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ABSTRACT: Paleoceanographic changes in the East/Japan Sea during the late Quaternary based on high-resolution
elemental variations, particularly correlations between dark–light laminations and millennial-scale climatic changes,
have remained poorly understood because of the lack of the high-resolution proxies. The recent application of microX-ray ﬂuorescence (XRF) core scanning provides the potential for high-resolution study on the laminations deposited in
the East/Japan Sea. In this study, we present a geochemical study by using micro-XRF core scanning on a 730 cm core
recovered from the East/Japan Sea. Elemental variations and factor analysis indicate that the sedimentary environment
changed from anoxic to suboxic conditions from Marine Isotope Stage (MIS) 2–3 to MIS 1, which is induced by
increased contribution of high-salinity sea water from the open ocean due to the rising sea level. The dark and light
laminations during MIS 2–3 were correlated with Dansgaard–Oeschger cycles and summer monsoon proxy, with darkcolored sediments related to higher terrigenous concentration, corresponding to warm–moist and enhanced summer
monsoon period. During the interstadial period, more terrigenous sediments were transported to the East/Japan Sea via
the strengthened ﬂuvial discharge from the surrounding continents, caused by enhanced monsoon rainfall. Thus the
development of the East Asian summer monsoon and consequent variations in ﬂuvial discharge would have
signiﬁcantly affected the paleoceanographic conditions in the East/Japan Sea during the MIS 2–3 sea-level lowstand.
Copyright # 2012 John Wiley & Sons, Ltd.
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Introduction
The X-ray ﬂuorescence (XRF) core scanner allows nondestructive, nearly continuous and fast analysis of most
elements of sediment core. These advantages of XRF core
scanning over conventional destructive techniques imply great
potential for paleoenvironmental and paleoclimatic research
(Calvert and Pedersen, 2007). Actually, XRF core-scanning
technology (Croudace et al., 2006; Thomson et al., 2006) has
already been used successfully for high -resolution time series,
stratigraphic correlations, and sedimentary environment and
climatic reconstructions over various timescales (Haug et al.,
2001; Itambi et al., 2008; Jaccard et al., 2005; Kuhlmann et al.,
2004).
The East/Japan Sea is a semi-enclosed marginal sea located in
the western Paciﬁc Ocean, connecting to the open ocean only
through narrow and shallow straits with sill depths of 12–
130 m. Paleoceanographic conditions in the East/Japan Sea
changed drastically during the late Quaternary (Crusius et al.,
1999; Tada et al., 1999; Gorbarenko and Southon, 2000; Itaki
et al., 2004; Domitsu and Oda, 2006; Yokoyama et al., 2007).
A particularly signiﬁcant characteristic of the sediments in the
East/Japan Sea is the alternation between laminated dark and
light layers deposited during the last glacial period. These
laminations are distributed basin wide (Crusius et al., 1999;
Tada et al., 1999; Watanabe et al., 2007) and mainly reﬂect
ﬂuctuations of bottom-water oxygenation, which can be related
to global sea level because of the very shallow depths of sills, as
well as climate change (Crusius et al., 1999; Tada et al., 1999;
Khim et al., 2007).
Variations in elemental composition of sediments can
provide valuable information on paleoenvironmental change
*Correspondence: Yanguang Liu, as above.
E-mail: yanguangliu@yahoo.com.cn

Copyright ß 2012 John Wiley & Sons, Ltd.

and the discrimination of sediment provenance. The changes in
paleoceanographic conditions in the East/Japan Sea have been
documented by many studies largely based on sedimentology
(Tada et al., 1999; Bahk et al., 2000; Watanabe et al., 2007; Liu
et al., 2010), geochemistry (Crusius et al., 1999; Tada et al.,
1999; Fujine et al., 2009; Zou et al., 2010; Lim et al., 2011) and
paleontology (Gorbarenko and Southon, 2000; Itaki et al.,
2004; Domitsu and Oda, 2006) of the core deposits. However,
paleoenvironmental change based on high-resolution elemental variations of the core sediments since the last glacial period,
especially the elemental compositions of the dark and light
laminations in the East/Japan Sea and its relations with
millennial-scale climatic changes, are still poorly understood.
A key reason may be that high-resolution proxies characterizing
the laminations are not available. The application of the microXRF core scanner provides the potential for high-resolution
study on the laminations in the East/Japan Sea deposits.
In the current study, we carry out a multiple study of a 730 cm
long core (KCES1) recovered from the southwestern East/Japan
Sea. Based on color reﬂectance analysis, basic characteristics
of the dark and light laminations of the core have been
obtained. Using a micro-XRF core scanner, the high-resolution
elemental composition of core sediments has been examined to
explore the possible sources of sediments and their relation to
paleoceanographic and paleoclimatic change.

General setting
The East/Japan Sea is a semi-isolated marginal sea in the
northwestern Paciﬁc Ocean with an average depth of 1350 m
and a maximum depth of 3700 m (Fig. 1). The ﬂow into the
East/Japan Sea is connected through four shallow straits.
The Tsushima and Tsugaru Straits, located in the southern and
northeastern parts of the East/Japan Sea, are approximately
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Figure 1. Map of the East/Japan Sea showing the location of KCES1
core (a, b) as well as the location and depth of the sills connecting the
East/Japan Sea to the Paciﬁc Ocean (b). The arrows are used to indicate
the modern circulation in the Yellow Sea, East China Sea and East/Japan
Sea (b; modiﬁed after Tada et al., 1999). This ﬁgure is available in
colour online at wileyonlinelibrary.com/journal/jqs.

