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a b s t r a c t

The South China Sea (SCS) is the largest tropical marginal sea in the western Pacific Ocean. While the UK0

37

proxy is known to reflect the sea surface temperature (SST) of the 0–30 m mixed layer in the SCS, little is
known about the applicability of the TEX86 proxy. Here, we present results from paired analyses of TEXH

86, a
modified version of TEX86, and UK0

37 from core top sediment samples from the SCS. TEXH
86-based SST

calculated from the global regression exhibited slightly higher values (avg. 28.7 �C, range 27.1–30.3 �C)
than values from the World Ocean Atlas 1994 (avg. 27.4 �C, range 26.1–28.6 �C) and UK0

37-based temperature
values (avg. 27.3 �C, range 26.1–29.0 �C). Moreover, the linear relationship between TEXH

86 and SST was
poor (r2, 0.44). Correlation analysis of TEXH

86 with annual temperature and seasonal temperature at various
depths revealed that TEXH

86 correlated better with annual sea temperature at 30–125 m (r, 0.89) than with
temperature in the 0–30 m mixed layer (r, 0.69). This suggests that TEXH

86 reflects a deeper and cooler
subsurface temperature rather than surface or mixed layer temperature in the SCS. As a result, the global
regression, which results in higher SST values, could not be applied to predict subsurface temperature in
the SCS and a local calibration of TEXH

86 vs. 30–125 m subsurface temperature was tentatively established.
Furthermore, the difference between UK0

37 and TEXH
86 derived temperature (DTAlkenone–GDGT) correlated

moderately (r, 0.62) with the depth of the thermocline of the 18 �C isotherm in the SCS, suggesting that
the difference may provide a proxy for upper ocean vertical thermal gradient in this marginal sea.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Reconstruction of variation in ancient sea surface temperature
(SST) is essential for understanding past climate change. A range
of proxies for estimating past SST has been developed, including,
for example, d18O and Mg/Ca ratio of planktonic foraminifera
(Emiliani, 1955; Nurnberg et al., 1996), the UK0

37 proxy based on
the degree of unsaturation of C37 alkenones (Prahl and Wakeham,
1987) and the more recent TEX86 proxy and its derivatives, based
on glycerol dialkyl glycerol tetraethers (GDGTs) from Archaea
(e.g. Schouten et al., 2002; Kim et al., 2008, 2010).

The UK0

37 index is based on the abundance ratio of a diunsaturat-
ed C37 methyl alkenone and the total of di- and triunsaturated C37

methyl alkenones produced by a small group of haptophyte algae
thriving in the mixed layer, i.e. the coccolithophore Emiliana
huxleyi and related species (Volkman et al., 1980; Marlowe et al.,
ll rights reserved.
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1984; Brassell et al., 1986; Conte et al., 1995). A global calibration
of marine core top UK0

37 values with modern surface annual mean
temperature showed a linear relationship of UK0

37 ¼ 0:033� SSTþ
0:044 (Müller et al., 1998), which is generally considered to be a
robust SST proxy and widely used in ocean paleoclimate studies
(e.g. Herbert, 2003).

Isoprenoid GDGTs are biosynthesized by Archaea, which occur
ubiquitously in marine environments and are recognized as an
important component of prokaryotes in the oceans (e.g. Karner
et al., 2001; Herndl et al., 2005). These compounds contain 0–3
cyclopentyl moieties (GDGT-0 to GDGT-3) and a unique compound,
thaumarchaeol (formerly crenarchaeol) (and its regio isomer), with
a cyclohexyl moiety in addition to four cyclopentyl moieties
(Schouten et al., 2000; Sinninghe Damsté et al., 2002). Thaumar-
chaeol has been postulated as a biomarker for ammonia-oxidizing
Archaea (AOA) including marine Group I Crenarchaeota (de la Torre
et al., 2008; Pitcher et al., 2011 and references therein) and recently
placed in a new phylum, Thaumarchaeota (Brochier-Armanet
et al., 2008; Spang et al., 2010).

Core top studies show that the relative abundances of GDGTs
vary with temperature, allowing construction of a temperature
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Fig. 1. Study sites and SST in the SCS. Dots are sample sites in this study and circles
are those in previous studies (Shintani et al., 2011; Wei et al., 2011). Solid and
dashed lines are winter and summer isotherms, respectively. The three rectangles
are monsoon induced upwelling regions according to Liu et al. (2002). WU, winter
upwelling; SW, summer upwelling.
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proxy called TEX86 (Schouten et al., 2002) according to the follow-
ing formula:

TEX86 ¼
½GDGT-2� þ ½GDGT-3� þ ½Cren’�

½GDGT-1� þ ½GDGT-2� þ ½GDGT-3� þ ½Cren’�

where Cren’ is the region isomer of thaumarchaeol.
Initially, TEX86 was shown to correlate with SST on the basis of a

relatively small set of core top sediments (n = 44; Schouten et al.,
2002), and this was subsequently confirmed by way of mesocosm
experiments (Wuchter et al., 2004; Schouten et al., 2007), marine
sediment trap analysis (Wuchter et al., 2005) and more extensive
global core top datasets (Kim et al., 2008). More recently, modified
versions of TEX86, i.e. TEXL

86 and TEXH
86, have been proposed by Kim

et al. (2010):

SST ¼ 67:5� TEXL
86 þ 46:9 ðr2;0:86; n ¼ 396; �3—30 �CÞ ð1Þ

SST ¼ 68:4� ðTEXH
86 þ 38:6 ðr2;0:87; n ¼ 255; 5—30 �CÞ ð2Þ

where

TEXL
86 ¼ log

½GDGT-2�
½GDGT-1� þ ½GDGT-2� þ ½GDGT-3�

� �

TEXH
86 ¼ log TEX86

Eq. (1) is recommended for SST < 15 �C and Eq. (2) for SST > 15 �C
(Kim et al., 2010).

