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a b s t r a c t
To better understand the origin and distribution of organic matter (OM) in the Yellow Sea (YS) and to
delineate potential interactions between the atmosphere and the marine system during the Holocene,
we reconstructed terrestrial input and temperature variation for the last 8.8 ka BP, using glycerol dialkyl
glycerol tetraethers (GDGTs) obtained from a 4.4 m sediment core (YSC-1) from the southern YS. The
archaea-derived isoprenoid GDGTs (iGDGTs) were dominated by GDGT-0 and crenarchaeol. The iGDGTs
and bacteria-derived branched GDGTs (bGDGTs) correlated well and varied in opposition to the BIT
(branched vs. isoprenoid tetraether) index. This may be due to varying river runoff and inﬂuence of
the YS Coastal Current (YSCC) and YS Warm Current (YSWC), related to the East Asia Winter Monsoon
(EAWM), which made the BIT proxy less suitable for tracing soil OM input to the YS. TEX86 (tetraether
index of tetraethers consisting of 86 carbons)-derived sea surface temperature values (SST) varied from
9 to 16 °C, close to the SST in the YS cold season. The MBT/CBT (methylation of branched tetraethers and
cyclization of branched tetraethers)-derived continental temperature ranged from 10 to 19 °C, indicating
an annual mean air temperature for the middle and low drainage basin of the YS. These two temperature
records were decoupled but both correlated with the variation in the EAWM, suggesting an intimate link
between EAWM and temperature variation in East Asia.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Marginal seas are complex and dynamic transitional zones between land and ocean. They are the major marine realms for organic matter (OM) burial (Hedges and Keil, 1995; Wagner and Dupont,
1999) and are of signiﬁcant interest for global carbon cycle studies
(e.g. Wollast, 1998; Onstad et al., 2000). Understanding of marginal
sea dynamics through time may be enhanced by using well calibrated temperature proxies to reconstruct past environments and
delineate natural climate regulatory mechanisms (Schouten et al.,
2008a,b; Blaga et al., 2010; Bendle et al., 2010; Fallet et al., 2012).
Since marginal seas record both marine and terrestrial changes,
they are especially well suited for reconstructing past climate. An
important variable in global transport of heat and moisture is monsoon systems, which also have a strong impact on vegetation cover,
river dynamics and sediment transport (e.g. Chen, 2009; Sun et al.,
2011). They also affect the marine environment indirectly through
⇑ Corresponding authors. Tel.: +86 21 65987697 (C.L. Zhang).
E-mail addresses: archaea.zhang@gmail.com (C.L. Zhang), junli741001@gmail.
com (J. Li).
http://dx.doi.org/10.1016/j.orggeochem.2014.02.011
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riverine input of sediments and modiﬁcation of nutrients, sediment and salinity, or directly through wind driven changes in circulation (e.g. Jian et al., 2000; Liu et al., 2006; Wu et al., 2012). The
climate of East Asia is dominated by such a monsoon system, with
SE winds leading to warm and wet summers and NW winds resulting in cold and dry winters (e.g. Xiang et al., 2008; Liu et al., 2009;
Xing et al., 2012; Hu et al., 2012).
Glycerol dialkyl glycerol tetraethers (GDGTs) are major membrane lipids of microorganisms. Isoprenoid GDGTs (iGDGTs) are
produced by marine and terrestrial archaea, while branched GDGTs
(bGDGTs) are produced predominantly by soil bacteria (c.f. Schouten et al., 2013). GDGTs respond to environmental change, allowing development of proxies for studying past climate and
environment. TEX86 (tetraether index of tetraethers consisting of
86 carbons) is commonly used to reconstruct mean annual sea surface temperature (SST). It is based on the distribution of iGDGTs
synthesized by pelagic Thaumarchaeota (e.g. Schouten et al.,
2002, 2013; Kim et al., 2008, 2010; Brochier-Armanet et al.,
2008; Spang et al., 2010; Pearson and Ingalls, 2013). It has both
global and local calibrations for SST (e.g. Schouten et al., 2002,
2013; Kim et al., 2008, 2010; Trommer et al., 2009; Jia et al.,
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2012; Kabel et al., 2012). Although TEX86-derived temperature values are commonly interpreted as annual SST (e.g. Huguet et al.,
2006b; Blaga et al., 2011), they have also been considered to reﬂect
summer SST in the open ocean (Leider et al., 2010; Castañeda et al.,
2010; Shintani et al., 2011), winter SST in the shallow waters near
ocean margins (Leider et al., 2010; Wei et al., 2011; Ge et al., 2013),
or sub-surface temperature (Huguet et al., 2007; Lopes dos Santos
et al., 2010; Richey et al., 2010; Jia et al., 2012; Li et al., 2013).
The BIT (branched vs. isoprenoidal tetraether) index is a proxy
for the relative contributions of soil vs. aquatic sedimentary OM
(Hopmans et al., 2004; Walsh et al., 2008; Schouten et al., 2013).
It was established to characterize the terrestrial OM input to the
marine system because bGDGTs were considered to be solely soil
derived (e.g. Hopmans et al., 2004; Weijers et al., 2006). Recent