130 m deep (Fig. 1). The other two straits – Mamiya Strait and
Soya Strait – are much shallower (<60 m).
The Tsushima Warm Current (TWC), a branch of the
Kuroshio Current, is the only dominant current ﬂowing
northeastward from the south and spreading into the East/
Japan Sea through the Tsushima Strait (Lee and Niiler, 2005).
This warm ﬂow is characterized by high salinity and contributes
greatly to the deep circulation system of the East/Japan
Sea. Cooled by strong cooling and freezing of the surface
water during winter (Gamo et al., 1986) when reaching
the northwestern part of the East/Japan Sea, this ﬂow is
characterized by high salinity (34.05–34.08 psu), low temperature (0–0.68C) and high dissolved oxygen content (220–
280 mmol kg1), and lies below a water depth of 400 m (Gamo
et al., 1986).
In addition to the TWC, the East China Sea Coastal Water
(ECSCW) and/or Yellow Sea Water (YSW), as well as fresh water
from the Korean continent, could be transported to the East/
Japan Sea when the sea level was lower during the last glacial
period (Suk et al., 1996; Tada et al., 1999), and thus have
signiﬁcant effects on the environment in the East/Japan Sea.
The coastal waters from Chinese and Korean continents are
characterized by much lower salinity and high organic carbon
compared with that of the Tsushima current water (Hong et al.,
1995).

Material and methods
The piston core KCES1 (358 56.1500 N, 1308 41.9150 E) was
recovered from the southwestern East/Japan Sea with a length
of 10.15 m. The water depth is 1463.8 m. The textures of
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the sequence mainly consist of silt and silty clay. The top
402 cm portion is dominated by homogeneous deposits with
occasional thick, dark layers. The middle part from 402 to
730 cm consists of laminations of dark and light layers. The
lower portion displays irregular structures possibly resulting
from the turbidities. Thus we select the upper 730 cm portion
for study in the present work.
Images of X-photography were obtained using a Sofron STA10050 X-ray unit in the KORDI (Korea Ocean Research and
Development Institute) to examine the laminations of the
KCES1 core deposits. Voltage and current were set at 40 kV and
3.5 mA, respectively, with an exposure time of 60 s.
Color reﬂectance is a useful parameter to distinguish darkand light-colored sediments. In order to characterize the
laminations in the KCES1 core, the color reﬂectance of
the sediments was measured using a hand-held Minolta
CM-2002 spectrometer at 1 cm intervals, and the results were
represented as a three-dimensional color system (L, a b). L
represents lightness, the values of which range from 0 (black)
to 100 (white), with higher Lvalues suggesting lighter
sediment color.
Elemental abundances, given in peak area (counts per
second, cps), were obtained at 0.5 cm resolution using the Itrax
XRF core scanner at the First Institute of Oceanography, State
Oceanic Administration China, setting at 20 s count times,
30 kV X-ray voltage and an X-ray current of 20 mA. Although
elemental concentrations are not directly available from the
micro-XRF measurements, the obtained count values can be
used as estimates of relative concentrations. In addition, count
values may also be inﬂuenced by the physical properties of the
sediment, such as the surface roughness of the core (Röhl and
Abrams, 2000). However, the grain size of the KCES1 core is
very ﬁne and the surface has been processed to be as ﬂat as
possible to minimize inhomogeneous effects on the scanning
results.

Chronology
The composite age model for the KCES1 core was constructed
based on one accelerator mass spectrometry 14C date made on
a sample of mixed planktonic foraminifera, four marker tephras
widely distributed in the East/Japan Sea and correlations using
clearly recognized laminations with other well-dated cores
(Table 1 and Fig. 2; Liu et al., 2010). In the KCES1 deposits, four
tephra layers have been recognized visually, which can be
correlated to the well-dated K-Ah (7.3 ka; Kitagawa et al.,
1995), U-Oki (10.69 ka; Oba et al., 1991), AT (29.24 ka;
Kitagawa and Van der Plicht, 1998) and SKP-1 (40.5 ka; Chun
et al., 2007). Three dense laminations, labeled TL1, TL2 and
TL3 from top to bottom, can also be correlated with other welldated cores (Tada et al., 1999). Thus the 730 cm long core
yields a basal age of ca. 48 ka based on the above age controls
and assumed constant linear sedimentation rates. This tephraand lamination-correlation based chronology has been used

Table 1. Age control points used to derive the age model of core KCES1.
Depth (cm)
150–156
179–181
252–254
260
402
466
493
636

Dating materials/marker horizons

Age (cal. ka)

Reference

N. pachyderma
K-Ah tephra
U-Oki tephra
TL1
Top TL2
Lower TL3
AT tephra
SKP-1 tephra

5.4  50
7.3
10.69
11.41
17.67
24.31
29.24
40.5

Liu et al. (2010);
Kitagawa et al. (1995);
Oba et al. (1991);
Oba et al. (1995);
Oba et al. (1995);
Oba et al. (1995);
Kitagawa and Van der Plicht (1998);
Chun et al. (2007)
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Results
Color reﬂectance (L) and elemental ratios of the
KCES1 core
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Figure 2. Radiographic stratigraphy, age controls and L data from the
KCES1 core. The age model was constructed on the basis of one
radiocarbon dating, four age-known tephra (vertical dashed lines)
and three thick laminations (TL1–TL3) distributed widely in the East/
Japan Sea (Liu et al., 2010). Grey shades denote dark layers in the
KCES1 core indicated by the L data. This ﬁgure is available in colour
online at wileyonlinelibrary.com/journal/jqs.
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widely in the East/Japan Sea deposits (Tada et al., 1999;
Yokoyama et al., 2006; Lee et al., 2008; Fujine et al., 2009).
In addition, the correlation of L data (grey scale) between
cores was also used to evaluate the reconstructed age model
based on the principle that the laminations in the East/Japan Sea
are distributed basin wide and can be correlated (Yokoyama
et al., 2007; Lee et al., 2008). To conﬁrm the validity of the
present age model, a comparison between the L of the KCES1
core and that of the well-constrained MD01-2047 core (Lee
et al., 2008) in the East/Japan Sea has been made (Fig. 3). Good
correlations of L can be observed between these two cores
and indicate that the present chronological frame is reliable and
sufﬁcient to address the sub-orbital changes implied in the
KCES1 core.

Inter-elemental correlations: coefﬁcients of
determination (r2)
Coefﬁcients of determination (r2) are a means to assess
interelemental associations that may provide details about
the presence of different sedimentary components. Elements of
K, Ti and Fe throughout the whole sequence are correlated
(r2 > 0.66), indicative of a terrigenous fraction (Table 2). Ca and
Sr are also highly correlated (r2 ¼ 0.93), reﬂecting the strong
afﬁliation of Sr with biogenic phases (Bishop, 1988; Murray
and Leinen, 1993). Elements of Cl, Mn and Br are positively
correlated (r2 > 0.63) and suggest the component related to
the authigenic source from sea water and/or organic carbon.
The above correlations between these major elements can
also be observed in elemental pair diagrams (Fig. 5).

