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Archaea have unique glycerol dialkyl glycerol tetraether (GDGT) lipids that can be used to develop
paleotemperature proxies such as TEX86. This research is to validate proposed GDGT-proxies for paleotemperature determination in the South China Sea (SCS). Samples were collected from core-top sediments (0e5 cm) in the northern SCS. Total lipids were extracted to obtain core GDGTs, which were
identiﬁed and quantiﬁed using liquid chromatography-mass spectrometry (LC-MS). The abundance of
isoprenoidal GDGTs (iGDGTs) ranged from 271.5 ng/g dry sediment to 1266.3 ng/g dry sediment, whereas
the branched GDGTs (bGDGTs), supposedly derived from terrestrial sources, ranged from 22.2 ng/g dry
sediment to 56.7 ng/g dry sediment. The TEX86-derived sea surface temperatures ranged from 20.9  C in
the coast (water depth < 160 m) to 27.9  C offshore (water depth > 1000 m). TEX86-derived temperatures
near shore (<160 m water depth) averaged 23.1  2.5  C (n ¼ 4), which were close to the satellite-derived
winter mean sea surface temperature (average 22.6  1.0  C, n ¼ 4); whereas the TEX86-derived
temperatures offshore averaged 27.4  0.3  C (n ¼ 7) and were consistent with the satellite mean annual
sea surface temperature (average 26.8  0.4  C, n ¼ 7). These results suggest that TEX86 may record the
sea surface mean annual temperature in the open ocean, while it likely records winter sea surface
temperature in the shallower water.
Ó 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.
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1. Introduction
The three domains of life (Archaea, Bacteria and Eukarya) all have
cell membranes composed of lipids and proteins. Tetraether linked
isoprenoidal chains are typical of archaeal membranes, which are
commonly known as glycerol dialkyl glycerol tetraethers (GDGTs).
GDGTs can serve as important fossil biomarkers indicating microbial
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community structures in the past. Fig. 1 shows the common structures of isoprenoidal GDGTs (iGDGTs) from archaea, in which GDGT0e4 denote the number of cyclopentyl rings shared among the two
biphytane moieties, while a special GDGT called crenarchaeol
contains one cyclohexyl ring and four cyclopentyl rings.
Also presented in Fig. 1 are branched GDGTs (bGDGTs) known as
bacterial lipids that occur predominantly in terrestrial environments, especially in soil and peat bogs (Sinninghe Damsté et al.,
2002a; Hopmans et al., 2004; Weijers et al., 2007). Speciﬁcally,
GDGTs IeIII (Fig. 1) containing two C28 alkyl chains are distinguished by the number of methyl groups and the number of
cyclopentane moieties (0e2).
Measurements of GDGTs illuminate the taxonomic composition,
abundance, and activity of archaea and bacteria in the natural
environment (e.g. Schouten et al., 2002; Hopmans et al., 2004;
Wuchter et al., 2004; Lipp et al., 2008; Huguet et al., 2010a; Wei
et al., 2011; Jia et al., 2012; Zhang et al., 2012). Particularly, GDGTs
were used in developing paleo-climate proxies. For example, the
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Figure 1. The common structures of isoprenoidal GDGTs in archaea and branched GDGTs in bacteria. GDGTs: glycerol dialkyl glycerol tetraethers.

