite δ18O curves (Wang et al., 2001; Wang
et al., 2008) (Table 3).

Decreased PF abundance above 212 cm indicates partial dissolution
of the foraminiferal tests. In addition, some older foraminifera from
sediments below 212 cm may have disturbed the upper sediment as a
result of bioturbation. These effects may bias the initial ages of the
sediments above 212 cm. Four AMS 14C dates from the upper part of
DL 2 with high abundance of foraminifera tests, measured on
undissolved planktonic foraminifera in two different laboratories,
show a sequence of reliable results (Table 1). This is why we reject the
AMS 14C data measured at depths of 202 and 212 cm with ages of 19.9
and 20.73 ka BP, respectively: in addition, there are possibilities
changing radiocarbon including reservoir ages due to environmental
changes such as hydrological changes (Matsumoto and Yokoyama,
2013). We accept the average age of doubled dated interval of 222 cm
to be 21.25 ka BP as a key time point of upper part of DL 2 (Table 3). It
is notable that age of DL2 top at depth of 212 cm(18.6 kaBP), calculated
by interpolation between tie points of 15.7 ka BP and 21.25 ka BP may
be slightly younger than the original due to small sedimentation rate
between these tie points compared with one of lower interval.
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Table 3
AMS 14C data, position of marker horizons with its accepted age (cal. ka) and age model
key time points in core LV 32–33. Age model of the core LV 32–33 was constrained by
using accepted AMS 14C dating, correlation of well known DLs with its boundary ages of
several dated cores in the Japan (East) Sea (Tada et al., 1999; Itaki et al., 2004; Yokoyama
et al., 2007) and correlation of the DLs with prominent vegetation/climate DO cycles
determined by pollen analysis.

Core depth
(cm)

Marker horizons AMS 14C
age
(ka)

Accepted
ages
of marker
horizons
(cal. ka)

Age model
key time
points
(cal. ka)

105 5.63 5.63
151 DL 1 top
153.5 DL 1 middle 11.4 11.4
156 DL 1 bottom
166 YD cooling
195 HE 1 top
199 HE 1 middle 15.7 15.7
203 HE 1 bottom
202.5 19.9?
212 DL 2 top
212.5 20.73?
222 21.25 21.25
226.5 21.66
232 21.79
300.5 24.51?
302 DL 2 bottom/DOI 2 top 23.1 23.1
319 DL 3 top/DOI 2 bottom 23.8 23.8
380 27.47
391 DL 3 bottom 27.3 27.3
407 DL 4 top
411 DL 4 middle/DOI 3 27.8 27.8
412 28.25
485 DL 5 top/HE3 top 29.9 29.9
500 31.10
517 DL 5 bottom/HE 3 bottom 30.9 30.9
550 DL 6/DOI 5′ 31.6 31.6
572 DL 7/DOI 5 32.9 32.9
600 DL 8/DOI 6 33.8 33.8
644 DL 9/DOI 7 35.1 35.1
755 DL 10 top/DOI 8 top 36.9
766.5 DL 10middle/DOI 8middle 37.55
778 DL 10 bottom/DOI 8

bottom
38.2

801 DOS 9 top
801.5 DOS 9 middle 39.3 39.3
818 DOS 9 bottom
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We accept ages of DL 2 bottom, DL 3 boundaries according to the
well dated core D-GC-6 (Yokoyama et al., 2007) (Table 2). DL 4 correlat-
ed with GIS/CIS 3, consistently with Tada et al.'s (1999) hypothesis and
pollen results (Fig. 2), indicating its time formation (27.8 ka BP)which is
rather close to the age estimations of Tada et al. (1999) and Yokoyama
et al. (2007) (26.6 ka BP and 28.6 ka BP, respectively). Some older
ages of the AMS 14C data measured in the studied core as compared
with those of Yokoyama et al. (2007) are probably connected with the
increase of reservoir age in subsurface water of the Japan (East) Sea
during low sea level standing and increased surfacewater stratification.