KCES1 L*

28
32
36
40

24
MD01-2407 L*

L values mainly reﬂect the characteristics of dark and light
sediments, with higher values corresponding to light layers, and
lower values to dark layers. The alternation of dark and light
layers has been recognized in the 402–730 cm interval of the
KCES1 core deposits, as indicated by cyclic variations of L
values. The top 402 cm portion is dominated by light sediments
indicated by higher and constant L values, except that the
middle 120–300 cm part is characterized by thick, darkcolored sediments (Fig. 2).
Based on the principle that marine organic matter is more
enriched in bromine compared with terrestrial organic matter,
Ziegler et al. (2008) concluded that XRF scanning Br counts can
largely reﬂect the variations of marine organic carbon in marine
sediment core. In marine sediments, the Br/Cl ratio is chosen to
reveal the presence of additional Br associated with marine
organic carbon (Corg) in excess of the constant Br/Cl ratio in sea
water. Therefore the Br/Cl ratio has been used to characterize
variations in marine organic matter in sediments (Croudace et
al., 2006). The validity is supported by total organic carbon
(TOC) data based on discrete samples from the KCES1 core
(Zou et al., 2010; Fig. 4), as these two datasets show high
consistency. Thus increased Br/Cl ratio since ca. 16 cal. ka
suggests higher content of marine organic matter in the
sediments (Fig. 4).
S/Cl ratio is chosen to reveal the presence of additional S
associated with Corg in excess of the constant S/Cl ratio in sea
water (Passier et al., 1999; Thomson et al., 2006). Thus this
ratio can be used to indicate the paleo-redox conditions of
sedimentary environments. The S/Cl ratio of the KCES1
sediments is higher from ca. 16 to ca. 48 cal. ka and abruptly
decreased from ca. 16 cal. ka (Fig. 4). Similarly, Mn/Cl ratio is
usually regarded as a good indicator of redox-related diagenesis
and has been used widely to indicate the redox conditions of
sedimentary environments (Thomson et al., 2006). Higher Mn/
Cl ratio during Marine Isotope Stage (MIS) 1 compared with that
during MIS 2–3 displays a reverse variation compared with
the S/Cl ratio (Fig. 4). These two elemental ratios consistently
suggest increasingly oxygenated conditions of the sedimentary
environments since ca. 16 cal. ka (Fig. 4).
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Figure 3. Correlation of lightness (L) values between cores KCES1
and MD01-2407 (Lee et al., 2008). The above labeled ages were used to
construct the age model. Vertical dashed lines denote the correlations
of L data between two cores.
Copyright ß 2012 John Wiley & Sons, Ltd.

Factor analysis
Factor analysis is a technique to combine numerous variables
into a few latent variables that underlie the multivariate data
(Reimann et al., 2002). Application of factor analytical
techniques in sedimentary geochemistry has already been
used to distinguish the number of end-member sedimentary
J. Quaternary Sci., Vol. 27(9) 932–940 (2012)
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Figure 4. Correlations between (a) L, (b, d, e, f) elemental variations
(Br/Cl, S/Cl, Mn/Cl and Si/Ti; 5-point smoothing average), (g, h, i) scores
(5-point smoothing average) of F1 (redox indicator), F2 (terrigenous
component) and F3 (biogenic component), (c) TOC data (Zou et al.,
2010) of the KCES1 core and (j) synthesized global sea-level changes
(Yokoyama et al., 2007) and (k) oxygen isotopic records of Greenland
ice core (Grootes et al., 1993) based on the GICC05 timescale (Andersen et al., 2006; Rasmussen et al., 2006; Svensson et al., 2008). Grey
shades represent the dark layers recorded in the KCES1 core. Vertical
dashed lines denote the position of tephra. This ﬁgure is available in
colour online at wileyonlinelibrary.com/journal/jqs.

components and their respective composition (Ziegler and
Murray, 2007).To further understand the source of materials in
KCES1 deposits, we used R-mode factor analysis based on nine
variables (S, Cl, K, Ca, Ti, Mn, Fe, Br and Sr) to explore potential
sedimentary components and controlling factors of elemental
variations.
Table 2 (factor matrix) shows the factor loadings arranged
with variables in rows and factors in columns. Large and
positive factor loadings demonstrate signiﬁcant correlation
between the corresponding factor and variables in the matrix.
Three factors explain 86.1% of the total sums of squares
of the data throughout the whole sequence. Factor 1 (F1),
explaining 36.6% of the total variance, shows high positive
factor loadings with Cl (0.93), Mn (0.80) and Br (0.92), whereas
it is negatively correlated with Ca (0.62) and Sr (0.67). Mn is
particularly important as a paleo-redox indicator and is largely
Copyright ß 2012 John Wiley & Sons, Ltd.
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depleted in anoxic and/or suboxic sedimentary environments
(Thomson et al., 1995). Cl is mainly associated with the content
of pore water within sediments with high Cl content in highsalinity environments. This factor highlights the dominant
control of paleoceanographic conditions on elemental variations, indicating high-salinity sea water and well-oxygenated
conditions. It can be seen that F1 scores were lower during the
time interval of ca.16–48 ka and increased signiﬁcantly from
ca. 16 cal. ka (Fig. 4). The negative correlations between Cl, Mn
and Br with Ca and Sr may imply an oxidizing deep-sea
environment formed in association with a period of low
biogenic components, since extensive carbonate dissolution
can be expected in more oxygenated conditions in the East/
Japan Sea during the Holocene (Lim et al., 2011), leading to
decreased carbonate content.
Factor 2 (F2), explaining 30.6%, is dominated by variances
in K (0.89), Ti (0.89) and Fe (0.91). The behavior of K,
Ti and Fe in sediments is well known and indicative of
terrigenous components. Therefore, F2 is interpreted as of
terrigenous origin in the deposits. F2 scores do not show large
variations as F1 at ca. 16 cal. ka, except that a prominent
decrease in values can be observed at ca. 10–12 ka (Fig. 4).
Factor 3 (F3) explains 18.9% of the total variance and shows
high positive factor loadings with S (0.93) and relatively high
positive factor loadings with Ca (0.56) and Sr (0.53), indicating
a variance related to higher biogenic component, favored in an
anoxic sedimentary environment as indicated by S. This result
is also consistent with the F1 implications, with higher factor
scores during the time interval of ca. 16–48 ka and lower values
since ca. 16 cal. ka.
When focusing on the dark and light laminations at
ca. 28–48 ka, cyclic variations of different sediment components as indicated by the factors can be observed (Fig. 6). F1
scores are lower in the dark layers and higher in the light layers,
indicating saline and well-oxygenated conditions during light
layer deposition and the reverse in dark layers. Similarly, the
terrigenous components represented by F2 scores are much
higher in the dark layers, whereas they are lower in the light
layers. Variations in the terrigenous component reﬂected in F2
can also be observed in the K/Ti ratio, with a high K/Ti value
in the dark layers; this is a commonly used indicator for the
terrigenous component. In light layers, F3 scores are higher
compared with those in dark layers, indicating increased
biogenic components (Fig. 6).