TEX86 (TetraEther Index of tetraethers consisting of 86 carbons)
proxy for mean annual sea surface temperature (SST) is based on
the distribution of iGDGTs synthesized by pelagic crenarchaeota
(Schouten et al., 2002; Wuchter et al., 2004; Kim et al., 2008). Kim
et al. (2010) reﬁned the original proxy further into TEXH86 and
TEXL86 for non-polar oceans (with annual SST>15  C) and polar
oceans (with annual SST<15  C), respectively. The BIT (branched vs.
isoprenoidal tetraether) index, representing the relative proportions of terrestrial bacterial lipids (bGDGTs) and marine crenarchaeotal lipids (crenarchaeol), has been proposed to track the
relative contributions of soil organic matter (OM) in the aquatic
sediments (Hopmans et al., 2004). The integration of multiple
proxies including TEX86, Alkenones (UK’37), BIT, has been widely
used in paleo-climate research, which allows us to better evaluate
the past SST and terrestrial input.
Compared with studies on GDGT-proxies in other oceanic
regions (e.g. the Gulf of Mexico, Black Sea, and Arabian Sea) (e.g.
Sinninghe Damsté et al., 2002b; Zhang et al., 2006; Wakeham et al.,
2007), research on marine archaea in the SCS is gaining popularity
only recently (e.g. Wang et al., 1999; Hu et al., 2011; Wei et al., 2011;
Jia et al., 2012; Zhang et al., 2012). As the largest marginal sea in the
western Paciﬁc Ocean, the SCS stands in a unique position for
microbial and biogeochemical studies because of its special location in the biggest modern marine and terrestrial biodiversity zone,
and its high sensitivity to climate change (Wang et al., 2008). A
number of proxies (e.g. d18O, Mg/Ca ratio of planktonic foraminifera, the UK’37) have been applied in the reconstruction of past SST
in the SCS. Recently a few studies about archaeal distributions and
GDGT-based proxies have also been conducted in the SCS (e.g. Wei
et al., 2011; Jia et al., 2012; Zhang et al., 2012). In particular, Wei
et al. (2011) and Jia et al. (2012) found discrepant relationships
between TEX86-derived SST and annual/seasonal satellite
temperatures.
This study aims to validate the TEX86 proxy for paleotemperature study in the South China Sea. Our results indicate that the
TEX86 could record the sea surface mean annual temperature in the
open ocean. In the shallower water, TEX86-derived temperature
likely reﬂects winter sea surface temperature instead of the sea

surface mean annual temperature. However, terrestrial transport
and in situ production of archaeal lipid in surface sediments, as well
as other unknown variables, may also contribute to the abnormal
TEX86 values in the coastal environment.
2. Material and methods
2.1. Sample collection
A total of 11 core-top sediment samples (0e5 cm depths) were
collected from the northern SCS, with water depths ranging from
52 to 2456 m. The samples were collected using a Gray O’Hara box
corer or a deep-sea sediment grab sampler and stored in a 20  C
freezer during the cruise and at 80  C after returning to the
laboratory before analysis.
These samples represent different sedimentary environments
including the coast areas close to the Pearl River, Taiwan Island,
Hainan Island and Luzon Island, and offshore samples among
Shenhu area and Dongsha Island (Fig. 2, Table 1). Sediment organic
carbon (OrgC) and nitrogen (OrgN) contents were measured with
a PE 2400 Series II CHNS/O elemental analyzer (Perkin Elmer,
Norwalk, CT, USA). The concentration of OrgC ranged from 0.28% to
1.32% with an average value of (0.87  0.35)% (n ¼ 11) and that of
OrgN ranged from 0.03% to 0.17% with an average value of
(0.11  0.14)% (n ¼ 11). The resulting OrgC/OrgN ratios (7.5e11.2)
suggest that organic carbon in these samples is predominantly
marine origin (Table 1).
2.2. Lipids extraction and fractionation
After freeze-drying and grinding, about 5 g of each sample was
spiked with an internal standard (C46 GDGT, 974 ng; Huguet et al.,
2006b) for lipid extraction. The samples were ultra-sonically
extracted (modiﬁed according to Huguet et al., 2010b) with DCM
(2), DCM/MeOH (1:1, V/V) (2) and MeOH (1), respectively. All
supernatants were combined and dried under a ﬂow of N2 gas.
The obtained lipids were fractionated into a non-polar-fraction
(F1) and a polar-fraction (F2) using the silica gel column
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Figure 2. The diagram of the northern South China Sea (SCS) and sample locations (dots in different colour are grouped according to the cluster analysis) in this work.

chromatography. In brief, the total extract was dissolved in nhexane: DCM (9:1, V/V) and transported into a glass pipette column
ﬁlled with pre-activated silica gel (kept in the oven over night at
70  C) and sequentially eluted with n-hexane: DCM (9:1, V/V) to
obtain the F1 and with DCM: MeOH (1:1, V/V) to obtain the F2.
The F2 containing GDGTs was dried under N2 and re-dissolved in
hexane: isopropanol (99:1, V/V) and ﬁltered through a 0.45-mm
PFTE ﬁlter. Subsequently, the ﬁltered F2 was dried again and
re-dissolved in 300 mL hexane: isopropanol (99:1, V/V). Then 5 mL of
the re-dissolved F2 will be injected for analysis on the Liquid
Chromatography-Mass Spectrometry (LC-MS).
2.3. GDGT analysis and quantiﬁcation
Analyses of GDGTs were performed on an Agilent 1200 liquid
chromatography (equipped with an automatic injector coupled to
QQQ 6460 MS and Mass Hunter LC-MS manager software) and
followed a method that was slightly modiﬁed from Hopmans et al.