Although the TEX86 proxy has been used for reconstructing an-
cient SST values spanning the Cretaceous to the late Quaternary, it
remains uncertain as to how well it reflects annual mean SST. For
example, some studies have observed that TEX86 does not reflect
SST, but rather subsurface temperature due to additional produc-
tion of GDGTs below the mixed layer (Huguet et al., 2007; Lee
et al., 2008; Lopes dos Santos et al., 2010). Other studies have
shown that TEX86 may be biased towards summer temperature
in systems such as the Eastern Mediterranean and the Adriatic
Sea (Menzel et al., 2006; Castañeda et al., 2010; Leider et al.,
2010) or towards winter temperature in the southern North Sea
(Herfort et al., 2006) due to seasonality in growth of Tha-
umarchaeota. Moreover, marine GDGTs may also come from ar-
chaea living in the underlying sediment (Sorensen and Teske,
2006; Lipp et al., 2008; Shah et al., 2008; Lipp and Hinrichs,
2009) and in soil (Hopmans et al., 2004; Herfort et al., 2006; Kim
et al., 2006; Weijers et al., 2006a,b), which would influence GDGT
distributions and thus the accuracy of TEX86.

Other temperature proxies have their own but distinctly differ-
ent uncertainties. Application of multiple proxies to the same sed-
iment material is one way of constraining potential uncertainty.
Integrating UK0

37 and TEX86 proxies for sediments and suspended
particulates has therefore been carried out in several recent studies
(Huguet et al., 2006, 2011; Lee et al., 2008; Castañeda et al., 2010;
Leider et al., 2010; Lopes dos Santos et al., 2010; Caley et al., 2011;
Rommerskirchen et al., 2011).

The South China Sea (SCS) is the largest tropical marginal sea in
the western Pacific (Fig. 1). Intense research on SST reconstruction
has been conducted for the SCS by using temperature proxies such
as foraminiferal transfer function, oxygen isotope ratio values and
Mg/Ca ratio of foraminifera, or UK0

37 (e.g. Wei et al., 2007; Zhao et al.,
2006; Jia et al., 2008; Jian et al., 2009). A detailed study has
revealed a strong linear relationship for marine core top UK0

37 values
with annual mean temperature in the 0–30 m mixed layer
(Pelejero and Grimalt, 1997):

UK0

37 ¼ 0:031� T þ 0:092 ðr2;0:86; n ¼ 31; 0—30 mÞ ð3Þ

Values derived from this proxy matched the temperature at 0–30 m
depth rather than that at 0 m depth (Pelejero and Grimalt, 1997;
Pelejero et al., 1999). A recent study of GDGTs in the SCS showed
slightly higher (ca. 1 �C) core top TEXH
86-based SST than satellite an-

nual SST (Wei et al., 2011). However, the values were within the
prediction error (2.5 �C) for TEXH

86 and therefore considered suitable
for application of TEXH

86 as an annual SST proxy in the SCS (Wei
et al., 2011). However, in another study the higher core top and
Holocene TEXH

86 temperature values (ca. 1.5 �C) were interpreted
as reflecting warmer season temperature values (Shintani et al.,
2011).

In this study we have analyzed GDGT lipids in core top sedi-
ments at a water depth of 329–4182 m across the whole basin of
the SCS. Most of the samples had been used for the UK0

37 calibration
described above (Pelejero and Grimalt, 1997). Comparison be-
tween TEXH

86 and UK0

37 for the samples allowed us to evaluate how
well the GDGT index reflects sea surface temperature. In particular,
the coupled analysis of alkenone and GDGT proxies may shed new
light on the monsoon history of the SCS.
2. Background, material and methods

The SCS is a tropical marginal sea with annual SST ranging from
25 to 29 �C. It connects with the Pacific Ocean through the 2200 m
deep Luzon Strait between Taiwan Island and Luzon Island. The
central deep basin has an average depth of ca. 4700 m and a max-
imum water depth of 5559 m, and is bordered by two broad
shelves <200 m in the northern and southwestern SCS (Fig. 1).

The East Asian monsoon is the prevailing climatic feature
(Wang and Li, 2009). In winter the SCS is dominated by the strong
northeasterly monsoon, whereas in summer the wind becomes
weak and reverses direction to southwesterly. The seasonally
reversing monsoon wind plays an important role in determining
the upper ocean circulation and SST patterns (Shaw and Chao,
1994). In summer, SST is uniform, varying between 28.0 and
29.5 �C; in winter, an intense western boundary current, flowing
southward on the continental slope, transports cold water from
the north and causes a distinct cold tongue south of Vietnam, lead-
ing to a south–north temperature gradient (Fig. 1). In most parts of
the basin, there is a negative correlation (Qu, 2001) between SST
and mixed layer depth, i.e. SST tends to be higher (lower) when
mixed layer depth is shallower (deeper). Given the vertical
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temperature gradient of 0.05 �C m�1 as the lowest index of the
thermocline, the mixed layer depth is generally <50 m and the
thermocline is thinnest and weakest in winter, thickest in spring
and strongest in summer and fall (Liu et al., 2000; Qu, 2001).

The SCS is an oligotrophic region, especially towards its central
part (Liu et al., 2002; Wong et al., 2007). Its biogeochemistry re-
sponds to the alternating monsoons, producing three main mon-
soon-driven upwelling regions (Liu et al., 2002), i.e. northwest of
Luzon and north of the Sunda Shelf in winter and off the east coast
of Vietnam in summer (Fig. 1).

