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Abstract

TEXge (TetraEther indeX of tetraethers consisting of 86 carbon atoms) is a sea surface temperature (SST) proxy based on the
distribution of archaeal isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs). In this study, we appraise the applicability of
TEXgs and TEX§, in subpolar and polar regions using surface sediments. We present TEXgs and TEX{, data from 160 surface
sediment samples collected in the Arctic, the Southern Ocean and the North Pacific. Most of the SST estimates derived from both
TEXgs and TEXj, are anomalously high in the Arctic, especially in the vicinity of Siberian river mouths and the sea ice margin,
plausibly due to additional archaeal contributions linked to terrigenous input. We found unusual GDGT distributions at five
sites in the North Pacific. High GDGT-0/crenarchaeol and GDGT-2/crenarchaeol ratios at these sites suggest a substantial con-
tribution of methanogenic and/or methanotrophic archaea to the sedimentary GDGT pool here. Apart from these anomalous
findings, TEXgs and TEX;“6 values in the surface sediments from the Southern Ocean and the North Pacific do usually vary with
overlaying SSTs. In these regions, the sedimentary TEXgs-SST relationship is similar to the global calibration, and the derived
temperature estimates agree well with overlaying annual mean SSTs at the sites. However, there is a systematic offset between the
regional TEX;,-SST relationships and the global calibration. At these sites, temperature estimates based on the global TEXSL6
calibration are closer to summer SSTs than annual mean SSTs. This finding suggests that in these subpolar settings a regional
TEX!;6 calibration may be a more suitable equation for temperature reconstruction than the global calibration.
© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

TEXGge (TetraEther indeX of tetraethers consisting of 86
carbon atoms) is a sea surface temperature (SST) proxy
based on the relative distribution of isoprenoid glycerol
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dialkyl glycerol tetraethers (GDGTs) in archaeal lipids
(Schouten et al., 2002). These lipids appear to be mostly
biosynthesized by Thaumarchaeota (previously known as
Group I Crenarchaeota) (Brochier-Armanet et al., 2008)
that are omnipresent in the global ocean. The number of
cyclopentane moieties of these archaeal GDGT lipids in
marine sediments shows an empirical linear relationship
with the annual mean temperature of the overlaying sea
surface water (Schouten et al., 2002), suggesting its


http://dx.doi.org/10.1016/j.gca.2014.01.001
mailto:Sze.Ling.Ho@awi.de
http://dx.doi.org/10.1016/j.gca.2014.01.001

214 S.L. Ho et al./ Geochimica et Cosmochimica Acta 131 (2014) 213-226

potential as a proxy for paleoclimatic conditions. Subse-
quently, a mesocosm study confirmed that the relative dis-
tribution of the GDGTs in seawater indeed varies with
temperature (Wuchter et al., 2004).

Since then, many more studies (for a comprehensive re-
view see Schouten et al. (2013a)) have been carried out to
scrutinize the potential of TEXgg, revealing that the number
of rings in the GDGTS’s seems to be responsive to the growth
temperature, and is not influenced by salinity and nutrient
availability (Wuchter et al., 2004), or grazing (Huguet
et al., 2006a). It was also found that the isoprenoid GDGTs
are less susceptible to long distance lateral transport relative
to alkenones (Mollenhauer et al., 2007; Mollenhauer et al.,
2008; Shah et al., 2008), i.e. biomarkers constituting a more
established seawater temperature proxy known as the UX'y;
index (Brassell et al., 1986; Prahl and Wakeham, 1987). In
addition, the fact that the GDGTs are found at all latitudes
of the global ocean, including the polar regions that are of-
ten devoid of alkenones, suggests a potential advantage of
the TEXgq paleothermometer in these regions.