Discussion
Paleoceanographic changes in the East/Japan
Sea during the last 48 ka
An obvious sudden change in the lithology and elemental
composition in the KCES1 core is observed at ca. 16 cal. ka. The
lithology during the time interval from ca. 48 to ca. 16 cal. ka
mainly consisted of alternating bands of dark- and light-colored
sediments. After ca. 16 cal. ka, the lithology was mainly
characterized by homogeneous mud, occasionally interbedded
with thick laminations. This prominent change in lithology is
consistent with many cores recovered from the East/Japan Sea
(Crusius et al., 1999; Tada et al., 1999; Itaki et al., 2004; Ikehara
and Itaki, 2007; Yokoyama et al., 2007).
In addition to the lithology, elemental ratios of Mn/Cl and
S/Cl as well as F1 scores also changed abruptly at ca. 16 cal. ka,
indicating a change in the sedimentary environments from
anoxic toward suboxic conditions and increased salinity
(Fig. 4). Accompanying this great change, the contribution of
marine organic matter also increased, as reﬂected by Br/Cl ratio
(Fig. 4) and TOC content (Fig. 4; Zou et al., 2010), which
J. Quaternary Sci., Vol. 27(9) 932–940 (2012)
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Table 2. Coefﬁcients of determination (r2) and results of factor analysis for the KCES1 core sequence.
S
S
1.00
Cl
0.20
K
0.20
Ca
0.55
Ti
0.01
Mn
0.42
Fe
0.14
Br
0.37
Sr
0.51
Eigenvalues
PVE
CPVEy

1.00
0.27
0.52
0.03
0.63
0.04
0.83
0.55

K

1.00
0.61
0.75
0.29
0.76
0.29
0.56

Ca

Ti

1.00
0.40
0.68
0.37
0.69
0.93

1.00
0.01
0.66
0.05
0.27

Mn

Fe

1.00
0.03
0.75
0.73

Br

1.00
0.05
0.29

1.00
0.70

Sr

1.00

F1

F2

F3

0.17
0.93
0.25
0.62
0.05
0.80
0.01
0.92
0.67
4.5
36.6
36.6

0.06
0.02
0.89
0.46
0.89
0.04
0.91
0.01
0.37
2.3
30.6
67.2

0.93
0.06
0.19
0.56
0.06
0.36
0.12
0.21
0.53
0.9
18.9
86.1

PVE, percent of variance explained; yCPVE, cumulative percent of variance explained; number of data: 1091.

to the open sea only by several shallow sills and might be semiisolated due to a large drop in global sea level (Bard et al.,
1990a, 1990b; Peltier and Fairbanks, 2006). Thus high-salinity
seawater from the open oceans had been constrained greatly
(Gorbarenko and Southon, 2000; Ryu et al., 2005). Under
these circumstances, fresh-water inﬂux from precipitation
and ﬂuvial drainages from Chinese and Korean continents
surrounding the basin increased, leading to a decrease in
surface-water salinity and intensiﬁed stratiﬁcation density, and
deep waters became anoxic/euxinic (Oba et al., 1991; Tada
et al., 1999). A rapid sea-level rise (Bard et al., 1990a) and
subsequent predominance of high-salinity Tsushima Current
water into the East/Japan Sea was established from ca. 16 ka
(Itaki et al., 2004). Correspondingly, deep-water ventilation
increased, leading to oxidizing bottom conditions (Gorbarenko
and Southon, 2000).
This inference is consistent with previous studies in the
East/Japan Sea based on geochemical proxies (Lim et al., 2011;
Minoura et al., 1997; Tada et al., 1999; Zou et al., 2010),
sedimentology (Tada et al., 1999; Watanabe et al., 2007) and
microfossils (Gorbarenko and Southon, 2000; Itaki et al., 2004;
Ijiri et al., 2005; Ryu et al., 2005). Among these proxies,
microfossils are regarded as one of the most effective proxies to
characterize the salinity of seawater, which is inﬂuenced by
the inﬂux of fresh water and sea water. Data of planktonic
foraminiferal assemblage from the northern East China
Sea indicate that the warm-water species Globigerinoides
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Figure 5. Pair diagrams of selected major
elements of KCES1 sediments (number of data:
1091). This ﬁgure is available in colour online
at wileyonlinelibrary.com/journal/jqs.
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suggests a strengthened marine-inﬂuenced environment (Zou
et al., 2012).
The sudden change in redox and salinity conditions in the
East/Japan Sea during the MIS 1/2 transition has been witnessed
in other cores around this region (Crusius et al., 1999; Itaki
et al., 2004, 2007) and in the Okinawa trough (Xu and Oda,
1999). Evidence from deep-dwelling radiolarians suggests
that during the time interval of ca. 30–17 ka ventilation was
restricted to an intermediate layer beneath the low-salinity
surface water, while the deeper zone was ﬁlled with static
and anoxic water. After ca. 14 cal. ka deep ventilation began
abruptly, pointing to oxygenated conditions (Itaki et al., 2004).
Sedimentary Re and Mo elemental variations suggested sulﬁdic
and suboxic conditions during the MIS 2–3 period and changed
to oxic environment since the early Holocene (Crusius et al.,
1999). Planktic foraminifera studies from two cores in the
central Okinawa Trough indicated an increase in the surfacewater salinity since ca. 15 cal. ka (Xu and Oda, 1999).
The prominent environmental change that occurred at ca.
16 cal. ka may be induced by the ventilation conditions of
bottom water, which are mainly inﬂuenced by changes in the
relative contribution of high-salinity sea water from the open
ocean and fresh water from the Chinese and Korean continents
because of sea-level ﬂuctuations (Tada et al., 1999; Gorbarenko and Southon, 2000; Yokoyama et al., 2007). During the
MIS 2–3 period, sea level was 30–70 m below the present
level (Chappell et al., 1996). The East/Japan Sea was connected
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Figure 6. Correlations between (a) L, scanning (b) Cl counts and (c)
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component) and F3 (biogenic component) of the KCES1 core and (g)
oxygen isotopic records of stalagmites from China (Wang et al., 2008),
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GICC05 timescale (Andersen et al., 2006; Rasmussen et al., 2006;
Svensson et al., 2008). Grey shades represent the dark layers recorded
in the KCES1 core. Vertical dashed lines denote the position of tephra.
This ﬁgure is available in colour online at wileyonlinelibrary.com/
journal/jqs.

