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a b s t r a c t

Two proxies derived from branched glycerol dialkyl glycerol tetraethers (br GDGTs), the methylation
index of branched tetraethers (MBT) and the cyclization ratio of branched tetraethers (CBT), are often
used to reconstruct paleo mean annual air temperature (MAAT) and soil pH based on the premise that
br GDGTs in the marine environment are mainly of terrigenous origin. However, mounting evidence indi-
cates that br GDGTs can be produced in situ in oceanic settings, which may affect MAAT reconstruction
and the use of other related paleoenvironmental proxies. We have determined br GDGT distributions in a
sedimentary core (MD05-2896/7) from the southern South China Sea, which provided high resolution
profiles of MBT and CBT indices as well as the branched and isoprenoid tetraether (BIT) index. BIT varied
systematically with glacial–interglacial cycles, reaching much lower (< 0.1) values during the interglacial
periods (MIS 1 and MIS 5) than during the glacial periods (MIS 2, MIS 3, MIS 4 and MIS 6). MBT/CBT-
derived temperature showed, on the other hand, lower values during the interglacial periods but higher
values during glacial periods. We hypothesize that the lower MBT/CBT-derived temperature during inter-
glacial periods reflects bottom water temperature registered via br GDGTs produced under marine con-
ditions, whereas the higher MBT/CBT derived temperature during glacial periods reflects terrestrial MAAT
because of the overwhelming input of br GDGTs from land when the sea level was low. Similarly, the CBT-
derived soil pH appeared to have been overprinted by marine br GDGT production during interglacial
periods but responded to precipitation on land during glacial periods, showing patterns similar to, or
as a positive response to, the southern hemispheric climate oscillation due to teleconnection. Our results
demonstrate an unprecedented pattern of MBT/CBT variation constrained by glacial–interglacial cycles in
the South China Sea. Under this constraint, MBT/CBT revealed deep water production of br GDGTs during
interglacial periods and recorded changes in paleohydrology on land during glacial periods, providing a
new perspective for paleoclimate studies using organic proxies.

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Glycerol dialkyl glycerol tetraethers (GDGTs) have become a
promising series of biomarkers, characterized by two major groups
based on their structures and sources: isoprenoid GDGTs (iso
GDGTs) and branched GDGTs (br GDGTs; Fig. 1). The iso GDGTs
are produced by Archaea, which occur ubiquitously and have
special applications in paleoclimate studies (Schouten et al.,
2002, 2012; Wei et al., 2011; Jia et al., 2012; Wegwerth et al.,
2014). The br GDGTs were originally thought to be produced by

soil bacteria (Sinninghe Damsté et al., 2000, 2011; Weijers et al.,
2006, 2009), leading to the development of two important proxies,
the methylation index of branched tetraethers (MBT) and cycliza-
tion ratio of branched tetraethers (CBT; (Weijers et al., 2007c) that
have been widely used to reconstruct terrestrial soil pH and mean
annual air temperature (MAAT; Fawcett et al., 2011; Peterse et al.,
2011; Damsté et al., 2012; Das et al., 2012; Gao et al., 2012; Zech
et al., 2012; Jia et al., 2013). In addition, the predominance of iso
GDGTs in marine sediments and of br GDGTs in soil allowed
Hopmans et al. (2004) to propose a branched and isoprenoid tet-
raether (BIT) index for estimation of terrigenous input of organic
matter (OM) to the ocean.

The MBT/CBT-derived MAAT and CBT-derived soil pH using
marine sediments are based on the premise that br GDGTs in
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marine settings are derived from a terrigenous source. Case studies
include reconstruction of MAAT for Congo river fan deposits
(Weijers et al., 2007a), MAAT variation in the Arctic region across
the Paleocene–Eocene (P–E) boundary (Weijers et al., 2007b) and
the Eocene–Oligocene (E–O) boundary (Schouten et al., 2008), as
well as the early Eocene temperature change on the Antarctic con-
tinent (Pross et al., 2012) and the United States Gulf Coastal Plain
(Keating-Bitonti et al., 2011). In a recent study of core sediments
from the East China Sea, MBT/CBT was found to be decoupled from
the TEX86-derived sea surface temperature (SST) since ca. 9 ka (Ge
et al., 2014). However, the application of MBT/CBT to lake systems
has been less successful (Tierney and Russell, 2009; Tyler et al.,
2010; Zink et al., 2010). These studies suggest that, compared with
the continental environment, marine sediments could provide a
well preserved and continuous record of the terrigenous OM for
paleoclimate reconstruction.