In order to correlate some DLs with related regional climate condi-
tions, we used also pollen results of studied core sediments
(paleoclimate coefficient Kp and percentages of cold species Duschekia
in arboreal group) to reconstruct a more prominent regional vegeta-
tion/climate oscillations during some DLs (Fig. 2). Available pollen
data clearly indicates significant climate cooling during DL 5 formation
and strongwarming during DL 10 (Fig. 2). The vegetation/climate trend
in the studied core allows us to correlate DL 5 with cold HE 3. AMS 14C
age measured in the middle of DL 5 (31.10 ka BP) and available radio-
carbon dating of DL 5 in other cores (Tada et al., 1999; Yokoyama
et al., 2007) had a rather close time of such prominent climate stadial.
Significant vegetation/climate amelioration during DL 10may be corre-
latedwith pronounced long-lasting climatewarming of GIS/CIS 8which
is close to the time suggested by Tada et al. (1999) (38.14 ka). DLs 9–7
are probably correlated with GIS/CIS 7–5 respectively. DL 6 is likely re-
lated to the following them less pronounced interstadial, visible in re-
cords of δ18O in Greenland ice core and Chinese cave stalagmite with
age of 31.5 ka BP, which may be referred as GIS/CIS 5′. We correlated
a light interval of 819–801 cm formed during the regional climate
cooling (and preceded GIS/CIS 8) with cold stadial GS/CS 11 equivalent
to HE 4 (Fig. 2).

Fig. 4 shows a relation of core depth–age of key points determined
by above mentioned ages of DLs 1–10 and accepted and rejected AMS
14C ages for this core. Ages of sediments deposited between key time
points were calculated by interpolation.
6. Discussion

6.1. Dark–light layer formation — the Japan (East) Sea environment–
regional climate changes

Since the surface and bottom water condition and therefore DL
formation in the Japan (East) Sea is strongly determined by water ex-
change with the west Pacific and regional precipitation influencing the
surface environments and nutrients input to the sea, we compared the
obtained results for core LV32–33 in the established agemodel with ex-
cellent dated record of East Asianmonsoon intensity (Wang et al., 2008)
and sea level changes in Arz et al. (2007) (Fig. 5). Several early impor-
tant works such as Heusser and Morley (1985), Kawahata et al.
(2011) and Igarashi et al. (2011)were devoted to investigating the con-
nections of terrestrial-ocean environmental changes in the northwest-
ern Pacific. However pollen investigation of core LV 32–33 provides
the first high-resolution vegetation records from the northern Japan
(East) Sea sediments with established DLs. These high-resolution vege-
tation records on the basis of pollen analyses of well dated core were
also used to clarify correlation of DL formation with regional millennial
scale climate and sea level changes (Fig. 5). We used immediate type of
vegetation responses to regional climate changes and accepted the time
of vegetation regional response equal to around 150 years (Chapin and
Starfield, 1997). That is why the records of pollen proxies in Fig. 5 were
shifted on 0.15 ka BP to the right in the time scale.

Vegetation of surrounded land in sediments of the studied core base
(interval 801–819 cm) indicated cold climate conditions of the Japan
(East) Sea coeval to HE 4. Decreased East Asian summer precipitation
(Wang et al., 2001) and weak nutrient input into the sea through the
Tsushima Strait lead to a low productivity during this period. High IRD
values were evident that sea ice covered this northern region during
thewinter seasons and a lot of IRD thus accumulated at the bottom dur-
ing summer sea ice melting. Low PF abundance and CaCO3 content, is
likely related to poor carbonate preservation suggesting suboxic bottom
water condition and moderate deep ventilation that allow surviving of
benthic foraminifera (Fig. 5).

Asmentioned above, sediments of DL 10were formedduring abrupt,
long-lasted climate warm periods of GIS/CIS 8 at ~37–38 ka BP accord-
ing to pollen records and peaks of Kp coefficient (Figs. 2 and 5). The for-
mation of DL 10 with high TOC and chlorine contents is consistent with
the hypothesis of Tada et al. (1999), who attributed the dark layer for-
mation to increased East Asian summer monsoon with precipitation
transferring and related input of nutrient-rich ECSCW water into the
Japan (East) Sea (Fig. 5). Several cores from the south eastern part of
the Japan (East) Sea also demonstrate high productivity and oxygen
deficit in sediments of DL 10 according to sediment fabric classification
(Watanabe et al., 2007). Some decrease in CaCO3 content and in BF oc-
currence in sediments of DL 10 (Fig. 5) consistent with Watanabe et al.
(2007) indicates that decrease in dissolved oxygen in the sediments
may be related with oxygen consumption under increased organic
matter input into the bottom. However, the bottom water ventilation,
most likely, did not change significantly.