rubber increased greatly, whereas Globigerina quinqueloba,
indicating cold and low-salinity water mass, decreased after ca.
14 ka (Ijiri et al., 2005). Planktonic foraminiferal assemblages of
two cores from the continental slope of the eastern East China
Sea have been studied. The results show the presence of high
percentages of G. quinqueloba during the last glacial period,
linked to a large amount of river discharge from the Chinese
continent (Xu and Oda, 1999).
The Tephra layers distinguished in the core have also been
clearly reﬂected in the XRF scanning Si/Ti ratio, based on
the fact that tephra tends to be enriched in Si generally. Three
peaks in Si/Ti ratio at 10–12, 29 and 40 cal. ka (Fig. 4f) also
correspond to the abnormal negative values in F2 scores,
suggesting a very signiﬁcant signal different from the
terrigenous component. We attribute these elemental abnormal
peaks to the inﬂuence of tephra on the ’normal’ sediments as
these peaks coincidently corresponded to the positions of
tephra layers in the core sequence (Figs. 2 and 4).
In addition to the changes in sedimentary components,
elemental variations can also be affected by hydraulic sorting
(Fralick and Kronberg, 1997), which controls the grain sizes of
the sediments and results in element discrimination (Loring and
Copyright ß 2012 John Wiley & Sons, Ltd.
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Asmund, 1996; Zhang et al., 2002), as well as changes in
sediments’ provenance. The deposits of KCES1, however,
consist mostly of silt to silty clay and a previous study has
demonstrated that grain size is not the major control on the
elemental variations (Zou et al., 2010).
The potential provenance of sediments in the East/Japan Sea
includes not only the continental materials transported by
the ﬂuvial but also dust carried by the wind circulation.
Geochemical results based on the XRF data of discrete samples
of the KCES1 core suggest that the sediments were largely from
the Chinese and Korean continents, in which the proportion of
terrigenous components accounted for approximately 71% of
the total sediments (Zou et al., 2010). The main sediments’
provenance of the KCES1 core (Zou et al., 2010) is consistent
with geochemical investigations on surface sediments from
the East/Japan Sea (Cha et al., 2007), of which the detrital
sediments were mainly mixtures of sediments derived from
Chinese and Korean rivers (such as Changjiang and Nakdong
rivers; Cha et al., 2007). However, the dust outbreaks occurring
in East Asia have a great inﬂuence on both the proximal region
(Prins et al., 2009) and the distal area (Yokoyama et al., 2006;
Nagashima et al., 2007; Chen et al., 2011). Previous studies
showed that Asian eolian deposits could be transported to the
East/Japan Sea by winter monsoons and/or westerly circulation
under extreme cold and dry climatic conditions (Nagashima
et al., 2007; Yokoyama et al., 2006). Mineralogical and
geochemical evidence from the central Okinawa Trough of
the East China Sea (Chen et al., 2011) reveal an increased
eolian contribution during the Last Glacial Maximum (LGM;
19–23 cal. ka). Records of sedimentary leaf wax from the East/
Japan Sea suggest a high eolian signal during the Younger Dryas
(11.4 cal. ka) and the LGM (17–21 cal. ka; Yokoyama et al.,
2006). However, scanning geochemical data and the terrigenous component (F2) in our core does not show any special
signal during these two time intervals besides the negative
values at 10–12 cal. ka (Fig. 4), which can be attributable to the
inﬂuence of tephra. This phenomenon suggests that the eolian
signal cannot be effectively distinguished from riverine sources
based on the present data, even if the study region indeed
received large eolian sediments during the Younger Dryas and
LGM periods.