However, there are some uncertainties and potential cave-
ats associated with the GDGT-based proxy. In some cases
GDGTs are found to be more abundant deeper in the water
column than in surface waters (Sinninghe Damsté et al.,
2002a; Wuchter et al., 2005; Huguet et al., 2007) and have
been interpreted to reflect subsurface water temperature in
some settings (Huguet et al., 2007; Lee et al., 2008; Lopes
dos Santos et al., 2010; McClymont et al., 2012). Limited
understanding of the processes that control the sedimentary
deposition of GDGTs in marine environments makes it dif-
ficult to constrain the water depth from which the sedimen-
tary GDGTs might have originated, thus complicating the
interpretation of TEXg¢ values as SST estimates.

Initially, TEXgs was defined by Schouten et al. (2002)
based on a global sediment core-top study (n = 44) as:

[GDGT-2] 4+ [GDGT-3] + [Cren']
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren]

where GDGT-1, GDGT-2, GDGT-3 denote GDGTSs con-
taining 1, 2 and 3 cyclopentane moieties respectively; and
Cren’ is the crenarchaeol regioisomer. Recently, based on
the comparison of the correlation of all the possible combi-
nations of GDGTs with SST, performed on a more exten-
sive core-top data set (n=396), a modified version of
TEXgs, known as TEX;, was proposed (Kim et al., 2010):

[GDGT-2]
[GDGT-1] + [GDGT-2] + [GDGT-3])

TEXss =

TEXg, = 1og,0(

The main difference between these two indices is that the
TEX{;6 index does not include the crenarchaeol regioisomer,
which could be difficult to quantify especially in subpolar re-
gions where its abundance is usually low. This exclusion
therefore results in a better applicability of the modified
equation in the subpolar realm. For study sites with
SST > 15 °C, Kimet al. (2010) recommended the use of a log-
arithmic transformed TEXgs, named TEX?@ which is cali-
brated using a subset of the abovementioned global
compilation excluding data from subpolar and polar regions.

TEXge values can be converted to SST by means of
empirical linear regressions based on global surface

sediments (e.g. Schouten et al., 2002; Kim et al., 2008;
Kim et al., 2010). These TEXgs global calibrations have
been applied to infer paleoclimatic variability at various
subtropical and tropical sites, such as in the Arabian Sea
(Huguet et al., 2006b), the Mediterranean Sea (Castaneda
et al., 2010; Huguet et al., 2011), the Gulf of Mexico
(Richey et al., 2011) and the Agulhas current system (Caley
et al., 2011). However, the applicability of the global sedi-
ment core-top calibrations of TEXgs and TEX:;6 in the sub-
polar and polar regions remains uncertain. Thus far there
are few reported studies. In some cases, modified TEXgs
indices and calibrations are proposed and applied, such as
for Cenozoic sites in the Arctic and the Southwest Pacific
(Sluijs et al., 2006; Hollis et al., 2012) and Holocene sites
at the continental margin of Antarctica (Shevenell et al.,
2011; Kim et al., 2012). These alternative calibrations were
proposed on the basis of disagreement with other tempera-
ture proxies (pTEXgs, Hollis et al., 2012), influence of ter-
rigenous input (TEXj,, Sluijs et al., 2006), and influence
of subsurface GDGTs in the sedimentary pool (depth-
weighted 0-200 m calibration, Kim et al., 2012). Whilst
the general applicability of these alternative calibrations re-
mains to be tested, they do suggest the need to continue
investigating the factors governing sedimentary TEXgg sig-
natures. Furthermore, substantial scatter in the TEXgs —
SST correlation especially at the low temperature end of
the calibration, suggests the possibility of additional non-
temperature related factors that might influence the
TEXge indices in these regions (Kim et al., 2010).

Therefore, this study aims at assessing the applicability
of the TEXgs and TEX;} indices in low-temperature envi-
ronments, especially in the Arctic, the Southern Ocean
and the North Pacific. In light of the important role played
by polar regions in the global climate, the emphasis of this
study is on mid and high latitudes, where the annual mean
surface water temperatures range from —2 to 17 °C. In
addition, this study also aims at providing more TEXg sed-
iment core-top data from the Southern Ocean and the
North Pacific, two regions that still suffer from a lack of
geographical coverage in the present global sediment
core-top data set.