studies have shown, however, that bGDGTs are also produced
in situ in marine environments (Peterse et al., 2009a), lakes (e.g.
Sinninghe Damsté et al., 2009; Tierney et al., 2010), estuaries
(Zhu et al., 2011; Zhang et al., 2012) and hot springs (Hedlund
et al., 2013; Zhang et al., 2013).
The MBT (methylation of branched tetraethers) and CBT (cyclization of branched tetraethers) proxies are used to estimate soil pH
and annual mean air temperature (MAT), respectively (Weijers
et al., 2007a). They have also been applied to study past continental climate and environment using marginal marine sediment
cores, taking advantage of the fact that the bGDGTs were transported from land to ocean by rivers (Hopmans et al., 2004; Weijers
et al., 2007a) or by ice rafting events (Schouten et al., 2007b,
2008a,b). As records from marginal settings represent signals integrated over a whole drainage basin (Weijers et al., 2007b; Blaga
et al., 2010), the extent to which the continental climate is reﬂected in the MBT/CBT proxy is unclear (Peterse et al., 2009a,b).
Furthermore, the combined use of TEX86 and MBT/CBT for climate
reconstruction has yet to be demonstrated.
To better understand the East Asian Monsoon system and its
impact on the marginal Yellow Sea (YS), we analyzed a sediment
core from this region with respect to its GDGT composition and derived an environmental reconstruction for most of the Holocene
using TEX86-derived SST, MBT/CBT-derived MAT, and BIT. The speciﬁc objectives of the study were to (i) reveal the abundance and
distribution of GDGTs and to explore environmental signals revealed by GDGT-derived proxies, e.g. TEX86, MBT/CBT and BIT, (ii)
better understand the origin and distribution of OM in the YS
and (iii) delineate potential interactions between climate, sea level
and the marine system in this transitional area, with special attention to the variation in the EAWM. The importance of the YS Warm
Current (YSWC) is emphasized because it partially reﬂects the
strength of the EAWM.
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West winds during the EAWM. A stronger winter monsoon thus results in a more prominent tongue and northward penetration into
the YS of warm and salty YSWC water. As such, a warming period
reconstructed from a location sensitive to the YSWC inﬂuence may
thus indicate a stronger EAWM. The YS water column is vertically
homogeneous in winter, due to vertical convection and strong
wind stirring caused by the EAWM, and highly stratiﬁed in summer as a result of the combined effects of surface heat, riverine input and a cold bottom YSCW (cf. Wei et al., 2010).
The basin-wide cyclonic gyre created by the YSWC and the YSCC
has resulted in the formation of the largest mud deposition area in
the central basin of the YS, which has attracted considerable attention concerning its sediment provenance and depositional processes (Zhao et al., 1990, 2001; Park and Khim, 1992; Park et al.,
2000; Yang et al., 2003). Mixed sources such as riverine input, marine OM and coastal erosion from the old Yellow River Delta, have
been suggested for the central mud deposits of the YS according
to geochemical evidence, including grain size, carbonate composition and total organic carbon, clay mineral assemblage, and elemental concentrations and ratios (e.g. Zhao et al., 1990; Hu et al.,
1998; Saito, 1998; Yang et al., 2003 and references therein).
In general, the Yellow River contributes most of the sediment to
the YS (Qin and Li, 1983; Milliman et al., 1987; Qin et al., 1989; Lee
and Chough, 1989; Alexander et al., 1991; Park and Khim, 1992;
Yang and Liu, 2007). However, it has been suggested recently that
the ﬁne sediment in the central mud region is not derived from the
Yellow River, but most likely is a mixture of sediments from the
Yangtze River and small rivers in the Korean Peninsula (Li, J.,
et al., unpublished results).
A postglacial stepwise sea level rise dominated the sedimentary
processes in the YS during the Late Quaternary (Kim and Kucera,
2000; Liu et al., 2004; Kong et al., 2006; Xiang et al., 2008; Xing
et al., 2012). Three periods were distinguished: low sea level from
12.5 to 11.5 ka BP, rising sea level from 11.5 to 7 ka BP and high sea
level from 7 ka BP to the present (e.g. Lee and Chough, 1989; Milliman et al., 1989; Lee and Yoon, 1997; Kim et al., 1999). According
to the benthic foraminiferal assemblage (low salinity species such
as Ammonia aomoriensis and Ammonia beccarii, and less brackish
and deeper waters species such as Ammonia ketienziensis and Astrononion italicum), the Holocene YS had a shallow coastal environment affected by fresh water and an associated input of
terrestrial organic carbon before ca. 7.9 (Kim and Kennett, 1998)
or 6.9 (Xiang et al., 2008) ka BP and a modern marine shelf environment with higher salinity, higher marine productivity and lower terrestrial OM input after ca. 7.5 (Kim and Kennett, 1998) or 6–5
(Xiang et al., 2008) ka BP. An important role in this development
was played by the YSWC when sea level was high enough for it
to enter the YS around 6.5–6 ka BP (Liu et al., 1999, 2007; Wang
et al., 2009) or 4.3–3.5 ka BP (Kong et al., 2006).