2.1. Sample collection

A total of 32 core top sediment samples were analyzed (Fig. 1;
Table 1), with 23 (#1-23, Table 1) collected during the R/V Sonne
cruise in 1994 and the others (#24-32, Table 1) during a State Oce-
anic Administration cruise in 1998. These samples were kept
refrigerated before analysis. The samples correspond to the upper-
most 0–1 or 0–2 cm of box cores, assumed to represent a late Holo-
cene timespan covering a few hundred to, at a maximum, a few
thousand yr (Pelejero and Grimalt, 1997). The water depth for
the cores ranges between 329 and 4182 m. Most of the samples
Table 1
Station information, fractional abundance of GDGTs, TEX86, BIT, MI and UK0

37 values for cor

No. Station Lon. Lat. Water
depth
(m)

Temp.a

0–30 (�C)
Temp.a 30–
125 (�C)

DOT
(m)

UK0
37

1 17941 118.48 21.52 2201 25.91 22.76 148.5 0.9
2 17942 113.2 19.33 329 26.03 21.89 130.6 0.90
3 17943 117.55 18.95 917 26.91 22.48 133 0.91
4 17944 113.64 18.66 1219 26.43 22.01 129.8 0.93
5 17945 113.78 18.13 2404 26.43 22.01 129.8 0.91
6 17946 114.25 18.13 3465 26.53 22.09 129.5 0.91
7 17947 116.03 18.47 3765 26.76 22.29 130.4 0.91
8 17948 114.9 16.71 2841 27.18 22.43 129.3 0.93
9 17949 115.17 17.35 2195 26.98 22.36 129.5 0.92

10 17950 112.9 16.09 1868 26.91 22.09 128.4 0.93
11 17951 113.41 16.29 2340 27.06 22.26 128.6 0.93
12 17952 114.47 16.67 2864 27.18 22.43 129.2 0.93
13 17954 111.53 14.8 1517 27.07 22.02 126.1 0.93
14 17955 112.18 14.12 2404 27.3 22.28 126.8 0.93
15 17956 112.59 13.85 3387 27.46 22.44 127.3 0.93
16 17957 115.3 10.9 2197 28.27 23.75 135.4 0.96
17 17958 115.08 11.62 2581 28.19 23.65 135.1 0.96
18 17959 115.29 11.14 1957 28.19 23.65 135.1 0.96
19 17960 115.56 10.12 1707 28.27 23.75 135.4 0.96
20 17962 112.08 7.18 1970 28.21 23.68 140.9 0.95
21 17963 112.67 6.17 1233 28.24 23.78 147.4 0.96
22 17964 112.21 6.16 1556 28.24 23.78 147.4 0.96
23 17965 112.55 6.16 889 28.24 23.78 147.4 0.97
24 S031 111 10.5 2521 27.74 22.98 132.4 0.93
25 S052 115.5 7.25 1609 28.42 24.12 140.7 0.99
26 S199 118.93 16.17 3675 27.69 23.22 137.6 0.95
27 SX15 119.5 21.25 2500 26.19 23.32 163.4 0.92
28 S017 119.5 20.25 2800 26.61 23.28 158.2 0.92
29 S098 119.88 19.31 4182 26.96 23.24 152.5 0.92
30 S137 118.36 17.28 3986 27.39 22.88 136.1 0.94
31 S181 117.84 17.29 3960 27.24 22.67 132.8 0.94
32 S072 119.09 20.65 3447 26.6 23.28 158.2 0.90
33 2894 111.55 7.04 1982 28.12 23.58
34 2898 112.18 13.79 2395 27.46 22.44
35 2900 110.7 14.39 1455 26.81 21.78
36 2902 114.96 17.96 3697 26.88 22.25
37 2903 116.25 19.46 2066 26.38 22.15
38 2905 117.36 20.14 1647 26.15 22.34
39 48PC 110.53 16.96 1474 26.5 21.76
40 2146 117.38 20.12 1720 26.15 22.34

a Data are annual mean (provided by Physical Sciences Division, Earth System Resear
b Data are annual mean from Pelejero and Grimalt, 1997.
c Data are annual mean from Wei et al. (2012).
d Data are annual mean from Shintani et al. (2011).
had been used for a calibration of alkenone UK0

37 vs. SST (Pelejero
and Grimalt, 1997).

2.2. Methods

Each freeze-dried and homogenized sample (ca. 1 g) was ultra-
sonically extracted (6�) with MeOH (2�), dichloromethane (DCM)/
MeOH (1:1, v/v; 2�) and DCM (2�) and all extracts were combined
after centrifugation (we found that one more extraction with each
solvent did not improve extraction efficiency, so the customary 3�
was reduced to 2�). The bulk of the solvent was removed by way of
rotary evaporation under vacuum and each total extract was puri-
fied and separated into an apolar fraction and a polar fraction over
an activated silica gel column by elution with n-hexane and DCM/
MeOH (1:1, v/v), respectively, the GDGTs being in the polar frac-
tion. The solvent was removed under N2 and the residue dissolved
via sonication (5 min) in hexane/propanol (99:1, v/v) and filtered
through a 0.45 lm, 4 mm diameter PTFE filter.

Analysis of GDGTs was performed using an Agilent 1200 HPLC/
6410 TripleQuad MS instrument equipped with an auto-injector
and Chemstation chromatography manager software. Procedures
described by Hopmans et al. (2000) and Schouten et al. (2007)
e top samples.