2. MATERIALS AND METHODS
2.1. Sediment extraction

The 160 marine surface sediment samples (topmost cm
of multicores) analyzed in this study were obtained during
several scientific expeditions organized by the Alfred
Wegener Institute (AWI), on various research vessels (R/
Vs Polarstern, Sonne, Ivan Kireyev and Akademik Boris
Petrov) in the Southern Ocean, the North Pacific, the Fram
Strait and the Arctic (Fig. 1; details in Supplementary
data).

All surface sediments were freeze-dried and homoge-
nized. The extraction of GDGTs from the sediment core-
tops from the Southern Ocean (ANT-XXIII/9) and the
Arctic (ARK-IX/4, ARK-XI/1, Transdrift-1 and SIRRO
1997-2000) was done according to the methods reported
by Miiller et al. (1998). Briefly, the sediments were subjected
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Fig. 1. Location of study sites in the global ocean. Circles denote sites in this study, while previously published data are marked by different
symbols: crosses — Kim et al. (2008) and Kim et al. (2010); asterisks — Ho et al. (2011); triangles — Shevenell et al. (2011).

thrice to ultrasonication using UP200H sonic disruptor
probes in successively less polar solvent mixtures (dichloro-
methane/methanol). For the North Pacific samples (SO202),
the GDGTs were instead extracted using an accelerated sol-
vent extractor (DIONEX ASE 350), according to the Royal
Netherlands Institute for Sea Research (NIOZ) protocol
(Schouten et al., 2002): heating for 5 min at 100 °C, static
time of 5 min, 3 cycles and solvent mixture of dichlorometh-
ane:methanol in the ratio of 9:1, v/v. After extraction, the
total lipid extracts were fractionated by open column chro-
matography (SiO, cartridges, Varian Bond-Elut) using
dichloromethane/methanol.

The sediment samples from the central Arctic (ARK-
XX11/2), the Fram Strait (ARK-XXI/1) and the Southern
Ocean core-tops other than those from ANT-XXIII/9, were
prepared using the methods described by Fietz et al. (2011).
Briefly, the sediments were subjected to microwave assisted
extraction by using a mixture of dichloromethane:methanol
(3:1, v/v). The extracts were then injected manually into a
Thermo Surveyor HPLC system equipped with a Lichro-
sphere Silicon dioxide column (4.6 x 250 mm, 5 um; Tek-
nokroma) and a stainless steel inline filter (2 um pore
size). Compound class fractionation was achieved running
sequentially hexane, dichloromethane, and acetone.

2.2. Quantification of GDGTs

The GDGTs in sediment samples from expeditions
ANT-XXIII/9, SO202, ARK-XI/1, ARK-IX/4, Trans-
drift-1 and SIRRO 1997-2001 were quantified using liquid
chromatography with a method derived from Hopmans
et al. (2000). The polar fractions were dissolved in hex-
ane:isopropanol (99:1; v/v) and pre-filtered through a
4 pm diameter PTFE filter (0.45 um pore size) to prevent
clogging in the column. Filtered samples were then injected