2. Regional setting
The YS is connected to the Japan/East Sea via the Korea and Tsushima Straits and opens indirectly to the western Paciﬁc Ocean via
the East China Sea (Fig. 1). It has a maximum water depth of 140 m
(avg. 44 m; Feng et al., 2004; Liu et al., 2009) and an annual SST of
15 °C. It is inﬂuenced signiﬁcantly by terrestrial input, particularly
through the Yellow River and Yangtze River that ﬂow through several climate zones and bring in OM with a mixed signal (e.g. Yang
et al., 2002).
The YS is also signiﬁcantly affected by complex seasonal currents (Fig. 1). The present circulation is characterized by a counterclockwise gyre with the northwestward warm and salty YSWC and
low salinity southward YS Coastal Current (YSCC) moving along the
western Chinese coast (e.g. Park et al., 2000; Yang et al., 2003). The
YSWC is a branch of the Tsushima Current and compensates for the
export of water, driven out of the YS as the YSCC by the Northern

3. Material and methods
3.1. Material
Core YSC-1 (length 4.4 m, water depth 76.2 m; Fig. 1) was collected at 123°400 E and 35°390 N, stored in a 20 °C freezer upon
collection and then allowed to thaw to room temperature before
sampling; 80 samples were collected at different depth intervals
for lipids analysis. The grain size and dating data used are from
Li, J., et al. (unpublished results).
3.2. Lipid extraction
The protocol is a modiﬁcation of that from Huguet et al. (2010).
In short, an aliquot (ca. 10 g) of the freeze dried and homogenized
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Fig. 1. Map of east coastal seas of China with bathymetry and water circulation patterns in winter [A, modiﬁed from Liu et al. (2009)], seasonal sea surface temperature (SST)
in dotted rectangular area (B) including the Yellow Sea (YS) and adjacent continents and the northern part of the East China Sea, and the instrumental annual and seasonal
temperatures at different water depths (0–75 m) at the site location in this work (C). The red circle in the left panel and black circles in the middle panels indicate location of
YSC-1. Water depth is shown in m. Other labels: NYS, North Yellow Sea; SYS, South Yellow Sea; YSWC, Yellow Sea Warm Current; YSCC, Yellow Sea Coastal Current; KC,
Kuroshio Current; TC, Tsushima Current; TWC, Taiwan Warm Current; SKCC, South Korean Coastal Current; NJCC, North Jiangsu Coastal Current; SSCC, South Shandong
Coastal Current; CDW, Yangtze River Diluted Water; ECSCC, East China Sea Coastal Current (for interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).