GDGT-
0

GDGT-
1

GDGT-
2

GDGT-
3

Cren Cren’ TEX86 BIT MI

0.2 0.059 0.078 0.011 0.597 0.056 0.71 0.14 0.18
1 0.169 0.051 0.063 0.014 0.651 0.053 0.716 0.07 0.15
7b 0.193 0.06 0.077 0.013 0.593 0.065 0.716 0.11 0.19
7 0.197 0.061 0.073 0.01 0.604 0.054 0.694 0.08 0.18
8b 0.193 0.066 0.07 0.009 0.613 0.048 0.695 0.05 0.18
5b 0.217 0.055 0.073 0.009 0.592 0.054 0.71 0.22 0.18
0b 0.2 0.063 0.086 0.012 0.575 0.065 0.709 0.07 0.2
7b 0.213 0.057 0.073 0.011 0.592 0.054 0.706 0.25 0.18
7b 0.203 0.064 0.087 0.011 0.573 0.06 0.711 0.15 0.2
8b 0.193 0.062 0.085 0.011 0.591 0.059 0.716 0.08 0.19
4b 0.183 0.057 0.077 0.01 0.625 0.049 0.704 0.09 0.18
8b 0.212 0.06 0.078 0.01 0.584 0.057 0.708 0.11 0.19
3b 0.205 0.061 0.078 0.012 0.586 0.058 0.707 0.1 0.19
3b 0.201 0.058 0.075 0.01 0.604 0.053 0.706 0.14 0.18
6b 0.213 0.062 0.085 0.01 0.571 0.059 0.712 0.25 0.2
8b 0.218 0.055 0.079 0.009 0.577 0.061 0.729 0.06 0.18
9b 0.199 0.052 0.076 0.009 0.606 0.058 0.732 0.09 0.17
8b 0.179 0.05 0.08 0.01 0.63 0.051 0.736 0.03 0.17
6b 0.179 0.052 0.077 0.01 0.633 0.049 0.734 0.06 0.17
6b 0.145 0.05 0.071 0.013 0.663 0.058 0.742 0.05 0.16
3b 0.135 0.05 0.077 0.014 0.667 0.058 0.748 0.08 0.16
1b 0.119 0.047 0.072 0.015 0.7 0.046 0.74 0.05 0.15
2b 0.137 0.049 0.07 0.013 0.67 0.06 0.745 0.08 0.15
8 0.176 0.051 0.07 0.011 0.63 0.061 0.734 0.13 0.16
1 0.152 0.046 0.068 0.016 0.66 0.059 0.756 0.09 0.15
8 0.177 0.052 0.076 0.009 0.622 0.063 0.74 0.11 0.17
3 0.175 0.05 0.069 0.012 0.64 0.054 0.732 0.1 0.16
6 0.182 0.05 0.064 0.011 0.635 0.058 0.728 0.09 0.15

0.181 0.048 0.065 0.012 0.642 0.051 0.726 0.23 0.15
1 0.194 0.05 0.063 0.009 0.625 0.06 0.723 0.23 0.15
1 0.18 0.049 0.072 0.009 0.628 0.061 0.714 0.13 0.16
8 0.204 0.057 0.07 0.012 0.602 0.055 0.725 0.22 0.17

0.726c

0.689c

0.691c

0.698c

0.688c

0.690c

0.680c

0.702d

ch Laboratory, NOAA, Boulder, Colorado, from their Web site).



G. Jia et al. / Organic Geochemistry 50 (2012) 68–77 71
were applied. Separation was achieved with a Prevail Cyano col-
umn (2.1 � 150 mm, 3 lm diameter particles; Grace, USA), main-
tained at 30 �C. Injection volume varied from 10 to 20 ll. GDGTs
were eluted isocratically with 99% hexane and 1% propanol for
5 min, followed by a linear gradient to 1.8% propanol in 45 min.
Flow rate was 0.2 ml/min. Detection was achieved using
atmospheric pressure positive ion chemical ionization mass spec-
trometry (APCI-MS) via selected ion monotoring (SIM) of [M+H]+

ions (in MS1) and GDGTs were quantified by integration of the
peak areas.

For samples not included in the UK0

37 work of Pelejero and
Grimalt (1997), alkenones were also analyzed according to the
method of Villanueva et al. (1997). Briefly, the total extract was
hydrolyzed with 6% KOH/MeOH and then the hexane extract from
the solution fractionated using silica column chromatography to
obtain the ketone fraction, which was analyzed using a HP 6890
gas chromatograph fitted with a 30 m, 0.32 mm � 0.25 lm DB-1
column. The peak areas from the di- and tri-unsaturated C37 alke-
nones (C37:2 and C37:3, respectively) were used to determine the
UK0

37 index [C37:2/(C37:2 + C37:3)] as per Prahl and Wakeham (1987).

2.3. Water temperature in the upper water column

Temperature data for each station were retrieved from NODC
(Levitus) World Ocean Atlas 1994 (NODC_WOA94) on a 1� grid res-
olution from the Web site of http://www.esrl.noaa.gov/psd/.
NODC_WOA94 data provide 3 D interpolation onto 33 standardized
vertical intervals from the surface (0 m) to the seafloor (5500 m),
and monthly long term mean parameters between 1900 and 1992.
Temperature values at 0, 10, 20, 30, 50, 75, 100, 125, 150 and
200 m were used, and seasonal temperature values were obtained
as follows: Spring, March–May; Summer, June–August; Autumn,
September–November; Winter, December–February.

2.4. Statistical analysis

One-way analysis of variance (ANOVA), Pearson’s correlation
and linear regression were performed using the software of Statis-
tical Product and Service Solutions (SPSS) 13.0 for Windows. Statis-
tical tests showed that data used in this work met the assumptions
for normal distribution and data transformation was not con-
ducted. The significance level or critical p value was set at 0.05. If
a test of significance gave a p value < 0.05, the null hypothesis
was rejected and results were considered statistically significant.
3. Results and discussion