into a high performance liquid chromatography system
(Agilent 1200 series HPLC system) coupled to an Agilent
6120 MSD mass spectrometer, operating with atmospheric
pressure chemical ionization (APCI). The injection volume
was 20 pL. A Prevail Cyano 3 pm column (Grace, 150 mm
x 2.1 mm) maintained at 30 °C was used to separate the
GDGTs. The injected samples were eluted with a mixture
of solvents, i.e. solvent A = hexane and solvent B = 5% iso-
propanol in hexane. The mixture of solvents (solvents A:B
in the ratio of 80:20 v/v) was eluted isocratically for 5 min,
then the volume of solvent B was increased linearly to 36%
in 40 min. The column was back-flushed with 100% solvent
B for 8 min after each analysis to eliminate any compound
remaining in the column. The spray chamber of the APCI
was set in the following conditions: drying gas flow 51/
min and temperature 350 °C, nebulizer pressure 60 psi,
vaporizer gas temperature 450 °C, capillary voltage —3 kV
and corona current + 4 pA. The detection of the GDGTs
was achieved by Selected Ion Monitoring (SIM) of the
[M+H]" ions (dwell time 67 ms) in the m/z range of
1022-1302, i.e. 1022 (branched GDGT-I), 1036 (branched
GDGT-II), 1050 (branched GDGT-III), 1292 (crenarchaeol
and its regioisomer), 1296 (GDGT-3), 1298 (GDGT-2),
1300 (GDGT-1) and 1302 (GDGT-0). The remaining sam-
ples (ANT-X/5, ANT-XI/2, ANT-XII/4, ANT-XX, ANT-
XXVI/2, ARK-XXI/1 and ARK-XXII/2) were analyzed
using the procedure described by Fietz et al. (2011).

The sample preparation was carried out at the Univer-
sity of Bremen, the Autonomous University of Barcelona
and the Alfred Wegener Institute, while the GDGT analy-
ses were done in the former two institutions. Results ob-
tained from different laboratories using different analytical
methods should result in comparable data because the
TEXgs measurement is not significantly biased by extrac-
tion techniques or HPLC/APCI-MS set-ups (Schouten
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et al., 2007). Subsequent interlaboratory comparison stud-
ies suggest that TEXgs-derived temperature estimates can
differ between laboratories, in the range of 3-4°C (15
laboratories; Schouten et al., 2009) and 1.3-3 °C (35 labora-
tories; Schouten et al., 2013b). However, triplicate analyses
on marine sediment samples from the tropics carried out in
our laboratories at the University of Bremen and the
Autonomous University of Barcelona yield Branched Iso-
prenoid Tetraether Index (BIT) data that agree within
0.02 BIT units and TEXgs data that agree within 0.004
TEXge units (equivalent to ~0.3 °C using the global calibra-
tion of Kim et al. (2010)), with a repeatability of better than
0.003 BIT and TEXge unit in both laboratories. We note
that these errors are conservative, and that for samples with
lower GDGT concentrations the measurement uncertain-
ties would be larger.

2.3. GDGT fractional abundance, TEXgs and BIT
calculations

Fractional abundance is defined as the fraction of the
abundance of an individual GDGT over the total abun-
dance of six GDGTs (Kim et al., 2008). The values for
TEXgs and TEXg, are calculated following the equations
reported by Schouten et al. (2002) and Kim et al. (2010),
respectively. These values are converted to SST estimates
using the latest global core-top TEXgs and TEXG,-SST
calibrations proposed by Kim et al. (2010). Additionally,
we calculate the BIT according to Hopmans et al. (2004),
which was proposed as a qualitative indicator for fluvial
terrigenous GDGT input (cut-off value suggested to be
0.3 by Weijers et al. (2006)). Data with BIT values >0.3
are marked (filled with gray) in all plots to facilitate data
discussion.

2.4. Environmental data

The environmental data utilized in this study, i.e. water
temperature at different depths, are extracted from the
World Ocean Atlas 2009 (WOAO09) (Locarnini et al.
(2010) data set. The WOAO9 dataset is preferred over the
NSIPP AVHRR Pathfinder and Erosion Global 9 km
SST Climatology dataset used in Kim et al. (2010) as the
latter does not contain subsurface water temperature data.
However, a comparison of the NSTPP AVHRR Pathfinder
SST data and the WOA09 data for all the study sites in the
global calibration study of Kim et al. (2010) reveals that
these two data sets are highly correlated (* = 0.99, see Sup-
plementary data), even at coastal sites where WOAOQ9 has a
lower geographical resolution. Exceptions to the good cor-
relation are found at some polar sites where the Pathfinder
SST data are lower, some even as low as —2.4 °C, while the
lowest WOAO09 SST is —1.6 °C. Considering that, in gen-
eral, the freezing point of sea water in our study regions
is around —1.8°C, the lowest Pathfinder SST data
(—2.4°C) are climatically unrealistic. This suggests that
the WOAOQ9 data set is probably more appropriate for
proxy calibration at low temperatures.