sediment sample was spiked with a known amount internal standard (C46 GDGT; 974 ng; Huguet et al., 2006a) and extracted ultrasonically for 15 min with dichloromethane (DCM)/MeOH (3:1, v/
v;5x) and MeOH (1x). With each extraction, the sample was centrifuged at 3000 rpm for 3 min to remove particles. All supernatants
were combined and the solvent was removed under a N2 stream.
The total lipid extract (TLE) was dissolved in 3 ml hexane:isopropanol (99:1, v/v) and 1 ml of the mixture was ﬁltered through a
0.45 lm PFTE ﬁlter. The solvent was removed from the ﬁltered TLE
with a N2 stream and the residue dissolved in 300 ll hexane:isopropanol (99:1, v/v), of which 5 ll were used for lipid analysis.

(i) TEX86 (Schouten et al., 2002) and TEX86-derived SST (TEXH
86 is
the logarithmic function of TEX86, Kim et al., 2010):

TEX86 ¼

GDGT  2 þ GDGT  3 þ Cren0
GDGT  1 þ GDGT  2 þ GDGT  3 þ Cren0

SST ¼ 68:4  TEXH86 þ 38:6
(ii) BIT (Hopmans et al., 2004):

BIT ¼

I þ II þ III
I þ II þ III þ Cren

(iii) MBT, CBT and their derived MAT (Weijers et al., 2007a):
3.3. GDGT analysis and calculation of proxies
Analysis of GDGTs was performed using high performance liquid chromatography–mass spectrometry (HPLC–MS) with an Agilent 1200 high HPLC instrument with an automatic injector
coupled to QQQ 6460 mass spectrometer and with mass hunter
LC–MS manager software, following a method modiﬁed from Hopmans et al. (2004) and Schouten et al. (2007a). Detailed parameters
and procedures followed those from Ge et al. (2013). A Prevail Cyano column (2.1  150 mm, 3 lm; Alltech, Deerﬁeld, Illinois, USA)
was used with an Agilent 6460 triple quadrupole mass spectrometer under atmospheric pressure chemical ionization (APCI) conditions. All procedures were performed using gradient elution with
hexane and isopropanol.
GDGTs were detected using the single ion monitoring (SIM)
mode included six iGDGTs (m/z 1302, 1300, 1298, 1296, and
1292 and its isomer), seven bGDGTs (m/z 1050 1036, 1034, 1032,
1022, 1020, 1018) and the internal standard C46 GDGT (m/z 744)
(Fig. A1), with a dwell time of 237 ms per ion. The bGDGTs with
m/z 1048 and 1046 were below detection limit. Quantiﬁcation
was achieved by integrating the area of each [M+H]+ peak.
The formulae used for calculating the GDGT-referred proxies
were:

MBT ¼

I þ Ib þ Ic
I þ Ib þ Ic þ II þ IIb þ IIc þ III þ IIIb þ IIIc

CBT ¼  log

Ib þ IIb
I þ II

T MBT=CBT ¼ ðMBT  0:122  0:187  CBTÞ=0:02
3.4. Instrumental temperature data
The annual and seasonal composite sea surface temperature
(SST) values were obtained from the World Ocean Atlas 2009
(WOA09) provided by Schlitzer, R., Ocean Data View, http://odv.awi.de, 2010 (Fig. 1).
4. Results
4.1. iGDGTs and bGDGTs
The iGDGTs were dominated by GDGT-0 and crenarchaeol, both
of which ranged from 28 to 280 ng/g dry sediment. GDGTs-1, -2
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and -3 each stayed below 15 ng/g dry sediment. The concentration
of total bGDGTs ranged from 16 to 140 ng/g dry sediment, with a
relatively higher concentration in bGDGTs-I, -Ib, -Ic, -II, -IIb and III, and a lower concentration of bGDGT-IIc. GDGT-IIIb and -IIIc
were not detected. The total iGDGTs and bGDGTs showed a similar
trend in the past 8.8 ka BP (Fig. 2 left and Fig. 3), which could be
divided into three periods (Fig. 3). Period A, from 8.8–6.4 ka BP,
was characterized by relatively high GDGT concentration and wide
variation therein, such as large peaks at 8.2, 7.8, 6.8 and 6.6 ka BP.
Period B, from 6.4–4.0 ka BP, represented a prolonged period with
generally low and stable GDGT concentration (e.g. iGDGTs averaged 106 ± 16 ng/g dry sediment). Period C, from 4.0–0.9 ka BP, began with an increase in GDGT concentration, which stayed at a
higher average level than period B (they did not return to values
below 140 ng/g dry sediment). Concentration also varied more dramatically again, with the highest value occurring around 1.2 ka BP.
Through the whole record, crenarchaeol correlated signiﬁcantly
with the other iGDGTs (R2 > 0.8), particularly with GDGT-0 (R2
0.98, p < 0.001). The total amount of iGDGTs and bGDGTs also correlated signiﬁcantly (R2 0.91, p < 0.001; Fig. 2, right).

4.2. Temperature based on TEX86 and MBT/CBT
The temperature of the YS is around 15 °C, which suggests that
TEXH
86 was potentially suitable as an SST proxy (Kim et al., 2010).
SST based on TEXL86 showed highly variable values ranging from 4.6 to 9.4 °C, possibly because TEXL86 was more developed for polar
oceans.
TEX86 values ranged from 0.37 to 0.46, corresponding to TEXH
86 derived SST from 9 to 16 °C, with a mean value of 14 ± 0.8 °C
(n = 40) in the relatively warm period (e.g. 6.5–5.3 ka BP) and a
mean value of 11 ± 0.9 °C (n = 40) in the relatively cold period
(e.g. 2.9–2.3 ka BP). Despite the ﬂuctuation, the TEXH
86 -derived
SST increased with time (except for a sudden peak around 8 ka
BP) till reaching a top value at 6.4 ka BP in period A, and remained
high and decreased slightly during period B. During period C, the
SST decreased rapidly at ﬁrst, followed by a slow increase (Fig. 4).
The MBT/CBT-derived temperature ranged from 10 to 19 °C,
with a mean of 16 ± 0.8 °C (n = 42) in the relatively warm period
(e.g. 3.6–2.9 ka BP) and a mean of 14 ± 0.9 °C (n = 38) in the relatively cold period (e.g. 6.9–5.9 ka BP). It showed in general an
opposite trend from TEXH
86 -derived SST through the whole core
(Fig. 4).
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4.3. BIT index and grain size records
The BIT index (Hopmans et al., 2004) ranged from 0.14 to 0.31
(Fig. 3c). Mean grain size varied between 7.5 and 5.5 / (Fig. 3d).
Grain size and BIT were negatively correlated (R2 0.37, p < 0.001;
Supplementary Fig. 1).