(2004) and Schouten et al. (2007). Separation of compounds was
achieved by a Prevail Cyano column (2.1  150 mm, 3 mm; Alltech,
Deerﬁeld, Illinois, USA) equipped in the LC-MS while maintained at
40  C. The injection volume was 5 mL. The GDGTs were ﬁrst eluted
with (A) hexane and (B) isopropanol as 99% A and 1% B for 5 min,
then in 45 min follow a linear gradient to 1.8% B. The ﬂow rate was
0.2 mL/min. After each analysis the column was cleaned by back
ﬂushing with hexane/isopropanol (90:10, V/V) at 0.2 mL/min for
10 min.
Detection was performed using Agilent 6460 triple-quadrupole
spectrometer MS with atmospheric pressure chemical ionizationmass (APCI). Conditions for APCI/MS were as follows: nebulizer
pressure 60 psi, vaporizer temperature 400  C, drying gas (N2) ﬂow
5 L/min and temperature 200  C, capillary voltage 3.5 kV, corona
5 mA (3.2 kV). Single ion monitoring (SIM) mode was used to detect
seven iGDGT (m/z 1302, 1300, 1298, 1296, 1294, 1292 and 12920 (for
crenarchaeol and crenarchaeol regioisomer)) and seven bGDGTs
(1050, 1036, 1034, 1032, 1022, 1020, 1018), and the C46 GDGT

Table 1
Location and water chemical parameters at each station in this work.
Environmental
factors

Longitude ( E)

Latitude ( N)

Water depth (m)

Temperature ( C)

OrgC (organic C, %)

OrgN (organic N, %)

OrgC/OrgN

Stations

114 23.1630
110 41.8350
111 18.0960
111 29.0290
114 34.4770
115 12.9710
115 29.3730
111 3.7100
112 0.0170
119 30.0600
112 0.7930

21 50.5250
18 59.9950
19 0.1020
18 59.8970
19 43.3410
19 54.2560
19 59.5810
18 1.9080
18 29.8100
22 0.3160
18 0.3410

52
65
131
154
1050
1120
1300
1548
1800
2441
2456

21.9
20.5
17.7
17.4
5.2
3.6
3.4
5
4.7
5.5
3.8

1
0.28
0.76
0.47
1.32
1.32
1.27
0.96
0.67
0.63
0.94

0.1
0.03
0.08
0.06
0.16
0.15
0.17
0.12
0.06
0.08
0.11

10
9.3
9.5
7.8
8.3
8.8
7.5
8
11.2
7.9
8.6

A3
E501
E504
E505
CF11
CF14
CF15
CF8
E407
CF6
E422
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Figure 3. Abundance of total core GDGTs in core-top sediments from the northern SCS. The blue rectangle: abundance of total iGDGTs, the red rectangle: abundance of total
bGDGTs. Note: E407 was located close to Luzon Island, with the water depth of 1800 m but a relative low total iGDGTs value of 354.77 ng/g.

internal standard (m/z 744), with a dwell time of 237 ms per ion.
The analytical error for TEX86 was better than 0.008 for all
samples, which corresponded to about 0.4  C using the calibration from Kim et al. (2010).
2.4. GDGT proxy calculations
(1) TEX86 was calculated based on the equation from Schouten
et al. (2002):

TEX86 ¼

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

SST ¼ 56:2  TEX86  10:78
SST ¼ 68:4  TEXH
86 þ 38:6
(3) BIT index (Symbols IeIII are three types of bGDGTs
mentioned in Fig. 1) was calculated according to Hopmans
et al. (2004):

BIT ¼

I þ II þ III
I þ II þ III þ Cren

2.5. Statistical analysis and the derivation of satellite data
(2) TEX86-derived sea surface temperatures (SSTs) were calculated
according to Kim et al. (2008) and Kim et al. (2010) (TEXH86 is
the logarithmic function of TEX86):

Cluster analyses were performed using relative abundance of
archaeal GDGTs to evaluate the relationships among lipid