Fig. 4. Age–depth relationship for core LV 32–33 age model based on the key time points (Table 3, crosses). AMS 14C data are shown by triangles.
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Warming of long-lasted GIS/CIS 8, intensified summer seasons
melting the sea ice burdened with terrigenous sediments, caused vio-
lent accumulation of IRD on the bottom for 38–34 ka BP. Percentages
of coarse fraction of N63 μm in sediments during this time interval in-
creased up to 12–15 weight percentage compared with nearly 2% of
late MIS 3 andMIS 2 and with 0.2% for Late Holocene. The result initiat-
ed by climate warming, sea ice melting and intensification of sedimen-
tary processes, increased the sedimentation rate up to 40–50 cm/kyr. It
is notable that IRD records estimated in core GH95-1208, located in the
south of the studied core LV32-33 (Fig. 1), demonstrate also strong IRD
peak since DOI 8 (37.5 ka BP) (Ikehara and Itaki, 2007), indicating sig-
nificant changes in the sea ice formation, its drifting andmelting during
this time period.

The higher TOC and chlorine contents duringDLs 9, 8, 7 and 6 forma-
tion suggest the increased sea-surface productivity consistent with se-
quence of intensifications of summer East Asian monsoon recorded in
the China stalagmites (Figs. 2 and 5). Very low PF and BF occurrence
in sediments during DL 9 and small increase for layers of DL 8 and 7 in-
dicate that ventilation of the bottom water was moderate and did not
change significantly, consisting with rather high sea level standing.
Available pollen results do not show significant vegetation/climate
changes during this time span. DL 5 well defined by strongly increased
TOC and chlorine contents is characterized by thinly laminated accumu-
lation, absence of benthic foraminifera and abundance of planktonic fo-
raminifera. The dominance of cold and dry preferred species in pollen
records and very lowKp coefficient, show the prevalence of cold climate
during that interval, most likely, correlating to the North hemisphere
prominent stadial Heinrich event 3 (Figs. 2 and 5). Lowering of global
sea level after 31 ka BP (Fig. 5; Arz et al., 2007) caused the reduction
of the Japan (East) Sea water exchange with the saline Pacific water, in-
tensified surface water freshening and consequently weakened deep
water ventilation that in turn lead to deficit of dissolved oxygen, euxinic
condition in sediments and low organic matter decomposition. Plank-
tonic foraminifera content being low in sediments of core base strongly
increased in DL 5, indicating well preservation of carbonate tests under
euxinic surface sediment conditions, consistent with barren benthic
foraminifera and formation of thinly laminated sediment.

Pollen record shows twowarm climate events after the deposition of
DL 5 at intervals nearly of 470 cm (29 ka BP) and nearly of 415 cm
(28 ka BP) that seems to be correlated with GIS/CIS interstadials 4 and
3, respectively. However, only upper interval, identified as DL 4, is char-
acterized by increased TOC, chlorine, CaCO3, PF contents and thinly lam-
inated sediment consistentwith lower sea level standing (Figs. 5 and 6).
The formation timeof DLs 2 and3 (Table 3) coincideswith the interval
of sea level dropping to the lowest stand according to Arz et al. (2007)
(Fig. 5). During those intervals,maximal surfacewater freshening indicat-
ed by the lightest δ18Opf resulted in maximal surface water stratification
and further bottomwater stagnation, due to strong decrease of saline Pa-
cific water inflowing into the sea (Oba et al., 1991; Gorbarenko and
Southon, 2000). Very high abundance of PF andmaximal CaCO3 values to-
gether with complete barrenness of BF in these DLs indicate extreme
euxinic condition in the surface sediments on the sea floor. However, in
spite of euxinic condition of DLs 3 and 2, TOC valueswere low,while chlo-
rine content shows higher values. High values of IRD and chlorine con-
tents in sediments of DLs 2 and 3 indicate seasonal sea ice covering in
the studied northern area and summer ice free conditions that induced
increase in phytoplankton productionwithin surfacewater and IRD accu-
mulation on the bottom. The sediments between the DL 2 bottom and DL
3 top, based ondeviationof productivity proxies (chlorine andCaCO3 con-
tents), PF abundance and δ18Opf and δ13Cpf seemed to be accumulated
during some regional abrupt warming of GIS/CIS 2. This is strongly cor-
roborated by pollen results (Figs. 2 and 5), showing some amelioration
of vegetation simultaneously with DO/C interstadial 2.