5. Discussion
5.1. Possible provenance of iGDGTs and bGDGTs
The distribution of iGDGTs was characteristic of marine archaeal GDGT proﬁles (e.g. Menzel et al., 2006; Herfort et al., 2006b;
Huguet et al., 2006b; Leider et al., 2010; Jia et al., 2012; Schouten
et al., 2013). The signiﬁcant correlation among different iGDGTs
(Fig. 2) indicates a common source, which is most likely aquatic
Thaumarchaeota. This was supported by the dominance of crenarchaeol throughout the record (52 ± 2%, n = 80), a ratio of GDGT-0/
crenarchaeol < 1 (cf. Blaga et al., 2009) and a small (<1%) relative
abundance of the crenarchaeol isomer (cf. Pitcher et al., 2011; Sinninghe Damsté et al., 2012).
Considering the proximity of land and large rivers to the YS, the
bGDGTs may be considered to be land-derived. The CBT-derived
pH (7.7 ± 0.2, n = 80) based on the new calibration from Peterse
et al. (2012) matched well with the measured mean pH value of
7.80 for the middle reaches of the Yellow River (cf. Ran, 2013),
while the MBT/CBT-derived temperature record (see next section)
was also consistent with the MAT data for the middle and low
reaches of the Yellow River drainage basin. The successful application of the two soil calibrations supports a soil origin for the
bGDGTs.
The observed covariance between iGDGT and bGDGT concentrations may be explained through covariance between riverine
nutrient input and marine productivity, as reported for GDGTs in
other regions (e.g. Sinninghe Damsté et al., 2009; Leider et al.,
2010; Fietz et al., 2011b; Grauela et al., 2013; Schouten et al.,
2013; Wu et al., 2013). The YS became gradually ﬂooded during
the Holocene marine transgression, which reached its maximum
sea level around 7 ka BP (Kim et al., 1999 and references therein).
Period A in our record represents a coastal/estuarine environment
characterized by a large amount of fresh water, low salinity and
associated input of terrestrial organic matter (e.g. Kim and Kennett,
1998; Xiang et al., 2008; Hu et al., 2012). Therefore, the ﬂuctuating

Fig. 2. Left: Abundance of GDGT-0, crenarchaeol and total bGDGTs in the downcore sediments (the past 8.8 ka) from the southern Yellow Sea. Right: Relationship between the
abundances of GDGT-0 and crenarchaeol (top), and between total iGDGTs and bGDGTs (bottom).
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Fig. 3. Total bGDGT concentration (a), total iGDGT concentration (b), BIT index (c), and mean grain size (d) from YSC-1 for the past 8.8 ka. The d18O record from a stalagmite in
the Hulu Cave (e) is from Wang et al. (2005). Three periods (A, B, C) are separated according to the variation in GDGT concentration and covered in light pink, yellow, and
green, respectively. The shaded gray bars indicate several points with high GDGT concentration and low BIT values (for interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article).

but high bGDGT concentration in period A is interpreted as reﬂecting the proximity of rivers and periodic maxima in ﬂuvial runoff.
The low concentration of GDGTs in period B agrees with a stable
modern marine shelf sedimentary environment with higher salinity due to the intrusion of open ocean water (e.g. Kim and Kennett,
1998; Xiang et al., 2008; Hu et al., 2013) and lower terrestrial OM
input because of weak summer precipitation since the middle
Holocene (Yuan et al., 2004; Dykoski et al., 2005; Wang et al.,
2005). The weak East Asia Summer Monsoon (EASM) is characterized by less precipitation, which therefore reduces the input of the
continental signal to the marine system through river ﬂow, leading
to a low bGDGT concentration in period B. Both iGDGTs and
bGDGTs increased slowly in period C till peak values occurred
around 1.2 ka BP, which might be attributed to ﬂooding events. A
partially negative correlation between GDGT concentration and
EAWM (Figs. 3 and 4) indicates that a more vigorous EAWM led
to less deposition of GDGTs at our core site, which probably resulted from the transport of terrestrial material southward along

the YS coastline by the YSCC, instead of to the depocenter, and
from inﬂow of relatively warm but oligotrophic water to the research area by the YSWC.
Finally, degradation or sediment diagenesis could impact the
concentration proﬁles of both bGDGTs and iGDGTs, potentially
causing them to vary in a similar way in concentration downcore.
One way to address this question is to examine the down core variation in total organic carbon (TOC), with a decreasing pattern
showing the possibility of degradation. Unfortunately, TOC data
were not obtained. On the other hand, even if the bGDGTs and
iGDGTs were affected by degradation, the effect appears to be
equal for both types of GDGTs and does not seem to change the
above overall interpretations.
The BIT index in our work seems less credible for revealing the
soil contribution as it is affected more likely by the concentration
of crenarchaeol than bGDGTs, which may be complicated by intertwining inﬂuences of varying river runoff and the YSCC and YSWC
related to the EAWM. On the other hand, the BIT and mean grain
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Fig. 4. Temperature records derived from TEXH
86 (a) and MBT/CBT (b) from this study, and East Asia Winter Monsoon index based on grain size analysis (c) from Hu et al.
(2012). Three periods (A, B, C) are separated according to the variation in GDGT concentration and are colored in light pink, yellow, and green, respectively. The shaded gray
bars highlight the correlation among the three records (for interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article).