Figure 4. Cluster analysis of relative abundances of GDGTs in core lipids of archaea from core-top sediments of the northern South China Sea. Also plotted are water depths with
corresponding station names where the core-top sediment samples were collected.
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compositions. The dendrogram of the cluster analysis was constructed with R programming language software (freeware available
at http://cran.r-project.org/) using Euclidean distance measure and
ward linkage.
The satellite-derived SST (annual composite sea surface
temperatures in the past 20 years) was obtained from the World
Ocean Atlas 2005 (WOA05) provided by the National Oceanographic Data Center datasets.
(NODC: http://www.nodc.noaa.gov/OC5/WOA05/pr_woa05.html).
3. Results and discussion
3.1. Abundance and distribution of iGDGTs and bGDGTs in core-top
sediments from the northern SCS
In general, the absolute concentration (ng/g dry sediment) of
iGDGTs increased with water depth while bGDGTs remained relatively low at all stations (Fig. 3). The abundance of iGDGTs ranged
from 271.52 ng/g dry sediment to 1266.31 ng/g dry sediment, with
the highest value occurring at the site CF15 (water depth ¼ 1300 m,
Fig. 2) and the lowest value occurring at the site E501 (water

227

depth ¼ 65 m, Fig. 2). The increase in iGDGTs seaward is in contrast
to Wei et al. (2011), who studied a greater area in the SCS. However,
the abundance of iGDGTs is consistent with that (100e900 ng/g dry
sediment) reported in Wei et al. (2011). The observation that
concentration of iGDGTs is lower in shallow marine sediment but
higher in deep-water may be due to greater productivity of marine
archaea in the open ocean. However, the exact mechanism is still
unknown. The abundance of bGDGTs was much lower ranging from
21.24 ng/g dry sediment to 56.74 ng/g dry sediment, with the
highest value occurring at site A3 (water depth ¼ 52 m, Fig. 2). This
is consistent with Wei et al. (2011), who observed that the total
bGDGTs ranged from 3.14 ng/g dry sediment to 38.72 ng/g dry
sediment and occurred only in the shallower (<160 m) water. The
observed iGDGT concentrations in the SCS are lower than what are
reported in other oceanic settings, indicating a lower production of
archaea in the SCS, an observation consistent with previous
conclusion that the SCS is an oligotrophic environment (Liu et al.,
2003).
From the cluster analysis in Fig. 4, GDGT-0 (caldarchaeol,
16.11e23.04%) and GDGT-5 (crenarchaeol, 56.54e68.81%) were the
two most abundant iGDGTs in the northern South China Sea,

Figure 5. Annual mean sea surface temperatures (satellite-based with average of the past 20 years, dashed line with black dots), TEX86-derived temperatures for core-top sediment
samples (green triangle according to Kim et al., 2008, red square according to Kim et al., 2010) and BIT values (blue dots) vs. water depth.
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Figure 6. (A) Comparison between TEX86 values and water depth, blue square (data in this work) and blue star (data from Wei et al., 2011) represent shallow-water samples
(<160 m), red square represent deep-water samples (>1000 m); (B) Comparison between BIT values and OrgC/OrgN, green square represent all samples in this work.

whereas relative abundances of the other components were minor
but remained relatively constant among the different depositional
settings. The cluster analysis distinguished samples into three
groups (with the water depth <160 m, 1000e1500 m and >1500 m,
respectively), which indicates that the distribution of archaeal
lipids changes from the shallow-water zone (<160 m) to the deepwater zone (>1000 m). The deeper water samples may harbour an
archaeal community that is distinct from that of the shallow-water.
3.2. Indication from BIT, TEX86 and TEX86-derived temperatures
The BIT values in our samples averaged 0.05  0.03 (n ¼ 11) and
ranged from 0.03 to 0.13 (Fig. 5), which indicated insigniﬁcant
signals from the continental environments (Hopmans et al., 2004;
Weijers et al., 2007). We also assessed the potential effect of soil
derived GDGTs on the TEX86 proxy by correlating BIT values with
TEX86 values and found no signiﬁcant correlation. Instead, there is
a close correlation between BIT and OrgC/OrgN ratios (Fig. 6B), with
both high BIT and OrgC/OrgN values indicating high terrestrial
input. All the above suggested that soil derived GDGTs had little
effect on the temperature signals from GDGT-based indices in our
samples.
The TEX86 values calculated according to Schouten et al. (2002)
ranged from 0.55 to 0.65 in the samples from water depths <160 m,
and from 0.68 to 0.70 in the samples from water depths >1000 m.
The average value of TEX86 from soil samples along the Pearl River
was 0.74 (our unpublished data). These data indicate that the lower
TEX86 value from the shallow-water depth could not be the result of
terrestrial contamination, thus supporting the conclusion from the
BIT result. On the other hand, a signiﬁcant correlation (R2 ¼ 0.9549)
exists between water depth and the TEX86 value near shore
(<160 m), with TEX86 value increasing with greater water depth.