3.1. Distribution of GDGTs

GDGTs were dominated by thaumarchaeol (61.8 ± 3.2%, n = 32)
and GDGT-0 (18.5 ± 2.5%, n = 32) with the concentration of
GDGT-1 to GDGT-3 and the thaumarchaeol region isomer <9%,
respectively (Table 1). In the marine environment, temperature
signals from GDGT-based indices may be affected by isoprenoid
GDGTs produced in situ by other Archaea in addition to Tha-
umarchaeota (Pancost et al., 2001; Schouten et al., 2001; Wakeham
et al., 2003; Zhang et al., 2011) or by GDGTs transported from land
(Sinninghe Damsté et al., 2000; Weijers et al., 2006a,b). Here, the
influence of other Archaea was examined by using two indices.
One was the ratio of GDGT-0 (m/z 1302) to thaumarchaeol (m/z
1292), based on the idea that thaumarchaeol is only synthesized
by Thaumarchaeota, whereas GDGT-0 is a common membrane lipid
of Archaea, especially the methane-related Archaea (Koga et al.,
1993; Pancost et al., 2001; Schouten et al., 2001). In Tha-
umarchaeota the GDGT-0/thaumarchaeol ratio is typically <2
(Schouten et al., 2002; Blaga et al., 2009) and ranged from 0.17
to 0.38 in our samples, suggesting that a contribution from Archaea
other than Thaumarchaeota was insignificant. In lacustrine systems
GDGT-0/thaumarchaeol can, however, be far greater than 2, indi-
cating a strong contribution from methanogens (Blaga et al.,
2009). The other index is the methane index (MI), recently pro-
posed to quantify the relative contribution of methanotrophic
Euryarchaeota (presumably represented by GDGT-1, -2 and -3) vs.
Thaumarchaeota (represented by thaumarchaeol and its regio iso-
mer) in the marine environment (Zhang et al., 2011). MI values
for our samples lay in a narrow range between 0.15 and 0.20
(Table 1), well within the range of 0–0.3 for normal marine
conditions assigned by Zhang et al. (2011). Therefore, contributions
of GDGTs from marine Archaea other than Thaumarchaeota were
neglected for our samples.

The influence of soil Thaumarchaeota was evaluated using the
branched and isoprenoid tetraether (BIT) index, a proxy for esti-
mating the relative contribution of soil organic matter to marine
sediments (Hopmans et al., 2004; Weijers et al., 2006b). BIT values
are 0.0–0.1 at the marine end and 0.8–1.0 at the soil end (Herfort
et al., 2006; Weijers et al., 2006b). BIT values for our samples aver-
aged 0.12 ± 0.06 (n = 32) and ranged from 0.03 to 0.25, suggesting a
predominantly marine source (Table 1). The potential effect of soil
derived GDGTs on the TEX86 proxy was also assessed by correlating
BIT values with TEX86 values, as suggested by Schouten et al.
(2009). This was carried out and no significant correlation was
found. The temperature signals from GDGT-based indices from
our samples are therefore unlikely to be biased significantly by
the presence of soil derived GDGTs.

3.2. TEXH
86 derived temperature from global regression

According to Kim et al. (2010), the thaumarchaeol regio isomer
is strongly correlated with SST at high values but not at low SST
values. It was therefore concluded that TEXH

86 is better suited for
the determination of SST in (sub)tropical oceans, whereas TEXL

86,
not containing the thaumarchaeol regio isomer, is more appropri-
ate for (sub)polar oceans, where the concentration of the regio iso-
mer is often relatively low. In our study, the thaumarchaeol regio
isomer content was comparable to that of GDGTs 1–3 (Table 1),
and we found that the annual mean temperature at every water
depth, i.e. 0, 10, 20, 30, 50, 75, 100, 125, 150 and 200 m, correlated
better with TEXH

86 (r, 0.50–0.89) than with TEXL
86 (r, 0–0.66). Addi-

tionally, SST values calculated from TEX86 index (SST = 56.2 �
TEX86 � 10.78; Kim et al., 2008) was higher (2.0 ± 0.9 �C) than
NODC SST, which means higher residuals from TEX86 prediction
than from TEXH

86 prediction (1.2 ± 0.7 �C; see next paragraph).
Therefore, consistent with the suggestion of using TEXH

86 in
(sub)tropical oceans (Kim et al., 2010), TEXH

86 also seems to be more
suitable for the (sub)tropical SCS. The following discussion there-
fore focuses on TEXH

86 derived SST [Eq. (2)]. In addition, recently re-
ported TEXH

86 values for eight core top samples collected from the
SCS by other authors (#33-40 in Table 1; Shintani et al., 2011;
Wei et al., 2011) were combined with our data in the discussion.
In addition, a second SST proxy, UK0

37 was employed for comparison
[Eq. (3)].

As shown in Fig. 2a, TEXH
86 derived SST is higher on average

(1.2 ± 0.7 �C) than the NODC SST, whereas the UK0

37 derived temper-
ature is more consistent with the NODC SST. The difference of
1.2 ± 0.7 �C between TEXH

86 derived SST and NODC SST is less than
the calibration error for TEXH

86, which is 2.5 �C (Kim et al., 2010).
So, TEXH

86 seems to predict SST within the error of the proxy. In-
deed, SCS data lie close to the upper end of the global regression
(Fig. 3a). However, ANOVA analysis performed on the residuals of
SST estimates of TEXH

86 (i.e. the difference between TEXH
86 SST and

NODC SST) indicated that the difference between the global (Kim

http://www.esrl.noaa.gov/psd/


Fig. 2. (a) Comparison of temperature estimates from TEXH
86 [Eq. (2)], UK0

37 [Eq. (3)] and NODC SSTs in the SCS. Cross, this study; diamond, Shintani et al. (2011) and Wei et al.
(2011); blue, sample site in the winter upwelling region; red, sample site in the summer upwelling region. (b) Difference between TEXH

86 derived temperatures and NODC SSTs
(DT), and relationship with BIT index. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Comparison of SCS data set (red circles) with global data set (gray crosses). (b) Is a closer inspection of (a). Black lines are global regressions given by Kim et al. (2010)
and red line is regression for the SCS data set. The dashed lines are 95% confidence intervals for the global regressions. Red dots in (b) are data from Shintani et al. (2011) and
Wei et al. (2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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et al., 2010) and SCS data was statistically significant (F = 10.8,
p < 0.05). Closer examination reveals that SCS data deviate from
the global calibration and can generate a quite different regression
line of SST at 0 m vs. TEXH

86, but with a relatively low r2 value (0.44
in Fig. 3b). Therefore, the consistently higher TEXH

86 derived SST and
poor correlation between SST at 0 m and TEXH

86 imply that TEXH
86

derived SST is less precise than UK0

37 derived values for the SCS. In
the following sections, possible causes for this are discussed.