Recently, the in situ production of marine br GDGTs has been
increasingly observed (Peterse et al., 2009; Zhu et al., 2011; Hu et al.,
2012; Weijers et al., 2014). This has raised concern that an increase
in a marine component of br GDGTs may bias the reconstructed paleo
continental temperature (Sanchi et al., 2014). Furthermore, the appli-
cability of BIT as a terrigenous proxy is also compromised by in situ pro-
duction of br GDGTs in the oceanic environment.

Here, we present a high resolution (ca. 243 yr/cm) profile of br
GDGTs between glacial and interglacial cycles in a sediment core
from the southern South China Sea (SCS), with the aim of
evaluating the applicability of the br GDGT proxies for the
reconstruction of terrigenous signals over the last two glacial–
interglacial cycles.

2. Oceanographic setting

The SCS is the largest marginal sea between the largest conti-
nent (Asia) and largest ocean (the Pacific; Wang and Li, 2009;
Fig. 2). The southern SCS lies in the western Pacific warm pool

and is affected by the seasonally changing East Asian Monsoon.
Over the Quaternary glacial–interglacial cycles, frequent changes
in relative sea level and sea surface temperature together shaped
the sedimentary patterns on shelf and slope, with the accumula-
tion of fluvial terrigenous OM determined mainly by the distance
between the paleo-river mouths (Fig. 2) and the offshore basins.
As one of the largest rivers in the region, the Mekong River, for
example, flows southward from the Tibetan Plateau through the
Indochina Peninsula into the SCS. At present when the sea level
is relatively high, the Mekong discharges ca. 160 ! 106 t/yr sus-
pended sediment into the southern SCS (Milliman and Syvitski,
1992) helping to shape a large delta at its mouth (Ta et al.,
2002). However, the direction of the Mekong River sediment is
strongly affected by seasonal changes in the monsoon, and the
rapid growth of the delta to the southwest indicates net south-
westward sediment transport during the winter monsoon season,
in spite of the fact that release of sediment from the river occurs
predominantly during the southwesterly summer monsoon
(Tamura et al., 2010). Thus, the terrigenous OM derived from the
river appears to be deposited mainly on the northern Sunda shelf
rather than in the deep sea basin.

At low sea level stands, the Sunda shelf was exposed and the
paleo-Sunda plain was drained by large river systems (Fig. 2), dis-
charging the glacial fluvial sediment into the southwestern part of
the semi-enclosed basin of the SCS (Hanebuth et al., 2003). Despite
the distance between the river mouths and the deep water area
being shortened considerably during the glacial periods, both of
the paleo-Mekong River and paleo-Sunda River were still ca.
300 km from the study site, which is sufficiently far away to be
defined as a distal marine environment. Based on the two topogra-
phy sections in Fig. 2, the paleo-Mekong River might have dis-
charged mainly into the deep sea basin down to ca. 2500 m
(section A and B), while other paleo-rivers discharged their terrig-
enous load mainly into the flat basin (section C and D), where our
site was located. Intensive mixing between terrigenous material

Fig. 1. Structures of iso GDGTs and br GDGTs.
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from various sources over glacial cycles may also have occurred in
this dynamic hydrological regime (Wang et al., 2014).

3. Material and methods

Core MD05-2897 (08"49.530N, 111"26.510E; length 30.98 m;
water depth 1658 m) was retrieved from the slope near the Sunda
Shelf in the southern SCS (Fig. 2) during the MD147-Marco-Polo
Cruise in 2005 (Laj et al., 2005). The missing upper 2 m section
was compensated for by the nearby MD05-2896 core
(08"49.050N, 111"26.470E; total core length 11.03 m; water depth
1657 m), which is characterized by silty clay compared with the
homogeneous gray-green clay in core MD05-2896 (Laj et al.,
2005). The upper 2 m of core MD05-2896 and the upper 13 m of
core MD05-2897 were sub-sampled every 8 cm for foraminifer
oxygen isotope analysis and every 2 cm for organic matter (OM)
analysis, respectively.