At the offshore sites (>1000 m), the TEX86 values remained
relatively constant with water depth. The cluster analysis of iGDGTs
showed a relatively dominant abundance of crenarchaeol, which
derived from ammonia-oxidizing Archaea (AOA).
Compared to the open ocean, the coastal areas are more variable
in temperature, salinity and nutrients supply, which are potential
factors affecting the TEX86 values. In this study, the relatively low
TEX86 values in shallow-water may be caused by a combination of
winter signal (see below) and/or other physical, chemical, or biological processes that cannot be deﬁned at the moment.
The TEX86-derived temperatures according to Kim et al. (2010)
ranged from 20.9  C at the shallow-water station to 27.9  C at
the deep-water station. The calculated near shore (water
depth < 160 m) temperatures varied considerably (average
23.1  2.5  C, n ¼ 4) and were signiﬁcantly lower than satellitederived annual sea surface temperature (SST) (average
25.6  0.5  C, n ¼ 4), but were close to the satellite-derived winter
mean SST (average 22.6  1.0  C, n ¼ 4). The calculated offshore
(water depth > 1000 m) temperatures (average 27.4  0.3  C, n ¼ 7)
were compatible with satellite-derived mean annual temperatures
(average 26.8  0.4  C, n ¼ 7) (Fig. 5). The TEX86-derived temperatures according to Kim et al. (2008) showed slightly different
values (Fig. 5) but had a similar discrepancy compared with the
satellite-derived annual SST (Table 2).
The above results are partly in agreement with Wei et al. (2011)
as the surface sediment data included in Fig. 5. Our results suggested that the TEX86-derived temperatures in the SCS are consistent with annual SST in the open ocean at water depth >1000 m
(see Jia et al., 2012 however for other explanations). On the other
hand, TEX86-derived temperatures near shore were found to be
more consistent with winter SST. However, the underlying mechanism for such variation in TEX86 remains unknown.

Table 2
Temperature derived from TEX86, according to Kim et al. (2008) and Kim et al. (2010), respectively. The differences is obtained by subtracting TEX86-T ( C) from TEXH86-T ( C).
Sample ID

Water depth (m)

TEX86

TEX86-T ( C)

TEXH86-T ( C)

Difference

SCS
SCS
SCS
SCS
SCS
SCS
SCS
SCS
SCS
SCS
SCS

52
65
131
154
1050
1220
1300
1548
1800
2441
2456

0.55
0.55
0.62
0.65
0.68
0.68
0.69
0.69
0.69
0.70
0.68

20.89
21.10
24.46
25.96
27.33
26.96
27.45
27.56
27.57
27.93
27.02

20.18
20.40
24.13
25.94
27.68
27.20
27.84
27.97
27.99
28.46
27.28

0.71
0.70
0.33
0.02
0.35
0.24
0.38
0.41
0.42
0.53
0.26

A3
E501
E504
E505
CF11
CF14
CF15
CF8
E407a
CF6
E422

Note: TEX86-T is based on Kim et al. (2008); TEXH86-T is based on Kim et al. (2010).
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4. Conclusion
This study shows GDGT distributions in the northern SCS, the
largest marginal sea in the western Paciﬁc Ocean. Our results can be
summarized as the following:
There is a signiﬁcant increase in iGDGTs abundance (ranged
from 271.5 ng/g dry sediment to 1266.3 ng/g dry sediment)
offshore, while bGDGTs (ranging from 22.2 ng/g dry sediment to
56.7 ng/g dry sediment) show less difference in all sites. BIT values
range from 0.03 to 0.13, indicating minor effect of soil derived
GDGTs on the temperature signals discussed in this work. The
TEX86-derived temperatures according to Kim et al. (2008) and Kim
et al. (2010) show subtle differences and both agree with sea
surface mean annual temperature in the open ocean. But in the
coastal region, The TEX86-derived temperatures are close to winter
sea surface temperature.
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