size had a deﬁnite opposite trend through the whole record (Fig. 3),
which indicates that the BIT is helpful for revealing the intensity
history of the EAWM. Similarly, Kim et al. (2007) found that BIT
was applicable for detection of ﬂood events in coastal oceans, together with the concentration of GDGTs, which might imply a
promising use of this proxy.
5.2. The EAWM and TEX86- and MBT/CBT-derived temperature records
Sea surface temperature and air temperature from the same archive are valuable for understanding the interactions between
ocean circulation and land climate (Rueda et al., 2009). The annual
and seasonal temperatures today, derived from the World Ocean
Atlas, show for the core location large differences in the upper
50 m of the water column (Fig. 1, right). During summer the temperature decreased sharply from 25 °C at the surface to about 10 °C
at 50 m, while during winter the temperature in the upper 50 m
was similar and around 7–8 °C. Temperature measured in spring
and autumn, and the calculated annual mean temperature was
about 14–15 °C at the surface and decreased only slightly downwards. All the temperature values converged at about 7–8 °C below
75 m (Fig. 1, right). On the other hand, the MAT along the Yellow
River drainage basins varies from 1–8 °C in the upper reaches, 8–
14 °C in the middle reaches and 12–14 °C in the lower reaches
(e.g. Chen et al., 2005; Ran, 2013). Compared with the above
instrumental data, the TEXH
86 -derived temperature values are clos-

est to the winter–spring SST, while MBT/CBT-derived values are
similar to MAT in the middle and low reaches of the Yellow River.
An intensiﬁed EAWM appears to correlate with both a higher
TEXH
86 -derived SST and a lower MBT/CBT-derived MAT through
the whole record (Fig. 4). This correlation suggests that the EAWM
provides a physical link between both records, which might be explained by a close connection of the YSCC and YSWC in the YS during the EAWM (e.g. Wang et al., 2009, 2011). The southward
ﬂowing YSCC is driven by the EAWM and the excess water leaving
the YS is compensated for by the northward ﬂowing warm and
salty YSWC, which, when it overlays the core site, increases
TEX86. Both a longer and a stronger winter monsoon may lead to
a more persistent presence of the YSWC over the core site and thus
a higher TEX86 for the sediments. The water exchange fronts
caused by these two currents may increase the primary productivity and marine archaeal community (e.g. Naimiea et al., 2001; Liu
et al., 2009), further strengthening the winter signal.
The bGDGT-based MBT/CBT reﬂects the land climate. A strong
winter monsoon may result in lower MBT/CBT values in two ways.
First, it increases the strength of the YSCC and therefore triggers
transport of a greater contribution of northern relative to southern
land-derived material to the core site. Second, it may imply an
overall colder winter and thus lower mean annual temperature
on land, reducing MBT/CBT in the soils of the source regions. For
the latter hypothesis we may expect a time lag between TEX86derived temperature values and those from MBT/CBT related to
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Fig. A1. Structures of iGDGTs in archaea and bGDGTs in bacteria.