For comparison of our index data with seasonal mean
SST, we use seasons as defined by the WOAO09 (i.e.

Northern/Southern hemisphere spring/autumn: April-
May-June, summer/winter:  July-August-September,
autumn/spring: October-November-December, winter/
summer: January-February—March) (Locarnini et al.,
2010). Furthermore, we also investigate the empirical rela-
tionship between the GDGT indices and water temperatures
weighted over 0-200 m. The calculation of depth-weighted
0-200 m water temperatures is done according to the equa-
tion described by Kim et al. (2008) and Kim et al. (2012). We
wrote R scripts to retrieve the WOAQ9 water temperatures
at various depths between surface and 200 m.

3. RESULTS AND DISCUSSION

We measured isoprenoid and branched GDGTs in 160
surface sediment samples, and calculated GDGT indices,
including TEXgg, TEXE;L6 and BIT values for these samples
(Supplementary data). The distribution of isoprenoid
GDGTs in our samples is similar to that in the global data
set of Kim et al. (2010) except at five sites in the North Pa-
cific and the Bering Sea (defined as Cluster 1; discussed in
Section 3.1). Most samples contain an insignificant amount
of terrestrially-derived GDGTs relative to the marine-de-
rived GDGTs (as expressed by BIT values <0.3, indicated
in Supplementary data), with the exception of some samples
from the Arctic marginal seas with BIT values close to 1
(discussed in Section 3.2). In order to prevent biasing on
the calculation of SST proxy values and the subsequent
regression analyses, data associated with BIT >0.3, Cluster
1 sites, and samples with GDGT concentration below
detection limit (indicated in Supplementary data) were
excluded from regression analysis. For a broader geograph-
ical coverage in the appraisal of the applicability of TEXge
and TEX{;() thermometries in the subpolar and polar
regions, we consider also previously published data (Kim
et al., 2008; Kim et al., 2010; Ho et al., 2011; Shevenell
et al., 2011) from regions that are comparable in terms of
SST (<17 °C) and latitudes (>37°N/S) with those presented
in this study.

3.1. Fractional abundance and potential sources of GDGTs

There are substantial variations in the relationship be-
tween the fractional abundance of individual GDGTs and
the WOAO09 annual mean SST (Fig. 2). In a broad sense,
the SST correlates negatively with the fractional abundance
of GDGT-0. However, the correlations of SST with other
GDGTs, i.e. GDGT-1, GDGT-2, and crenarchaeol regio-
isomer, do not follow a general pattern and seem to vary
geographically. The distribution of GDGTs at Cluster 1
sites stands out from the rest of the data set, with elevated
abundance of GDGT-0 (accounting for ~75% of the total
isoprenoid GDGT pool), and to a lesser extent also
GDGT-1 and -2 (Fig. 2 and Supplementary data for an
example chromatogram), relative to crenarchaeol i.e. the
hallmark GDGT for marine Thaumarchaeota (Sinninghe
Damsté et al., 2002b). The atypical GDGT distribution in
these samples suggests a contribution from an archaeal
community other than the pelagic Thaumarchaeota. Soil
derived-GDGTs are unlikely to be the cause, because these
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Fig. 2. Relationship between the fractional abundance of individual GDGTs and the World Ocean Atlas 2009 (WOA09) annual mean SSTs,
ie. (a) GDGT-0, (b) GDGT-1, (c) GDGT-2, (d) GDGT-3, (e) Crenarchaeol, (f) Crenarchaeol regioisomer. Oceanic regions are marked by
different symbols in different colors as explained in the legends. Filled symbols indicate data from this study, open symbols indicate published
data, gray-filled symbols indicate data with BIT >0.3, and black-filled symbols indicate data in Cluster 1. Abbreviations: SSI — summer sea ice;
WSI - winter sea ice, I — Indian, P — Pacific; A — Atlantic. References of published data in the plots: ! Kim et al. (2010) and 2 Ho et al. (2011).