Coeval to the upper boundary of DL 2, sharp increase in δ18Opf at
18.6 ka BP indicates strong increase of surface water salinity consistent-
ly with enhanced Pacific water inflow into the Japan (East) Sea due to
global abrupt sea level rise (Fig. 5). With small delay, after δ18Opf in-
crease, abrupt decrease in the δ13Cpf is observed in the studied core
(Figs. 2 and 5) and other Japan (East) Sea cores (Kim et al., 2000). Prob-
ably, the warm Tsushima Current together with the saline water of the
cold Oyashio Current, with low δ13C of∑CO2 (Kroopnick, 1985), flows
into the Sea through the Tsugaru Strait during sea level rise (Oba et al.,
1991; Gorbarenko and Southon, 2000). Increased Pacific water
inflowing into the Japan (East) Sea after 18.6 ka BP transports heat to
the sea which induced regional vegetation and climate amelioration,
interrupted by cold event equivalent to HE 1 during 16.2–15.2 ka BP.
This is consistent with available pollen results (Figs. 2 and 5).

Decreased PF abundance, paralleled with reduced CaCO3 content,
after the pulse of the Pacific water input at about 18.5 ka BP, most likely,
indicates the start of ventilation. However, following slight increase of
PF abundance, CaCO3 content and complete absence of benthic forami-
nifera at interval correlatedwith cold HE 1, the evidence has strong def-
icits of dissolved oxygen at the bottom environments (Fig. 5). The
following Bolling/Allerod (BA) warming, indicated by pollen data, has
a very low PF abundance and decreased in CaCO3 content, which sug-
gests slightly improved bottomwater ventilation resulting in carbonate
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Fig. 5. Time correlation of the Chinese Interstadials of the East Asian monsoon variability (Wang et al., 2008), DO interstadials in δ18O of the Greenland ice core ((NorthGRIP members,
2004) and sea level changes (Arz et al., 2007) with records of core LV 32–33 from the northern Japan (East) Sea core LV 32–33; IRD (wt.% of coarse fraction (63 μm–2000 μm)), total or-
ganic carbon (wt.%) and chlorine content (μg/g sediment), number of the planktonic and benthic foraminifera (# shell/g sed.), opal and CaCO3 content (wt.%), δ18O and δ13C of the plank-
tonic foraminiferaN. pachyderma sin. (‰ relative to PDB), climatic coefficient Kp and% of cold species ofDuschekia in shrub-tree group. Hatched rectangular bars denote theH1 andH4 cold
events. Other rectangular bars are similar to Fig. 2.
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dissolution consistent with heavy δ18Opf values and increase of BF oc-
currence in sediments (Fig. 5). Regional environment amelioration in
the northern Japan (East) Sea, coeval to BAwarming, significantly inten-
sified over the summer sea icemelting, causing large amounts of IRD ac-
cumulation. Following the BA warming, cold Younger Dryas event (HE
0), wasmarked by vegetation shift to cold climate-preferred pollen spe-
cies and significant decrease in δ13C of planktonic foraminifera.

According to pollen results and strong decrease in sea ice influence
indicated by IRD records, regional climate warming in the northern
Japan (East) Sea was established at the beginning of Holocene (Figs. 2
and 5). However, BF production during DL 1 formation was hampered,
most likely due to intensive oxygen consumption which resulted from
increased organic decomposition in the surface sediments (Fig. 5). Com-
plete renewal of deep water ventilation in the Japan (East) Sea related
withmodern type surfacewater Currentswas established after DL 1 for-
mation, indicated by increased δ13Cpf values in the studied core and
southern cores (Kim et al., 2000). In turn, strong deepwater ventilation
brought nutrients from deep water reservoirs to euphotic layer and
caused an increased productivity in the surface water (Fig. 5). On the
other hand, a strong increase of East Asian summer monsoon at the
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Fig. 6. In time comparison of the Japan (East) Sea δ18Oplanktonic foraminifers recordwith other related sea level change records andwithmillennial cycles of East Asianmonsoonover 10–
40 ka BP. A—δ18O records of the Chinese stalagmites (Wang et al., 2001;Wang et al., 2008); B—relative sea level estimates: reconstruction from the northern Red Sea based on the benthic
δ18O record considering alkenone corrections for the sea surface temperature (Arz et al., 2007), sea-level estimates of U–Th and 14C dated corals from Barbados and Papua New Guinea
(cross, Fairbanks, 1989; rhomb, Cutler et al., 2003), from the Thaiti (circle, Bard et al., 1996), from the Huon Peninsula (triangle, Chappell, 2002), and of 14C dated carbonate remnants
from Bonaparte Gulf, Australia (square, Yokoyama et al. (2000, 2001), black line—DeDeckker and Yokoyama (2009); C—J/ES δ18O planktonic foraminifersmeasured in this study; D—ben-
thic δ18O record of North Atlantic core of NA 87–22 compiled byWaelbroeck et al. (2002); E—benthic δ18O record from coreMD 95–2042 located at the Iberian margin (Shackleton et al.,
2000) on the SFCP2004 time scale (Shackleton et al., 2004); F—planktonic andbenthic δ18O records from theRed Sea coreGeoB (Arz et al., 2007). Gray bars denote theHE, hatchedbars–DL
2, 3, 4 and 10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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beginning of Holocene around 11.4 ka BP (Wang et al., 2001; Fig. 5)
supplied additional nutrients from Huanghe and Changjiang rivers
running off into the sea, also promoting increase in surface water
productivity. Notably that strong increase in opal accumulation since
DL 1 formation that influenced productivity, had occurred together
with sharp drops in IRD accumulation andweaker sea ice cover, similar-
ly observed as in the Okhotsk Sea (Gorbarenko et al., 2014). Perhaps,
siliceous phytoplankton productivity (mostly by diatom production)
in both basins was related with intensity of spring sea ice melting and
surface water stratification.