One explanation for the higher TEXH
86 SST than both NODC and

UK0

37 SST in the SCS could be due to the possible contamination of
marine GDGTs by soil derived GDGTs and/or lateral sediment
transport from different areas. The possibility of soil derived
GDGTs was ruled out due to the lack of correlation between BIT
values and TEX86 values (see above). In addition, the TEXH

86 NODC
temperature difference and BIT were also not correlated (Fig. 2b),
suggesting that interference from soil derived GDGTs is not likely
the main cause of the temperature difference. Lateral transport
has been shown to affect alkenones more than GDGTs due to the
less refractory nature of GDGTs relative to alkenones (Mollenhauer
et al., 2007, 2008; Shah et al., 2008). So, GDGT-based proxies were
suggested to be primarily influenced by local conditions and less
subject to long distance lateral transport (Kim et al., 2010).
Although UK0

37 temperature estimates have been found at variance
with in situ SST in some areas due to lateral transport (e.g.
Benthien and Müller, 2000; Mollenhauer et al., 2006), the consis-
tency between UK0

37 temperature and NODC SST in this study indi-
cates its minor effect on the UK0

37 proxy in the SCS. The smallest
14C offsets between alkenones and planktonic foraminifera found
in the SCS relative to other areas (Shah et al., 2008) also support
the minimum effect of lateral transport in the SCS.

Secondly, the warmer TEXH
86 temperature could indicate that

TEXH
86 SST might be biased toward warmer season temperature if
the source organisms thrive in warmer seasons. This scenario has
been used to interpret the higher TEXH

86 SST than UK0

37 SST in surface
and downcore sediments (Castañeda et al., 2010; Leider et al.,
2010; Shintani et al., 2011). Several authors have noticed that sea-
sonal differences in thaumarchaeotal production may account for
part of the scatter in the relationship for TEX86 vs. annual mean
temperature (Herfort et al., 2006; Wuchter et al., 2006; Kim
et al., 2010). Indeed, our data show varying correlation coefficients
between TEXH

86 and seasonal water temperature, but the lowest r
value (<0.3) for TEXH

86 with summer SST does not support the idea
of warmer season-biased TEXH

86 SST (Fig. 4a). On the other hand,
the marked low r values at 0 and 10 m depth (r, 0.26 and 0.41,
respectively) in summer (Fig. 4a) do not suggest TEXH

86 bias against
summer temperature, but might be associated with the small tem-
perature difference (<0.8 �C) for this season that is difficult to dis-
tinguish using the TEXH

86 index. In addition, samples located in
winter or summer upwelling regions (Fig. 1a) do not stand out
from others in the cross plot of TEXH

86 SST vs. UK0

37 SST (Fig. 2a), sug-
gesting that the warmer TEXH

86 values were not associated with
temporal and spatial changes in phytoplankton bloom, although
Thaumarchaeota have been observed to be offset either in space
or time from the main phytoplankton bloom (Massana et al.,
1997; Murray et al., 1998, 1999). However, the lack of information
on the seasonal abundances of marine Thaumarchaeota and on
GDGT flux in the water column of the SCS does not allow us to con-
fidently address this question at present. Nevertheless, we found
that sedimentary TEXH

86 values exhibit (Fig. 4a) a strong correlation
with annual temperature at every water depth (r from 0.55 to 0.88
over the depth range between 0 and 200 m), suggesting that TEXH

86

is not seasonally biased. This suggestion is consistent with the
findings for the Arabian Sea where the GDGT temperature signal
in sediment traps at 1500 m and 3000 m did not show the seasonal



Fig. 4. Correlation coefficient (r value) of seasonal and annual water column
temperature vs. TEXH

86 and UK0

37 indices. Temperatures for depth intervals in (c) were
calculated according to Eq. (4) in the text.
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cyclicity observed in the 500 m trap, but rather reflected the an-
nual mean SST. This was explained as resulting from homogeniza-
tion of the GDGT temperature signal carried by particles as they
ultimately reach the interior of the ocean (Wuchter et al., 2006).
Therefore, growth of the source organisms in warmer seasons is
unlikely to be the cause of the observed warmer TEXH

86 SST in the
SCS.

A third explanation might relate to the water depth at which
the source organisms live, which has been invoked to interpret dif-
ferences between GDGTs-based temperature for SST and alkenone-
based temperature (Huguet et al., 2007; Lopes dos Santos et al.,
2010). However, in previous studies, the TEXH

86 temperature values
were lower and attributed to a contribution from a subsurface sig-
nal. We noticed that, in the upper water column (0–200 m) in the
SCS, TEXH

86 correlates strongly (r > 0.78) with the annual mean tem-
perature at 50–100 m depth, whereas UK0

37 correlates most strongly
(r > 0.88) with annual mean temperature at a water depth of 50 m
and shallower (Fig. 4a and b). The different patterns suggest that
the two proxies reflect water temperature at different depths, i.e.
TEXH

86 reflects a deeper and cooler subsurface temperature whereas
UK0

37 reflects a temperature for the mixed layer (<50 m depth; Qu,
2001). Recently, depth profiles of gene signatures of Tha-
umarchaeota, including 16S rRNA genes and amoA gene encoding
key enzymes of ammonia oxidation, were investigated in the SCS
(Hu et al., 2011). The data showed that the abundance of the amoA
genes was low near the surface (5 m), increased with depth to
maximal values at 50–200 m, and deceased again in bottom water
(>2000 m). Moreover, the average density of copepods has been
found to be higher in samples collected from 0 to 100 m and 0 to
150 m than that in surface samples in the SCS (Hwang et al.,
2010), suggesting that zooplankton grazing could be higher in sub-
surface water, thereby providing a potential mechanism for deliv-
ery of subsurface isoprenoid GDGT lipids to the sediment. This
vertical pattern of Thaumarchaeota gene abundance and zooplank-
ton density suggests that temperature signals from planktonic ar-
chaea at the subsurface may be delivered smoothly to the
sediment and hence may contribute predominantly to the TEXH

86

derived temperature for the sediments of the SCS. However, this
scenario contradicts the observed warmer TEXH

86 temperature val-
ues calculated from Eq. (2) here. It also differs from other studies
where the subsurface temperature signal was asserted to by way
of lower TEX86-based values than the corresponding surface tem-
perature values (e.g. Huguet et al., 2007; Lopes dos Santos et al.,
2010). Since TEXH

86 correlated poorly with SST at 0 m but was pos-
itively correlated with the temperature at 75 m (r, 0.87), we
hypothesize that a regional calibration of TEXH

86 vs. subsurface tem-
perature should be more precise than the global one for the SCS, as
discussed in the following sections.