3.1. Age model

Benthic foraminifer Cibicidoides wuellerstorfi (Fig. 3a; shell size
> 400 lm) was picked for isotope analysis, as described by Huang
and Tian (2012). The age model for core MD05-2896 (Tian et al.,
2010) and that for the upper part of MD05-2897 (Huang and
Tian, 2012) were constrained by a set of planktonic foraminiferal

14C age values. For the lower part of MD05-2897, the age model
(Huang and Tian, 2012) was established through tuning the plank-
tonic foraminiferal d18O values to Chinese stalagmite d18O values
(Wang et al., 2008) records and tuning the benthic foraminiferal
d18O record to the global benthic d18O stack LR04 (Lisiecki and
Raymo, 2005). Consequently, the integrated upper 13 m sediment
core (upper 2 m of MD05-2896 and 0.7–13 m of MD05-2897)
represent deposition over the last ca. 175 ka, from MIS 6 to the
Holocene. Thus, the time resolution averages ca. 1000 yr for the
d18O samples and ca. 90–400 yr for the organic proxies.

3.2. Lipid extraction and liquid chromatography–mass spectrometry
(LC–MS)

Ca. 5 g freeze dried sample were extracted ultrasonically (5!)
using dichloromethane (DCM)/MeOH (3:1, v:v), after adding a C46

GDGT as internal standard. The total lipid extract (TLE) was sepa-
rated into two parts. One was concentrated for GDGT analysis fol-
lowing the method described by Hopmans et al. (2004) and
Schouten et al. (2007), and the other part was preserved for alkane
and alkenone analysis. A detailed description can be found else-
where (Wei et al., 2011). Briefly, separation was performed with
a Prevail Cyano column (2.1 mm ! 150 mm ! 3 lm diameter;
Grace, USA) in an Agilent 1200 high performance liquid chroma-
tography (HPLC) instrument maintained at 30 "C. Injection volume
varied from 10 to 20 ll. GDGTs were eluted isocratically with 99%
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Fig. 2. Maps of the SCS for the last glacial maximum stage. Blue dashed lines mark the paleo-Sunda river; the red cross label shows the position of MD05-2896/7; red solid
lines indicate two sections from the river mouths of the Mekong (A and B) and the paleo-Sunda (C and D) to core MD05-2896/7 (ca. 1650 m; vertical red dashed line),
respectively (for interpretation of the references to color in this figure legend, the reader is referred to the web version of the article).
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hexane and 1% propanol for 5 min, followed by a linear gradient to
1.8% propanol in 45 min with a flow rate of 0.2 ml/min. Detection
was achieved using an Agilent 6460 triple quadrupole mass spec-
trometer with atmospheric pressure chemical ionization (APCI)
via selected ion monitoring (SIM) of [M+H]+ ions (in MS1). GDGTs
were quantified by integration of peak areas of both target GDGTs
and a known concentration of internal standard. The LC-MS detec-
tion limit for C46 GDGT here was 30 pg with a signal to noise ratio
(SNR) > 10.

3.3. GDGT indices

The BIT index was calculated as follows (Hopmans et al., 2004),
with roman numbers corresponding to the structures in Fig. 1:

BIT ¼ ½VI$ þ ½VII$ þ ½VIII$
½V $ þ ½VI$ þ ½VII$ þ ½VIII$

ð1Þ

We also determined the MBT and CBT ratios based on the origi-
nal definitions of Weijers et al. (2007c):

MBT¼ ½VI$þ ½VIb$þ ½VIc$
½VI$þ ½VIb$þ ½VIc$þ ½VII$þ ½VIIb$þ ½VIIc$þ ½VIII$þ ½VIIIb$þ ½VIIIc$

ð2Þ

CBT¼( log
½VIb$þ ½VIIb$
½VI$þ ½VII$

ð3Þ

The terrigenous atmospheric temperature and soil pH were calcu-
lated from MBT and CBT using the following equations defined by
(Weijers et al., 2007c):

MBT ¼ 0:122þ 0:187! CBTþ 0:020!MAAT ð4Þ
CBT ¼ 3:33( 0:38! pH ð5Þ

Re-calibration using the method described by Peterse et al.
(2012) showed only a relatively minor increase in correlation coef-
ficients between br GDGT proxies and related environmental
parameters compared with those obtained from the cited
equations.