Millennial-scale variations of terrigenous
concentration during the last glacial period
and implications
The 402–730 cm deposits of the KCES1 core are characterized
by centimeter- to decimeter-scale alternations of light and dark
layers, which is consistent with previous studies in the
East/Japan Sea (Tada et al., 1992, 1999; Khim et al., 2007;
Watanabe et al., 2007). Figure 6 shows the variations of the
different sediment components as indicated by three factors
during the period of ca. 28–48 ka, which can be well correlated
with D–O cycles indicated by the oxygen isotope of the
Greenland ice core (Grootes et al., 1993). The variations in F2
scores demonstrate that the dominance of sediment components is variable for dark and light layers, with higher
terrigenous concentration within the dark layers. Meanwhile,
intervals of high terrigenous concentration correspond to warm
events in D–O cycles (Fig. 6). These results indicate that the
terrigenous concentration increased during the warm-climate
period and decreased in cold-climate conditions.
The occasional inconsistency between the peaks of terrestrial
concentration and enriched d18O values (Fig. 6) may partly
resulted from the low accuracy of the KCES1 core chronology
and/or inﬂuence of tephra. However, high values of K, Ti and
Fe, as well as the terrigenous component (F2), correspond to the
J. Quaternary Sci., Vol. 27(9) 932–940 (2012)
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dark layers and the latter have been conﬁrmed to form in the
warm periods during the last glacial period (Tada et al., 1999;
Liu et al., 2010). Therefore we believe that the above correlations
are correct and the variations in terrigenous inputs in the KCES1
core are related to the millennial-scale D–O cycles.
Heinrich events and D–O cycles were ﬁrst discovered in
North Atlantic ice-rafted debris and Greenland ice core
d18O (Bond et al., 1992; Dansgaard et al., 1993). Deposits
from other regions around the world, such as the Arabian Sea
and northeastern Paciﬁc Ocean, also bear the imprints of D–O
cycles (Behl and Kennett, 1996; Schulz et al., 1998). Speciﬁcally,
Heinrich events have been documented in deposits in Asian
monsoon-inﬂuenced regions (Li et al., 2001; Porter and An,
1995). In central China, grain size maxima in loess from the last
glaciation match millennial-scale Heinrich events (Porter and An,
1995). Heinrich event signals were also shown in oxygen isotope
and planktonic foraminiferal assemblage records from the
Okinawa Trough (Li et al., 2001).
Previous studies have shown that the alternating dark and
light layers in the East/Japan Sea resulted from changes in
bottom-water oxygenation and/or surface productivity, with
dark layers formed during the anoxic environment and light
layers during suboxic conditions (Crusius et al., 1999; Tada
et al., 1999; Watanabe et al., 2007). The alternation of anoxic
and suboxic environments during the last glacial period is
believed to be related to the relative contributions of the
Tsushima Warm Current and fresh water from the surrounding
continents (Tada et al., 1999; Lim et al., 2011). Since elemental
variations in the KCES1 core correspond well to the alternating
dark and light layers, we speculate that the variations in
terrigenous concentration indicated by elemental variations
may be controlled by the same mechanism as the laminated
layers.
Tada et al. (1999) suggested that the centimeter- to
decimeter-scale alternations of dark and light layers in the
East/Japan Sea corresponding to wet and dry cycles were
possibly associated with D–O cycles. Therefore we suggest that
the variations in the terrigenous component documented in the
dark and light laminations may be associated with changes in
the Asian summer monsoon. To explore their relations, the
variations of the terrigenous component and the summer
monsoon indicator of stalagmite d18O from China (Wang et al.,
2008) have been compared. Generally, layer-by-layer matches
have been obtained between stalagmite d18O and terrigenous
component, as indicated by F2 scores (Fig. 6), with high
terrigenous concentration corresponding to a more intense
summer monsoon period. Therefore we believe that monsoon
precipitation might play an important role in terrigenous
variations in the East/Japan Sea during the last glacial low-sealevel period.
The contribution of fresh water from surrounding continents
increased greatly because of the lowered sea level during the
last glacial period (Tada et al., 1999), during which the inﬂux of
sea water from the open ocean was greatly constrained. During
the intense summer monsoon stages, more monsoon precipitation would lead to increased drainage of the rivers around the
East/Japan Sea, and thus more terrigenous materials were
transported to the East/Japan Sea by strengthening the ECSCW
through the shallow Tsushima Strait and/or by Korean rivers. In
contrast, terrestrial materials transported by the Chinese and
Korean rivers to the East/Japan Sea decreased during the weak
summer monsoon stages. Therefore variations in the terrigenous component in the East/Japan Sea were mainly related to
the changes in monsoon precipitation during the period ca. 28–
48 ka, when the sea level was as low as 30–70 m below the
present level (Chappell et al., 1996). This explanation is ﬁrmly
supported by the variations of XRF scanning Cl counts in KCES1
Copyright ß 2012 John Wiley & Sons, Ltd.

core sediments (Fig. 6). It can be seen that low-salinity water
conditions represented by lower Cl counts values corresponded
to the dark laminations, suggesting increased freshwater
discharge into the East/Japan Sea during the warm D–O
period. In addition, S/Cl ratio within the dark–light laminations
in the KCES1 core (Fig. 4) also share the same variations as F2
scores (terrigenous component), suggesting that higher terrigenous concentration was associated with anoxic sedimentary
environment due to increased fresh-water inﬂux. These results
not only reconﬁrm the conclusion drawn by Tada et al. (1999)
that dark and light layers from the East/Japan Sea recorded wet
and dry cycles, but also suggest that the variations in
terrigenous materials in the East/Japan Sea during the last
glacial were closely related to the East Asian summer monsoon
and the consequent variations in ﬂuvial discharge from the
surrounding continents.
Our results are also partly supported by studies from and
around this region. Results of oxygen–carbon isotopes of
foraminifera and alkenone-based sea surface temperature from
the northern part of the East China Sea show that oxygen isotope
peaks corresponded to warm D–O events, suggesting that more
fresh water was supplied to the study area during these events
(Ijiri et al., 2005). A low-salinity coastal water diatom, Paralia
sulcata, characteristic of the ECSCW, was more abundant in
dark layers, indicating increased inﬂux of ECSCW (Tada et al.,
1999).

Conclusions
We present a study on paleoenvironmental change during the
last 48 ka based on high-resolution elemental variations using
micro-XRF core scanning on a sediment core (KCES1) from
the East/Japan Sea. Sediment L data have been used to
characterize the alternating dark and light laminations of the
core. Elemental variations and factor analysis indicate that
sedimentary environments changed from anoxic to suboxic
conditions at ca. 16 cal. ka, which is mainly inﬂuenced by the
increased relative contribution of high-salinity sea water from
the open ocean to fresh water from the continents caused by
rising sea level. The rhythmic alterations of dark- and lightcolored sediments can be well correlated with D–O cycles and
the East Asian summer monsoon proxy, with more terrigenous
materials within the dark-colored sediments formed in the
warm–moist and strengthened summer monsoon period. It is
inferred that in the warm interstadial period more terrigenous
sediments were transported to the East/Japan Sea via the
strengthened ﬂuvial discharge. These ﬁndings indicate that the
variations in East Asian summer monsoon and consequent
ﬂuvial discharge from the surrounding continents during
the last glacial period would have greatly inﬂuenced the
paleoceanographic conditions in the East/Japan Sea.
Acknowledgements. We would like to thank the editor Min-Te
Chen and four anonymous reviewers for constructive comments on
the manuscript. We are grateful to Sven Norder for instrument maintenance during sample measuring. This work was jointly supported
by the National Natural Science Foundation of China (grant nos.
41076038, 40710069004), the Postdoctoral Science Foundation of
China (grant no. 2012M511461) and the Primary Science Foundation
of the First Institute of Oceanography, SOA of China (grant no.
2010G08).