sites are far from the coast, hence receive insignificant river-
ine input of terrigenous GDGTs (BIT values of these sam-
ples are below 0.05) and are not in the vicinity of the sea ice
margin where ice rafted debris containing allochthonous

GDGTs could be released. Among the potential contribu-
tors to these atypical GDGTs are methanotrophic and
methanogenic archaea, as methane gas hydrate sites are
abundant in the North Pacific (Kvenvolden and Rogers,
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2005). Methane-oxidizing Euryarchaeota are known to pro-
duce GDGTs containing 0-4 cyclopentyl moieties (Pancost
et al., 2001). Incidentally, our Cluster 1 samples have high
Methane Index (Zhang et al., 2011) values and high
GDGT-2/crenarchaeol ratio (see Table 1). Both indices
are indicators for the presence of methanotrophic archaea
in different settings, with values of the Methane Index > 0.5
being representative of hydrate-impacted environments
while values of the GDGT-2/crenarchaeol ratio > 0.4 are
associated with sulfate-methane transition zones (Weijers
et al., 2011). In spite of the elevated index/ratio values in
Cluster 1 samples, the relative distribution of GDGTs in
these samples is different from that of methanotrophic ar-
chaea due to an overwhelming dominance of GDGT-0
(Fig. 2 and Supplementary data). This difference suggests
the possibility of other archaeal sources contributing to
the atypical GDGT distribution in these marine sediments,
for example methanogenic Euryarchaeota, which are
known to produce GDGT-0 (Koga et al., 1998). The
GDGT-0/crenarchaeol ratio at these sites ranges between
8 and 12, which is remarkably high compared to the values
observed in typical marine sediments (0.2-2, Schouten et al.
(2002)). It has been proposed that a GDGT-0/crenarchaeol
ratio > 2 is indicative of significant methanogenic archaeal
input in lake sediments (Blaga et al., 2009), based on the
assumption that the main contributors of GDGT-0 and
crenarchaeol are the methanogenic archaea and the Tha-
umarchaeota, respectively. Therefore, the atypical GDGT
distribution observed at Cluster 1 sites in the North Pacific
and the Bering Sea might be attributable to substantial con-
tributions from methanogens. Although there is no system-
atic trend in the GDGT-derived temperature residuals at
Cluster 1 sites (Table 1), all Cluster 1 data are excluded
from regression analysis to avoid undue bias caused by a
potential GDGT contribution from archaeal groups other
than the marine Thaumarchaeota. We note that with the
exception of the Cluster 1 subset, the rest of our compila-
tion satisfies the criteria of MI < 0.5, GDGT-0/Cren < 2,
and GDGT-2/Cren < 0.4, suggesting that these data do re-
flect typical GDGT distributions in open ocean setting..

3.2. TEXg- and TEX},-derived SST estimates and their
residuals

The residual of a SST estimate is defined here as the dif-
ference between the estimated SST using the global calibra-
tions of Kim et al. (2010) and the WOAQ09 SST (i.e.
residual = GDGT-derived  temperature  estimates —
WOAOQ9 temperature data). The standard errors of esti-
mates for the latest global core-top calibrations for
TEXge and TEXg;6 (Kim et al., 2010, n=1396) are 5.2 °C
and 4 °C, respectively (represented by gray lines in Fig. 3).