6.2. δ18O of planktonic foraminifera relationship with global sea level
changes

δ18O of planktonic foraminifera recorded from the Japan (East) Sea
(δ18Opf) shows a strong negative excursion during the last glacial
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maximum, interpreted as a strong decrease in surfacewater salinity due
to weaker inflowing saline Pacific water resulting from the descent of
sea level (Gorbarenko 1983, 1993; Oba et al., 1991, 1995). The unique
sensitivity of the Japan (East) Sea environment to global sea-level
changes is a consequence of its restricted connection with the North
Pacific Ocean through the narrow and shallow Tsushima and Tsugaru
Straits (sill depth of 137 m). This situation is similar to responses of
the Red Sea, which is located in an arid climate zone, contrary to the
Japan (East) Sea located which is in a humid temperate climate zone.
Therefore, δ18Opf in the former basin (the Red Sea) increased with
lower global sea level due to high evaporation and increase in salinity
(Siddall et al., 2003), and decreased in the latter basin (the Japan
(East) Sea) due to excess of precipitation over evaporation, freshening
of sea-surface water and therefore, its reduced salinity resulted from
large amounts of riverine discharge from surrounding hinterlands.
Therefore, high resolution δ18O records of planktonic foraminifera of
the studied sediment core may provide useful evidence for global sea
level changes during the late Quaternary glacial–interglacial cycles.

According to the paleotemperature scale (Epstein et al., 1953),
δ18O values of foraminiferal calcite shell are determined by δ18O of
ambient water and water temperature during shell formation. We
assume that planktonic species Neogloboquadrina pachyderma
(sin.) formed their shells in the studied area, as well as in the
Okhotsk Sea, above or slightly below the thermocline (Bauch et al.,
2002) with modern water summer salinity of nearly 34.0‰
(Gydrometeorologiya and gydrochimija morej, 2003). Taking into
account the relationship of water salinity–oxygen isotope found in the
Okhotsk Sea (Keigwin, 1998), modern δ18O of ambient water is nearly
−0.3‰ relative to SMOW. Given this value of δ18Ow, the δ18Opf value
measured in late Holocene, equaling to 3.2‰ (Fig. 2) corresponds to
temperature of ambient water of nearly 3–4 °C according to revised
paleotemperature results for species of N. pachyderma of Bemis et al.
(1998). This calculated temperature is close to modern data for the
studied area and depth (Gydrometeorologiya and gydrochimija morej,
2003). Thus, decrease in 1–2 °C of water temperature at depth habita-
tion of studied planktonic foraminifera during glaciation corresponds,
probably, to increase in the glacial δ18Opf up to 0.35‰. Global increase
in δ18O of water during glaciation went up to 1.05‰ (Duplessy et al.,
2002) and temperature-driven changes in δ18Opf rose to+0.35‰, sum-
ming up to 1.4‰, but they have to decrease the negative maximal shift
in δ18Opf during LGM, caused by sea level changes. So, observed changes
in δ18Opf in the studied core from +3.2‰, during Holocene and in the
period of 30–40 ka BP, descended to 1.07‰ during the LGM. Indeed,
the sensitive responses of the Japan (East) Sea environment reflect
the global sea level changes withmaximal amplitude of up to 3.5‰ dur-
ing this time span at sea level standing below 80 m of the modern one.