3.3. Calibration of TEXH
86 in the SCS

The better correlation between TEXH
86 and water temperature at

75 m (Fig. 4a) suggests that the temperature signals recorded via
TEXH

86 may derive from subsurface water centering around 75 m.
Testing this may allow us to develop a new calibration for TEXH

86

in the SCS. In order to do this, a comparison between TEXH
86 and an-

nual mean temperature at different water depth intervals was car-
ried out (Fig. 4c). The annual mean temperature for a particular
depth interval, e.g. mean temperature from 30 to 100 m, was de-
fined as follows, according to Kim et al. (2008):

Temp:30—100 m ¼ ð20� Temp:30 m þ Temp:50mð Þ=2Þ½
þð25� Temp:50m þ Temp:75mð Þ=2Þ
þð25� Temp:75m þ Temp:100mð Þ=2Þ�=70 ð4Þ

Here, Temp. with a subscript (e.g. 30 m), denotes the water temper-
ature at the depth in question. Our results reveal the highest r value
(0.893) for the 0–150 m interval (Fig. 4c), consistent with work
showing that TEX86 is an appropriate indicator of epipelagic sea
temperature (Kim et al., 2008). Then, a regression line between 0
and 150 m annual mean temperature and TEXH

86 was obtained as
follows (Fig. 5a):

T ¼ ð49:1� 8:1Þ � TEXH
86 þ ð30:0� 1:2Þ ðr2;0:80; n ¼ 40; p

� 0:001; 0—150 mÞ

However, from our results, the r value of 0.693 for TEXH
86 vs. the

0–30 m depth interval is apparently lower than those for other depth
intervals (Fig. 4c), and the correlation between TEXH

86 and 30–125 m
temperature (r, 0.889) is nearly identical to the best correlation of
TEXH

86 vs. 0–150 m (r, 0.893). This observation is in contrast to the
results of Kim et al. (2008) showing that TEX86 correlates better
with the 0 m temperature than with the 0–200 m temperature.
Given the poor correlation of TEXH

86 vs. 0–30 SST and the low gene
abundance of Thaumarchaeota in surface water in the SCS (Hu
et al., 2011), the 0–150 m temperature signal of TEXH

86 can be further
refined to the 30–125 m subsurface temperature. Thus, the following
regression line can be obtained (Fig. 5b):

Tsub ¼ ð54:5� 9:2Þ � TEXH
86 þ ð30:7� 1:3Þ ðr2;0:79; n ¼ 40; p

� 0:001;30—125 mÞ

The standard error of the residuals using the above linear regression
is 0.3 �C (Fig. 5c). This value is much lower than the 2.5 �C based on



Fig. 5. Relationship between TEXH
86 and water column temperature at (a) 0–150 m and (b) 30–125 m; (c) residuals of estimates from regression of 30–125 m temperature vs.

TEXH
86. Red dots are data from Shintani et al. (2011) and Wei et al. (2011). (For interpretation of the references to color, the reader is referred to the web version of this article.)

74 G. Jia et al. / Organic Geochemistry 50 (2012) 68–77
the global regression (Kim et al., 2010), indicating that the new cal-
ibration is more precise for temperature reconstruction in the SCS.

We noticed that the use of TEX86 index as an indicator of sub-
surface temperature has been performed for other regions (Huguet
et al., 2007; Lopes dos Santos et al., 2010). However, in those appli-
cations, the equation established for SST estimates, i.e. Eq. (2), was
used for subsurface temperature calculation. Our findings differ
from those studies in that a new equation was established for sub-
surface temperature estimates in the SCS following the observation
that TEXH

86 correlated more strongly with subsurface temperature
than with SST. The different equation for the SCS might suggest
that Thaumarchaeota in the SCS are genetically different than those
in most other places, similar to findings for the Red Sea (Ionescu
et al., 2009; Trommer et al., 2009). A recent SCS study showed that
the community structures of planktonic Archaea varied with depth,
with decreasing heterotrophic metabolism of Thaumarchaeota in
the meso- or bathypelagic zones, in contrast to observations for
the North Atlantic Ocean (Agogué et al., 2008) and Eastern Medi-
terranean Sea (De Corte et al., 2009). However, little is known
about the genetic character of Thaumarchaeota in the SCS and, un-
like the highly isolated Red Sea, the SCS is open to the Pacific
through the Luzon strait (sill depth 2200 m), and does not stand
out as being unique in terms of temperature or salinity. Further
study is clearly needed to explore the possibility of genetically dif-
ferent Thaumarchaeota in the SCS.