4. Results

Measurements and data for all the samples are given in the
table in the Supplementary Information.

4.1. Abundance and distribution of iso GDGTs and br GDGTs

Five iso GDGTs and nine br GDGTs (Fig. 1) were detected in all
the sediment samples from MD05-2896/7, with abundance being
normalized on the dry wt. of sediment (ng/g). The abundance of
iso GDGTs (Fig. 3b) varied between ca. 200 and ca. 2000 ng/g and
accounted for ca. 90% of the total GDGTs. The abundance of br
GDGTs varied between ca. 20 and ca. 160 ng/g, making up the
remaining 10% of the total GDGTs in most samples. Crenarchaeol
represented ca. 60% of all iso GDGTs, while br GDGTs VI and VIII
accounted for ca. 35% and 31% of all br GDGTs, respectively. The
absolute abundance of br GDGTs (Fig. 3c) showed a general trend
following glacial–interglacial fluctuations, with an average concen-
tration of ca. 80 ng/g in glacial or up to a maximum of ca. 120 ng/g
in the later MIS 6, with only ca. 30 ng/g mean abundance for MIS 1
and MIS 5. In contrast, the iso GDGTs showed a decreasing trend
from ca. 2000 ng/g at 120 ka to ca. 600 ng/g at 65 ka, before fluctu-
ating moderately between ca. 800 ng/g and ca. 200 ng/g in the
youngest interval, thereby lacking typical glacial–interglacial fea-
tures (Fig. 3b).

4.2. BIT index

BIT (Fig. 3d) varied between ca. 0.05 (MIS 1 and 5) and ca. 0.3
(later MIS 3) with apparent glacial–interglacial fluctuation. In
detail, both MIS 1 and MIS 5 were marked by low BIT values
between 0.03 and 0.08 (0.05 on average), while relatively high val-
ues occurred in glacial intervals. For example, BIT varied from 0.05
to 0.36 (0.11 on average) during MIS 2, MIS 4, MIS 6, and MIS 3.

4.3. MBT and CBT indices

MBT varied from 0.2 to 0.8, with relatively lower values (0.21–
0.43) occurring in the interglacial periods MIS 1 and MIS 5 and
higher values (0.31–0.76) in the glacial periods MIS 2, MIS 3 and
MIS 4 (Fig. 3e). CBT displayed a similar range and pattern as
MBT, with lower values (0.17–0.58) in the interglacial periods
MIS 1 and MIS 5 and higher values (0.33–1.0) in the glacial periods
MIS 2, MIS 3, MIS 4 and MIS 6 (Fig. 3f).

Fig. 3. Various analytical results from core MD05-2896/7. (a) Benthic foraminifer
Cibicidoides wuellerstorfi d18O stratigraphy marked with Marine Isotope Stages
(MISs) 1–6; (b) absolute abundance of iso GDGTs; (c) absolute abundance of br
GDGTs (red); (d) BIT record; (e) MBT record (blue); (f) CBT record (pink); (g) MBT/
CBT-derived MAAT (blue); (h) CBT-derived pH (pink), the black dashed straight line
indicating the boundary between acidity and alkalinity; (i) global relative sea level
(RSL) (Waelbroeck et al., 2002). Thin line and coarse line in (b–h) represent the
original data and the 5 point moving average, respectively (for interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article).
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4.4. MBT/CBT-derived temperature

The MBT/CBT-derived temperature (Fig. 3g) showed a trend in
anti-phase with the glacial–interglacial cycle, with low tempera-
ture in interglacial periods and high temperature in glacial inter-
vals. Specifically, the MBT/CBT-derived temperature varied
between 4 and 16 "C in the interglacial periods MIS 1 and MIS 5,
with an average of around 5.29 "C. In the glacial periods MIS 2,
MIS 3, MIS 4 and MIS 6, the MBT/CBT-temperature varied, how-
ever, between 11 and 16 "C, with an average value around 13.48 "C.