The trend of δ18Opf changes in core LV 32–33 from 32 to 15 ka BP re-
sembles that of δ18O records of planktonic and benthic foraminifera from
the Red Sea (Arz et al., 2007), benthic δ18O (δ18Obf) curve from core MD
95-2042 recovered off southern Portugal (Shackleton et al., 2000, 2004),
and δ18Obf recorded relative to the modern δ18Obf value (3.32% PDB) of
the North Atlantic core NA 87-22, compiled by Waelbroeck et al.
(2002) (Fig. 6). The trend of studied core δ18Opf also resembles the sea-
level reconstruction from the northern Red Sea based on the benthic
δ18O record, considering the alkenone corrections for the sea surface
temperature (Arz et al., 2007), sea level estimates from U–Th, 14C dated
corals from the Barbados, Papua New Guinea, Thaiti and Huon Peninsula
(Fairbanks, 1989; Bard et al., 1996; Chappell, 2002 Cutler et al., 2003) and
14C dated carbonate remnants from the Bonaparte Gulf, Australia
(Yokoyama et al., 2000, 2001; De Deckker and Yokoyama, 2009)
(Fig. 6). Since environmental variability of the Japan (East) Sea is tightly
connectedwith global orbital and abrupt climate changes, again,we test-
ed the correlation between the δ18Opf record with the best dated East
Asian monsoon cycles measured in the China caves (Wang et al., 2001;
Wang et al., 2008) (Fig. 6). We observed a slight decrease in the δ18Opf

at 31–30 ka BP, which seems to be correlated with decreased sea level
in the Red Sea and the North Atlantic. According to the pollen data this
event might have initiated the DL 5 formation during cold HE3 (Fig. 6).
After MIS 3 the first significant descent of global sea level started at
30–29 ka BP in accordance to changes of the Japan (East) Sea δ18Opf

and other above mentioned results. In the period of 29–24.5 ka BP, the
continuous decrease of sea level was observed in all of the records and
was, possibly, interrupted by abrupt/slight drops nearly at 27.5 ka BP.
Then δ18Opf record indicates clearly an abrupt decrease of sea level coeval
to cold event HE 2, followed by significant increase in δ18Opf values indic-
ative of fast sea-level rise coeval to DO/Chinese Interstadial 2. At the first
half of DL 2 (24–22 ka BP) according to the δ18Opf changes, sea level went
down considerably, which was consistent with most evidences and was
nearly constant at minimum standing during 21 to 19 ka BP (LGM).
Sharp increase in J/E δ18Opf values since 18.6 kaBP is consistentwith avail-
able dated coral results from different regions (Fairbanks, 1989; Bard
et al., 1996; Cutler et al., 2003). All of those data indicate that the LGM
low stand was abruptly terminated by a rapid sea-level rise of 10 to
15 m at 19.0 ka BP. Clark et al. (2004) provide evidence for melt water
pulse recorded at 19 ka BP in the North Atlantic that reduced the strength
of North Atlantic Deep Water formation and forced attendant cooling of
the North Atlantic at that time. Strong increase of δ18Opf was probably
driven by further sea-level rise and occurred at 15.5–14.7 ka BP, close to
the beginning of MWP-1A. The MWP-1A from the Sunda Shelf suggests
a calendar age of about 14.6–14.3 ka BP (Hanebuth et al., 2000), which
is earlier than that of U–Th dates from Barbados corals (Bard et al., 1990).

7. Conclusion

We investigated high resolution lithological, isotope-geochemical,
micropaleontological and productivity sedimentary parameters of core
LV 32–33 recovered from the northern Japan (East) Sea that allow us
to distinguish 10 dark layers with high organic matter content over
the last 40 ka BP. Results of pollen spectrum of the studied sediment
core guide us to reconstruct the high-resolution vegetation changes of
the surrounding land associated with glacial–interglacial and abrupt
pronounced regional climate changes.