On the other hand, the different equation proposed here does
not necessarily indicate unique Thaumarchaeota in the SCS. The
poor relationship between TEXH

86 and SST in the SCS could be
caused by the much narrower temperature range (26.1–28.6 �C)
and smaller dataset for this study of the SCS relative to the larger
range represented in the global calibration. In fact, the SCS data
can fit modestly into the global data, as illustrated in Fig. 2a. Sim-
ilar cases can also occur when a subset of the global dataset (Kim
et al., 2010) is extracted and reduced to a narrower SST range,
e.g. 25–30 �C, where the linear relationship between TEXH

86 and
SST would be quite different from Eq. (2) with an r2 value of only
0.34 (data not illustrated). In the global equation, the range of
SST values may conceal important regional factors, including
season and depth of GDGT production, regional variability in
allochthonous and autochthonous contribution and differential
susceptibility to decomposition during transport. The narrow SST
range in the SCS is similar to the global calibration error of
2.5 �C, implying that the global calibration would not precisely pre-
dict SST change in the SCS. When regional variability is important,
the error in the global calibration for the region is maximized. But
regional factors are more likely to be constant over time in a single
location than across the whole global data set (Shevenell et al.,
2011). Therefore, we argue that a regional calibration is appropri-
ate for the SCS, where a rather narrow range of temporal and
spatial sea temperature occurred in the past (<4 �C during gla-
cial–interglacial cycles; Jia et al., 2006). Nevertheless, our calibra-
tion is based solely on core top samples, which might be a few
hundreds or thousands yr old (Pelejero and Grimalt, 1997) and
would influence the relationship observed with modern SST. In
addition, modeled temperature values, not measured ones, were
used in our calibration, which could cause additional uncertainty.
Thus, additional studies that investigate the vertical and temporal
distribution of temperature and GDGT lipids in both suspended
particulate matter from the water column at different times in
the annual cycle and multi-yr long record of settling particles in
sediment traps at different depths, are needed before the relation-
ships documented in this study can be firmly established.

3.4. Implications for reconstruction of upper ocean vertical thermal
gradient

The vertical thermal gradient in the upper ocean, intimately re-
lated to the depth of the thermocline (DOT), is of particular impor-
tance for the tropical Pacific and the SCS because the vertical
thermal gradient is linked closely with the El Niño-Southern Oscil-
lation (ENSO) and the East Asian monsoon. Until now, reconstruc-
tion of the vertical thermal gradient for the upper ocean or DOT has
been determined by analyzing surface and subsurface planktonic
foraminifers, including their assemblages, transfer functions and
d18O values (Jian et al., 2009). As the thermocline becomes shal-
lower, the difference between surface and subsurface foram
parameters increases (Ravelo and Shackleton, 1995). Similarly,
we suggest that the difference between UK0

37 and TEXH
86 derived tem-

perature values (DTAlkenone–GDGT) may be used for reconstructing
the upper ocean vertical thermal gradient in the SCS because, as
discussed above, UK0

37 and TEXH
86 indices predominantly reflect the

0–30 m mixed layer temperature and the 30–125 m subsurface
temperature, respectively. Recently, this method was used by
Lopes dos Santos et al. (2010) to reconstruct vertical thermal gra-
dients in the eastern tropical North Atlantic.

To test this hypothesis, we examined the relationship between
DOT values and DTAlkenone–GDGT values for the study sites in the SCS.
The annual average DOT was defined as the 18 �C isothermal depth
(Houghton, 1991) and was determined by a cubic spline fit of the
temperature data available (Andreasen and Ravelo, 1997) from
the NOAA National Oceanographic Data Center (NODC). Calculated
values of DOT for our sites range from 126 m to 163 m and average
137 ± 10 m (Table 1). Values for DTAlkenone–GDGT from surface sedi-
ments vary between 3.3 �C and 5.5 �C, with a mean value of
4.4 ± 0.6 �C. As expected, the cross plot of DOT vs. DTAlkenone–GDGT

(Fig. 6) shows a significant trend of shoaling of the DOT with the
increase in difference between surface and subsurface tempera-
tures, demonstrating that DTAlkenone–GDGT is indeed a reasonable



Fig. 6. Relationship between UK0

37 and TEXH
86 derived temperatures (DTAlkenone–GDGT)

with depth of thermocline (DOT) defined as 18 �C isothermal depth. UK0

37 temper-
ature represents 0–30 mixed layer estimate and TEXH

86 temperature represents 30–
125 subsurface estimate.
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proxy for reconstruction of DOT in the SCS, or the upper ocean ver-
tical thermal gradient. This result suggests a new method for DOT
reconstruction, and has the potential to strengthen multi-proxy
approaches for paleoclimate and paleoceanographic studies.
However, in the cross plot of DOT vs. DTAlkenone–GDGT the data
points are scattered and the r2 value of the regression line is not
high (Fig. 6). We speculate that some of the scattering might be
caused by ecological factors such as seasonal differences and
varying depth of archaeal and coccolithophores production, which
should be resolved in future studies. Moreover, because our
calibration is based solely on core top samples and modeled sea
water temperature rather than in situ water column measure-
ments, water column studies should be carried out to test whether
or not the DTAlkenone–GDGT can be a robust proxy for DOT recon-
struction for the SCS in the future.

4. Conclusions

In the SCS, TEXH
86 temperature calculated from the global cali-

bration exhibited slightly higher values (1.2 ± 0.7 �C) than the ac-
tual SST and the corresponding UK0

37 temperature. Our data
showed that TEXH

86 correlated better with the 30–125 m subsurface
temperature (r, 0.91) than with the 0–30 m SST (r, 0.70), suggest-
ing that the TEXH

86 proxy is influenced by the subsurface water
depth at which the source organisms (Thaumarchaeota) live.
Therefore, a new local calibration of TEXH

86 vs. 30–125 m subsur-
face temperature was proposed, which may be useful for subsur-
face temperature reconstruction in paleoceanographic studies of
the SCS. TEXH

86 for the SCS contrasted with UK0

37, which reflected
the 0–30 mixed layer temperature. Decoupling the temperature
signals from TEXH

86 and UK0

37 indices thus may provide a novel
approach for the reconstruction of upper ocean vertical thermal
gradient, which is conventionally achieved from surface and
subsurface foraminiferal analysis. Because the timing and spacing
of marine Thaumarchaeota production are usually controlled by
local factors, the applicability of TEXH

86 index as an indicator of
subsurface temperature to other oceanic settings remains to be
investigated.
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