4.5. CBT-derived pH

The calculated pH (shown in Fig. 3h) displayed a similar pattern
as CBT because of their functional relationship, with high pH values
corresponding to lower CBT in interglacial intervals, and vice versa
for the glacial periods. On average, the CBT-derived pH varied
between 7.23 and 8.32 (7.73 on average) in MIS 1 and MIS 5, but
fluctuated between 6.03 and 7.89 (6.88 on average) during MIS 2,
MIS 3, MIS 4 and MIS 6.

5. Discussion

5.1. Source of br GDGTs in the southern SCS sediments

As pointed out by Rueda et al. (2009), a key issue in the expla-
nation of br GDGT-based paleo proxies in a specific geographical
region is the origin and source of the br GDGTs. The popular view
of br GDGTs in coastal marine sediments is that they are trans-
ported by rivers from the drainage basin soils, and should thus rep-
resent the organic characteristics of the drainage basin. However,
recent findings of in situ production of br GDGTs in anoxic parts
of the water column (Liu et al., 2014) and/or sediments in
restricted fjords (Peterse et al., 2009), and even distal marine sed-
iments (Weijers et al., 2014), have made this assumption invalid.

BIT was developed to trace the terrigenous influence of OM in
the marine environment (Hopmans et al., 2004), which indicates
a strong terrigenous input when BIT is > 0.8 and a weak terrigenous
input when it is < 0.2 (Schouten et al., 2012). In this study, the
majority of BIT values were < 0.2, suggesting weak or minimal ter-
rigenous input to the region of the SCS where the core was
obtained. In particular, BIT was < 0.1 during the interglacial periods
and a better correlation (Fig. 4) between

P
(iso GDGTs) and

P
(br

GDGTs) was seen for the interglacial periods (R2 0.82) than the gla-
cial periods (R2 0.72), which suggests that there are different pro-
duction and delivery dynamics for interglacial vs. glacial periods.
As discussed in the following sections, we attribute the iso GDGTs
and br GDGTs to marine production during interglacial periods,
whereas the br GDGTs are attributed to enhanced terrestrial input
and the increase in iso GDGTs to nutrient stimulation from terres-
trial input (Ge et al., 2014) during glacial times.

Recently, Fietz et al. (2013) proposed that eolian input of br
GDGTs might impact on the br GDGT signal, especially in distal open
ocean settings, by collecting atmospheric dust samples off north-
west Africa containing br GDGTs. However, an eolian input of br
GDGTs to the southern SCS might not be likely due to the high pre-
cipitation and plant coverage in southeast Asia (Wang et al., 2009),
which would reduce suspended dust in the atmosphere during both
glacial and interglacial intervals. This is supported by the pollen evi-
dence, which shows that, while eolian and current transport are pri-
marily responsible for pollen distribution in the northern SCS, the
pollen distribution pattern is controlled mainly by the fluvial and
offshore current transport in the southern SCS (Sun et al., 1999).
Thus, eolian transport of br GDGTs may play only a minor role in
both glacial and interglacial periods in the southern SCS.

The distance between our site and the paleo-river mouth varied
significantly between glacial and interglacial cycles, which was
manifested in the relative sea level change. As a result, BIT varia-
tion compared well with the relative sea level (RSL) change
(Fig. 3i; Waelbroeck et al., 2002), showing higher BIT values corre-
sponding to relatively low sea level and vice versa. This suggests
that change in relative sea level ultimately controlled the variation
in BIT over glacial–interglacial cycles. This is consistent with the
observations of Sluijs et al. (2011), which demonstrated that
increasing distance from the river month would decrease the BIT
values during the interglacial period when the Paleocene–Eocene
Thermal Maximum occurred.