leaching and transport processes involved for the bGDGTs (cf.
Schouten et al., 2013). A direct response between the intensity variation of EAWM and the MBT/CBT-derived MAT, as apparent in
Fig. 4, thereby supporting the former hypothesis.
The establishment of the modern circulation system in the YS is
the most signiﬁcant milestone in the Holocene history of this area.
Its installation is disputed, especially the intrusion time of the
YSWC, which might vary from 6.5 to 6.0 ka BP (Liu et al., 1999,
2007; Wang et al., 2009). Our TEXH
86 -derived temperature shows
the ﬁrst high values at the end of period A (8.8–6.4 ka) and we
attribute the increased SST to the intrusion of the YSWC. As for
its full establishment, we therefore suggest a timing prior to
6.4 ka when the TEXH
86 -derived SST reached the maximum. Grain
size analysis of the same core suggests a decreased terrigenous
supply from the Yangtze River to the core site from 6.4 ka (Li
et al., 2013), which was also attributed to the establishment of
the modern ocean circulation pattern. This is also consistent with
Li et al. (2007) who reconstructed the evolution of the warm current system of the East China Sea and the YS since the last deglaciation, based on the d18O and d13C records of planktonic
foraminifera and planktonic and benthic foraminiferal assemblages, as well as variation in abundance of foraminifera indicative
of the Kuroshio Current and the Tsushima Warm Current.
Comparison of the GDGT concentration, mean grain size and BIT
records from YSC-1 with the d18O stalagmite record from Dongge
Cave, which shows variation in precipitation on the East China
mainland and indicates the weakness of the East Asia Summer
Monsoon (Wang et al., 2005) for the last 8.8 ka (Fig. 3), shows a
close correlation of the ﬁrst peak in GDGT concentration around
8.3–8.1 ka BP, coinciding with the 8.2 ka BP global cold event
(Wang et al., 2005 and references therein). This event occurs during the period of relatively coarse sediment and thus a relatively
strong and direct terrestrial inﬂuence. The high TEXH
86 -derived
SST from 7 to 4 ka in our record suggests a strong YSWC with an
intensiﬁed hydrodynamic environment, high SST in the study area
and low winter temperature on land, caused by an active EAWM.
However, Wang et al. (2011) show colder SST and a weaker warm

current during the mid-Holocene than during the late Holocene
based on an alkenone record from the nearby core ZY-2, i.e. an
interpretation opposite from ours. The site of core ZY-2 is east to
that of our core YSC-1. The region covering both cores is characterized by a strong oceanic front between the more eastern cold and
southward ﬂowing YSCC and the more western, warm and northward ﬂowing YSWC (e.g. Park et al., 2000; Yang et al., 2003; Liu
et al., 2009). With increasing strength of the monsoon system,
the thermal gradient over this front increases. Therefore, one scenario explaining the opposite SST trends is by assuming that the
0
ZY-2 UK37 record reﬂects primarily the YSCC temperature whereas
the YSC-1 TEX86 record reﬂects the YSWC. There is still an argument about the variation in EAWM in the Holocene (e.g. Yancheva
et al., 2007; Hu et al., 2012), whereby the strong and highly ﬂuctuating EAWM during 7.2–4.2 ka BP reconstructed by Hu et al. (2012)
using grain size variation agrees with the intensiﬁed YSWC reconstructed by us. This event occurred during the ‘‘Holocene Climate
Optimum’’ although its magnitude and nature are disputed and it
may have been largely limited to high northern latitudes (e.g. Gagan et al., 1998; Kaufman et al., 2004). The ﬂuctuating SST during
ca. 2.0–1.0 ka BP in the period C matches the Sui and Tang dynasties warm period (cf. Wu and Dang, 1998).
Overall, a correspondence between our records and those of
others emphasizes that GDGTs and the derived proxies are valuable tools for reconstruction of climate change in the YS and perhaps the East Asian continent.
6. Conclusions
The iGDGT and bGDGT distributions in core YSC-1 from the Yellow Sea support the following conclusions:
1. Covariance in the concentrations of iGDGTs and bGDGTs suggests a common environmental process, i.e. more riverine input
resulting in more bGDGT input and more nutrients in the
marginal marine environment, while the higher nutrient input
enhances marine productivity, resulting in higher iGDGT
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concentration as well. Degradation of iGDGTs and bGDGTs may
also be a factor forcing the co-variation, but we lacked the TOC
data to verify this possibility.
2. The TEX86-derived SST and MBT/CBT-derived temperatures
were close to late winter–spring SST and MAT in the middle
and low reaches of the Yellow River respectively. The opposite
trends between them indicate different response mechanisms,
which may be related to wind direction and intensity intimately
linked to EAWM variability.
3. Some global and regional events, such as the 8.2 ka BP cold
event, the formation of the YSWC and the establishment of
the modern current system in the Yellow Sea, and the midHolocene warm periods are reﬂected in the GDGT concentration
and GDGT-based proxies, demonstrating the value of GDGT
analysis for understanding past climate.
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