Abbreviations. XRF, X-ray ﬂuorescence; MIS, Marine Isotope
Stage; D–O, Dansgaard–Oeschger; TWC, TWC; ECSCW, East
China Sea Coastal Water; YSW, Yellow Sea Water; TOC, total
organic carbon; LGM, Last Glacial Maximum.
J. Quaternary Sci., Vol. 27(9) 932–940 (2012)

48 KA PALEOENVIRONMENTAL RECORD IN THE EAST/JAPAN SEA

References
Andersen KK, Svensson A, Johnsen SJ, et al. 2006. The Greenland ice
core chronology 2005, 15–42 ka. Part 1: Constructing the time scale.
Quaternary Science Reviews 25: 3246–3257.
Bahk JJ, Chough SK, Han SJ. 2000. Origins and paleoceanographic
signiﬁcance of laminated muds from the Ulleung Basin, East Sea (Sea
of Japan). Marine Geology 162: 459–477.
Bard E, Hamelin B, Fairbanks RG. 1990a. U–Th ages obtained by mass
spectrometry in corals from Barbados: sea level during the past
130,000 years. Nature 346: 456–458.
Bard E, Hamelin B, Fairbanks RG, et al. 1990b. Calibration of the 14-C
timescale over the past 30,000 years using mass spectrometric U–Th
ages from Barbados corals. Nature 345: 405–409.
Behl R, Kennett J. 1996. Brief interstadial events in the Santa Barbara
basin, NE Paciﬁc, during the past 60 kyr. Nature 379: 243–246.
Bishop JKB. 1988. The barite–opal–organiccarbon association in oceanic particulate matter. Nature 332: 341–343.
Bond G, Heinrich H, Broecker W, et al. 1992. Evidence for massive
discharges of icebergs into the North Atlantic ocean during the last
glacial period. Nature 360: 245–249.
Calvert SE, Pedersen TF. 2007. Elemental proxies for palaeoclimatic
and palaeoceanographic variability inmarine sediments: interpretation and application. In: Proxies in Late Cenozoic Paleoceanography: Developments in Quaternary Research, Vol. 1, Hillaire C, de
Vernal A (eds). Elsevier Science: Amsterdam; 567–644.
Cha HJ, Choi MS, Lee CB, et al. 2007. Geochemistry of surface
sediments in the southwestern East/Japan Sea. Journal of Asian Earth
Sciences 29: 685–697.
Chappell J, Omura A, Esat T, et al. 1996. Reconciliaion of late
Quaternary sea levels derived from coral terraces at Huon Peninsula
with deep sea oxygen isotope records. Earth and Planetary Science
Letters 141: 227–236.
Chen H-F, Chang Y-P, Kao S-J, et al. 2011. Mineralogical and geochemical investigations of sediment-source region changes in the
Okinawa Trough during the past 100ka (IMAGES core MD012404).
Journal of Asian Earth Sciences 40: 1238–1249.
Chun JH, Cheong D, Ikehara K, et al. 2007. Age of the SKP-I and SKP-II
tephras from the southern East Sea/Japan Sea: implications for interstadial events recorded in sediment from marine isotope stages 3 and
4. Palaeogeography, Palaeoclimatology, Palaeoecology 247: 100–
114.
Croudace I, Rindby A, Rothwell G. 2006. ITRAX: description and
evaluation of a new multi-function X-ray core scanner. New Techniques in Sediment Core Analysis 267: 51–63.
Crusius J, Pedersen T, Calvert S, et al. 1999. A 36 kyr geochemical
record from the Sea of Japan of organic matter ﬂux variations and
changes in intermediate water oxygen concentrations. Paleoceanography 14: 248–259.
Dansgaard W, Johnsen SJ, Clausen HB, et al., 1993. Evidence for
general instability of past climate from a 250-kyr ice-core record.
Nature 364: 218–220.
Domitsu H, Oda M. 2006. Linkages between surface and deep circulations in the southern Japan Sea during the last 27,000 years: evidence
from planktic foraminiferal assemblages and stable isotope records.
Marine Micropaleontology 61: 155–170.
Fralick P, Kronberg B. 1997. Geochemical discrimination of clastic
sedimentary rock sources. Sedimentary Geology 113: 111–124.
Fujine K, Tada R, Yamamoto M. 2009. Paleotemperature response to
monsoon activity in the Japan Sea during the last 160 kyr. Palaeogeography, Palaeoclimatology, Palaeoecology 280: 350–360.
Gamo T, Nozaki Y, Sakai H, et al. 1986. Spacial and temporal
variations of water characteristics in the Japan Sea bottom layer.
Journal of Marine Research 44: 781–793.
Gorbarenko SA, Southon JR. 2000. Detailed Japan Sea paleoceanography during the last 25 kyr: constraints from AMS dating and d18O
of planktonic foraminifera. Palaeogeography, Palaeoclimatology,
Palaeoecology 156: 177–193.
Grootes PM, Stulver M, Whlte JWC, et al. 1993. Comparison of oxygen
isotope records from the GISP2 and GRIP Greenland ice cores.
Nature 366: 552–554.
Haug GH, Hughen KA, Sigman DM, et al. 2001. Southward migration
of the Intertropical Convergence Zone through the Holocene.
Science 293: 1304–1308.
Copyright ß 2012 John Wiley & Sons, Ltd.