5.2. Bottom water temperature recorded during interglacial periods

Paleo continental temperature estimates based on MBT/CBT
have been reported for the Congo Basin (Weijers et al., 2007a)
and East Asia (Peterse et al., 2011) with high values corresponding
to higher continental temperature. However, the MBT/CBT-derived
MAAT in this study exhibits an anti glacial–interglacial pattern,
with calculated temperature values higher in the glacial periods
and lower in the interglacial periods (Fig. 5a). Moreover, on the
precessional scale (20 ka), we observed that MBT/CBT-derived
MAAT values (Fig. 5a) were coupled with UK0

37-derived SST
(Fig. 5b; Dong et al., 2014) in glacial periods MIS 3 (from 3 to
65 ka) and MIS 6 (from 130 to 175 ka), but were decoupled in
interglacial periods MIS 1 and MIS 5, which further demonstrates
that the MBT/CBT-derived MAAT might be applicable to glacial
periods but not to the interglacial intervals.

One probable explanation for this ‘‘abnormal’’ variability in
MBT/CBT-derived MAAT is the deficiency of br GDGT transport
from a terrigenous source and the dominance of marine in situ pro-
duction of br GDGTs during the interglacial intervals. A threshold
of BIT of 0.1 or higher (Fig. 5c) for the application of the br GDGTs
proxies was introduced by Weijers et al. (2014). These authors also
showed that the br GDGTs in sea sediments were produced mainly
in situ rather than deposited from the overlying water column.
Thus, we speculate that the MBT/CBT-derived low temperature
(ca. 5 "C) during the interglacial periods in our record largely
reflects the surface sediment or bottom water temperature (ca.
4 "C) rather than reflecting continental MAAT. Zell et al. (2014),
examining a drop in MBT/CBT-derived MAT around 11.5 ka at
ODP Site 942 off the Amazon fan (Bendle et al., 2010), also specu-
lated that marine in situ production of br GDGTs biased the soil pH
and MAT calculation.

The br GDGT composition was distinct between the glacial and
interglacial periods as shown in Fig. 6, with br GDGT VIII dominant
(ca. 50% of total br GDGTs) in the interglacial periods and br GDGT
VI dominant in the glacial periods. This implies that marine br

Fig. 4. Plot of concentration of iso GDGTs and br GDGTs for interglacial (IG, MIS 1
and MIS 5) and glacial (G, MIS 2, MIS 3, MIS 4 and MIS 6) periods, respectively.
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GDGTs may be produced by bacteria distinct from those of terrig-
enous origin dominating in the glacial periods.

Another possibility for low temperature estimates for intergla-
cials may be due to post-depositional oxidation, which could change
BIT as well as MBT/CBT values, especially in sediments with a low
amount of br GDGTs; in detail, oxidation would result in both higher
CBT (lower pH) and MBT value (higher MAT; Lengger et al., 2013).
Our core would be surrounded by oxidized tropical soil, if most br
GDGTs represented a mainly terrigenous input during interglacial
periods, and the CBT-derived pH and MBT/CBT-derived MAAT might
be biased by the oxidation conditions, with a lower pH and higher
MAAT. Huguet et al. (2008) illustrate that the br GDGTs are more sta-
ble than iso GDGTs, so we speculate that the oxidation would
increase the BIT value. Obviously, this scenario does not make sense
for our records, because CBT-derived pH is higher, and MBT/CBT-
derived MAAT and BIT are lower during interglacial periods.

5.3. Relationship between soil pH and paleohydrology and implication
for teleconnection during glacial periods

Yang et al. (2014) recently reported a negative correlation
between MBT/CBT and pH in Chinese alkaline and arid soils, in

contrast to a positive correlation in acid soils from a global dataset,
indicating a reverse effect of pH on these proxies between acid and
alkaline soils. The CBT-derived pH of MD05-2896/7 [based on Eq.
(5)] is characterized by pH values of 6.3–7 during glacial periods,
which is consistent with the well developed acidic soil (pH varying
between 5 and 6) of modern Southeast Asia (van Noordwijk et al.,
1997). However, during interglacial periods, the CBT-derived pH
ranges from 7.5–8.3, with average values similar to the modern
ocean water pH of ca. 8. This finding implies that the in situ pro-
duced marine br GDGTs were substantial in dictating the overall
br GDGT signal by suppressing the soil-derived br GDGTs during
interglacial periods, which is supported by modern observations
that the CBT-derived pH values increase seaward (Chen et al.,
2004; Zhou et al., 2014; equivalent to a rise in sea level during
interglacial periods). Zell et al. (2014) also illustrate that the distri-
bution of br GDGTs produced in the ocean reflects its environment.