Age model of the core LV 32–33 was constrained by using accepted
AMS 14C dating (Table 1), correlation of well knownDLswith its bound-
ary ages of several dated cores in the Japan (East) Sea (Tada et al., 1999;
Itaki et al., 2004; Yokoyama et al., 2007; Table 2) and correlation of the
DLswith prominent vegetation/climate DO cycles determined by pollen
analysis (Fig. 2). For instance, DL 10was formed during the long-lasting
GIS/CIS interstadial 8 at 38–37 ka BP and affected by the Huanghe and
Changjiang rivers runoff with an accompanied influx of nutrient-rich
ECSCW water into the Japan (East) Sea. This climate warming also
caused regional sea ice melting in summer seasons, resulting in large
IRD accumulation in the Japan (East) Sea. DL 5 formed at around
31–30 ka BP during cold HE 3 according to available pollen results,
was most likely initiated by the global sea level descent (Arz et al.,
2007) and reduction of seawater exchange with the saline North Pacific
water and by weakening of deep water ventilation.

Decrease in the TsushimaWarm Currentwater inflowingwas due to
strong sea level descent duringMIS 2which led to freshening of the sur-
face water and caused significantly decreased deep water ventilation.
Under this euxinic bottom condition, DLs 2, 3 and 4 were formed with
thinly laminated sediment.

Distinct rise in δ18Opf since 18.6 ka BP indicates abrupt increase in
saline Pacific water inflowing and strengthening of deep water ven-
tilation, due to sea level rise after LGM. Input of warmer Pacific water
into the Japan (East) Sea brought heat and moisture to its northern
part and induced vegetation and climate amelioration according to
pollen data. Following the light layer accumulation with low
productivity proxies was, most likely, associated with HE 1 cold cli-
mate condition at 16.2–15.2 ka BP, due to decreased nutrient supply
by ECSCWwater into the sea during the weaker summer Asian mon-
soon activity. During Bolling/Allerod warming, accompanied by
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vegetation amelioration, sea-level rise induced further strengthen-
ing of Pacific water inflow, ventilation of deep water as well as in-
crease in productivity. Stronger intensification in the East Asian
summer monsoon at the beginning of Holocene 11.4 ka BP, transmits
additional nutrients to the Sea, leading to growth of productivity and
the formation of DL 1.

According to obtained IRD results, glacial condition in the northern
Japan (East) Sea has undergone strong influence of the sea ice, although
ice cover was not perennial and preferentially melted during summer
seasons. Strong IRD peak during and after DL 10 was probably connect-
ed with long lasting DOI 8 warming, intensification of regional sea ice
melting and IRD accumulation in summer seasons. The later IRD peak
occurred during cold HE 1 following B/A warming. Siliceous phyto-
plankton production started simultaneously with a distinct decrease
in sea ice influence at the end of B/A warming.

High resolution planktonic foraminifera δ18O record from the Japan
(East) Sea very sensible to inflow of the saline Pacific water, through
the shallow Tsushima and Tsugaru Straits reveals useful evidences for
global sea level reconstruction during the last 40 ka BP. The trend of
δ18Opf changes in core LV 32–33 during 32 ka–15 ka BP resembles
those of δ18O records of planktonic and benthic foraminifera from the
Red Sea, benthic δ18O records from the North Atlantic, sea-level
estimates from U–Th and 14C dated corals and other dated evidences.
Observed decrease in δ18Opf at 31–30 ka BP is likely to be related with
abrupt sea level drop during the DL 5 formation. In the period of
29–24.5 ka BP, δ18Opf record indicates continuous decrease of sea level
consistent with other observed sea level records except for an interrup-
tion of abrupt sea-level drop nearly at 27.5 ka BP. Then, δ18Opf data
clearly indicates abrupt decrease of sea level coeval to cold event HE 2,
followed by significant increase in δ18Opf signaling of fast sea-level rise
coeval to GIS/CIS 2. According to δ18Opf changes, sea level declined con-
siderably during 23–21.5 ka BP and was nearly constant at minimum
standing during the LGM. Distinct increase in δ18Opf values since
18.6 ka BP which was consistent with coral results, indicates that the
LGM low stand was abruptly terminated by a rapid sea-level rise of 10
to 15 m at about 19.0 ka BP. Final strong increase of δ18Opf was most
probably associated with further sea-level rise, which occurred at
15.2–14.7 ka BP, close to the beginning of MWP-1A.

In general, the formation of DL layers in core LV 32–33 correlates
well with regional and global climate changes on orbital and millennial
time scales recorded in δ18O values of theGreenland ice core, China cave
stalagmites and global sea level changes over the last 40 ka BP (Fig. 5).
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