939

Hong GH, Kim SH, Chung CS, et al. 1995. Nutrients and biogeochemical provinces in the Yellow Sea. In Global Fluxes of Carbon and Its
Related Substances in the Coastal Sea–Ocean–Atmosphere System,
Tsunogai S (ed.). M&J International: Yokohama; 114–128.
Ijiri A, Wang L, Oba T, et al. 2005. Paleoenvironmental changes in the
northern area of the East China Sea during the past 42,000 years.
Palaeogeography, Palaeoclimatology, Palaeoecology 219: 239–261.
Ikehara K, Itaki T. 2007. Millennial-scale ﬂuctuations in seasonal seaice and deep-water formation in the Japan Sea during the late
Quaternary. Palaeogeography, Palaeoclimatology, Palaeoecology
247: 131–143.
Itaki T, Ikehara K, Motoyama I, et al. 2004. Abrupt ventilation changes
in the Japan Sea over the last 30 ky: evidence from deep-dwelling
radiolarians. Palaeogeography, Palaeoclimatology, Palaeoecology
208: 263–278.
Itaki T, Komatsu N, Motoyama I. 2007. Orbital-and millennial-scale
changes of radiolarian assemblages during the last 220 kyrs in the
Japan Sea. Palaeogeography, Palaeoclimatology, Palaeoecology
247: 115–130.
Itambi A, von Dobeneck T, Mulitza S, et al. 2008. Millennial-scale
North West African droughts related to H Events and D-O cycles:
evidence in marine sediments from off-shore Senegal. Paleoceanography 24: PA1205.
Jaccard SL, Haug GH, Sigman DM, et al. 2005. Glacial/interglacial
changes in subarctic North Paciﬁc stratiﬁcation. Science 308: 1003–
1006.
Khim BK, Bahk JJ, Hyun S, et al. 2007. Late Pleistocene dark laminated
mud layers from the Korea Plateau, western East Sea/Japan Sea, and
their paleoceanographic implications. Palaeogeography, Palaeoclimatology, Palaeoecology 247: 74–87.
Kitagawa H, Van der Plicht J. 1998. A 40,000-year varve chronology
from lake Suigetsu, Japan: extension of the radiocarbon calibration
curve. Radiocarbon 40: 505–516.
Kitagawa H, Fukuzawa H, Nakamura T, et al. 1995. AMS 14C dating
of varved sediments from Lake Suigetsu, central Japan and atmospheric 14C change during the late Pleistocene. Radiocarbon 37:
371–378.
Kuhlmann H, Freudenthal T, Helmke P, et al. 2004. Reconstruction of
paleoceanography off NW Africa during the last 40,000 years:
inﬂuence of local and regional factors on sediment accumulation.
Marine Geology 207: 209–224.
Lee DK, Niiler PP. 2005. The energetic surface circulation patterns of
the Japan/East Sea. Deep Sea Research Part II: Topical Studies in
Oceanography 52: 1547–1563.
Lee KE, Bahk JJ, Choi J. 2008. Alkenone temperature estimates for the
East Sea during the last 190,000 years. Organic Geochemistry 39:
741–753.
Li TG, Liu ZX, Michael AH, et al. 2001. Heinrich event imprints in the
Okinawa Trough: evidence from oxygen isotope and planktonic
foraminifera. Palaeogeography, Palaeoclimatology, Palaeoecology
176: 133–146.
Lim D, Xu Z, Choi J, et al. 2011. Paleoceanographic changes in the
Ulleung Basin, East (Japan) Sea, during the last 20,000 years: evidence from variations in element composition of core sediments.
Progress in Oceanography 88: 101–115.
Liu YG, Shi XF, Bong C, et al. 2010. Depositional environment in the
southern Ulleung Basin, East Sea (Sea of Japan), during the last
48,000 years. Acta Oceanologica Sinica 29: 52–64.
Loring DH, Asmund G. 1996. Geochemical factors controlling
accumulation of major and trace elements in Greenland coastal
and fjord sediments. Environmental Geology 28: 2–11.
Minoura K, Hoshino K, Nakamura T, et al. 1997. Late Pleistocene–
Holocene paleoproductivity circulation in the Japan Sea: sea-level
control on 13C and 15N records of sediment organic material.
Palaeogeography, Palaeoclimatology, Palaeoecology 135: 41–50.
Murray RW, Leinen M. 1993. Chemical transport to the seaﬂoor of the
equatorial Paciﬁc Ocean across a latitudinal transect at 1358W:
tracking sedimentary major, trace, and rare earth element ﬂuxes at
the Equator and the Intertropical Convergence Zone. Geochimica et
Cosmochimica Acta 57: 4141–4163.
Nagashima K, Tada R, Matsui H, et al. 2007. Orbital- and millennialscale variations in Asian dust transport path to the Japan Sea.
Palaeogeography, Palaeoclimatology, Palaeoecology 247: 144–161.
J. Quaternary Sci., Vol. 27(9) 932–940 (2012)

940

JOURNAL OF QUATERNARY SCIENCE

Oba T, Kato M, Kitazato H, et al. 1991. Paleoenvironmental changes in
the Japan Sea during the last 85,000 years. Paleoceanography 6:
499–518.
Oba T, Murayama M, Mastsumoto E, et al. 1995. AMS 14C ages of Japan
Sea cores from the Oki Ridge. Quaternary Research 34: 289–296 (in
Japanese with English abstract).
Passier HF, Middelburg JJ, De Lange GJ, et al. 1999. Modes of sapropel
formation in the eastern Mediterranean: some constraints based on
pyrite properties. Marine Geology 153: 199–219.
Peltier WR, Fairbanks RG. 2006. Global glacial ice volume and Last
Glacial Maximum duration from an extended Barbados sea level
record. Quaternary Science Reviews 25: 3322–3337.
Porter SC, An ZS. 1995. Correlation between climate events in
the North Atlantic and China during the last glaciation. Nature
375: 305–308.
Prins MA, Zheng HB, Beets K, et al. 2009. Dust supply from river
ﬂoodplains: the case of the lower Huang He (Yellow River) recorded
in a loess–palaeosol sequence from the Mangshan Plateau. Journal of
Quaternary Science 24: 75–84.
Rasmussen SO, Andersen KK, Svensson AM, et al. 2006. A new
Greenland ice core chronology for the last glacial termination.
Journal of Geophysical Research 111: 1–16.
Reimann C, Filzmoser P, Garrett RG. 2002. Factor analysis applied to
regional geochemical data: problems and possibilities. Applied
Geochemistry 17: 185–206.
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