The applicability of CBT-derived pH in the glacial periods (MIS 2,
MIS 3, MIS 4 and MIS 6) may have implications for paleohydrology in
Southeast Asia. It would be expected that an increase in precipita-
tion might lead to enhanced soil acidification due to soil leaching,
thereby lowering soil pH (Pierson-Wickmann et al., 2009;
Castañeda et al., 2010). Thus, the relatively higher pH derived from

Fig. 5. (a) MBT/CBT-derived MAAT and (b) UK0
37 -derived annual mean sea surface temperature (SST; Dong et al., 2014); (c) BIT record of MD05-2896/7; (d) CBT index of MD05-

2896/7 (pink); (e) dD record of Antarctic ice core record (Augustin et al., 2004). The red dashed line marks the mismatching boundary of BIT (0.1); (f) zonal SST difference
DSSTW-E (black) between southern SCS (MD05-2896/7) and eastern equatorial Pacific (TR163-19, Lea et al., 2000). Thin line and coarse line in (a–d) represent the original data
and the 5 point moving average, respectively (for interpretation of the references to color in this figure legend, the reader is referred to the web version of the article).
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CBT in glacial periods than for the present continental soil pH prob-
ably corresponds to reduced precipitation during these periods, as
demonstrated by pollen (Wang et al., 2009) and leaf wax studies
(Li et al., 2013).

Surprisingly, the CBT record (Fig. 5d) in the SCS matches well
(R2 0.62, p < 0.001) with the dome C dD record (Fig. 5e) of the Euro-
pean Project for Ice Coring in Antarctica (EPCA; Augustin et al.,
2004), on both millennial (e.g. MIS 3) and glacial–interglacial time-
scales. This may indicate a teleconnection of oceanic currents and
atmospheric circulation. The impact of oceanic currents may, how-
ever, have been limited, as revealed by the non-phase difference
between the CBT record and the Antarctic record, and by the fact
that the SCS is a semi-enclosed basin, and was especially so during
glacial periods. On the other hand, Vance et al. (2013) pointed out
that the Antarctic and low latitude climate co-dynamics might be
triggered and maintained by the atmospheric teleconnection
between the ENSO-forced sea surface temperature and sea level
pressure anomalies in the Central-Western Equatorial Pacific
(CWEP) and the atmospheric anomalies in the South Pacific sector
of the Southern Ocean during austral winter. Noticeably, our CBT
results show higher pH periods (A1, A2, A3, A4) corresponding to
the El Niño state during MIS 3 (Fig. 5f; Dong et al., 2014), with rel-
atively lower precipitation in the region, thereby supporting the
hypothesis of Vance et al. (2013). In addition, Ding et al. (2011)
observed that, on interannual timescales, Southern Hemisphere
(SH) teleconnections correspond to sea surface temperature fluctu-
ation in the Pacific. Thus the teleconnection between Antarctic and
Southeast Asia probably existed at both millennial and glacial–
interglacial timescales.

6. Summary and perspectives

Br GDGTs in a sediment core from the southern SCS spanning
the past 180 ka were studied. The results show that the total
abundance of br GDGTs varied between glacial and interglacial
periods, with the former showing consistently higher br GDGT

concentration than the latter. The terrigenous input index, BIT,
indicated a major control by relative sea level change, with low
values occurring at high sea level during interglacial periods. The
soil pH and MAAT derived from the MBT/CBT proxies indicated
that the br GDGTs produced in situ in the ocean overwhelmed
the effect of the terrigenous soil input during high sea level peri-
ods, which therefore reflect pH and temperature of the marine
environment, whereas, during glacial periods, CBT in the SCS and
dD record in Antarctic appear to co-vary at both millennial and gla-
cial–interglacial scales, implying that a teleconnection existed
between Antarctic and southeast Asia. The study demonstrates
that br GDGTs from the open ocean provide a valuable resource
for studying global climate change in the context of terrigenous
and marine interaction at short and long timescales.
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