The general patterns in temperature estimate residuals
differ between the TEXgs and TEX'g6 indices. For TEXgg,
a separate cluster (determined visually from the plots), with
positive TEXg¢ residuals ranging between ~5 and 30 °C, is
apparent at the low temperature end (Fig. 3a, c, and e). This
cluster consists mostly of data from the Arctic, including
the central Arctic, the Laptev Sea, and the Fram Strait.
In another Arctic marginal sea, i.e. the Kara Sea, the

TEXge-derived temperature estimates match well with the
summer SSTs. A different pattern, however, is apparent in
the TEX!;6 residual plots (Fig. 3b, d, and f), wherein the
temperature residuals at the Arctic sites in the Fram Strait
and the Laptev Sea sites are well within the estimation
error. Diverging patterns in TEXgs residuals and TEX:;6
residuals also exist in the Southern Ocean (the Pacific sector
and the winter sea ice edge) and the North Pacific (Alaska
Gyre, Subarctic Front [Pacific], Subarctic Gyre [Pacific] and
the Bering Sea), where most TEXgs-derived temperature
residuals are within the estimation error of the global
calibration (Fig. 3a, ¢, and e) while many of the TEX:;6
residuals are above the estimation error (Fig. 3b, d and f).

Remarkably, TEXgs derived SST estimates for numer-
ous Arctic sites are ~30 °C higher than the summer SST
at the sites (Figs. 3 and 4). Some of the warm-biased SST
estimates near the coast, e.g. off Siberia, are probably the
consequence of an overwhelming terrigenous overprint
due to a significant input of terrestrially-derived GDGTs
via Siberian river runoff from the Lena, Ob and Yenisei
Rivers. As suggested by the BIT values (Fig. 4c), terrige-
nous GDGTs are abundant relative to marine GDGTs
(BIT values close to 1) at coastal sites in the Laptev Sea
and the Kara Sea, in agreement with BIT values >0.9 pre-
viously reported for Siberian Arctic estuarine sediments
(van Dongen et al., 2008). In the Kara Sea and the Laptev
Sea, the BIT values decrease with distance from the coast,
which could be due to either a seaward increase in crenar-
chaeol abundance or a seaward decrease in branched
GDGT abundance. The latter is a more likely reason for
BIT changes in the region, judging from previous studies
on terrigenous organic carbon input in the Arctic marginal
seas based on n-alkanes. For example, Fahl and Stein
(1997) found a seaward decreasing trend in the concentra-
tions of long-chain n-alkanes and long-chain wax esters
(both indicators of terrigenous input) in the Laptev Sea.
Fernandes and Sicre (2000) also reported that the abun-
dances of terrigenous n-alkanes decrease with distance from
the Ob and Yenisei river mouth in the Kara Sea. These find-
ings support our interpretation that the BIT values at our
sites are mostly driven by the changes in branched GDGT
abundance, hence they trace the terrigenous input from the
Arctic rivers. Whilst its usefulness in quantifying terrige-
nous organic carbon in the Chukchi Sea has been
questioned (Belicka and Harvey, 2009), it appears that
the BIT is a reliable qualitative indicator for riverine input
in the Laptev and the Kara Seas.

Some of the anomalously high TEXgs and TEXg, SST
estimates are associated with high fractional abundance of
GDGT-3 (Fig. 2), in agreement with previous work on
the Arctic during the PETM, in which the authors have also
found anomalously high abundance of GDGT-3 (Sluijs
et al., 2006) that in turn resulted in high TEXgs values.
The authors interpreted the deviant GDGT-3 as terrestri-
ally originated, and discarded GDGT-3 from the TEXgs
calculation. Nevertheless, at our study sites in the Laptev
Sea and the Kara Sea, the overestimations of TEXgs and
TEX{;6 derived temperatures are not solely related to the
distance from the coast or the BIT values (hence the impact
of riverine terrigenous GDGTs). In the Laptev Sea, the
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Table 1

GDGT-based indices and GDGT-derived temperature residuals at Cluster 1 study sites with anomalous GDGT distribution.

Site BIT Methane Ratio of Ratio of TEXge TEX,
index” index” GDGT-2/Crenarchaeol” GDGT-0/Crenarchaeol’ residual® (°C) residual® (°C)

S0202/36-6 0.02 0.72 0.86 11.26 -9.24 0.30

S0202/37-1 0.02 0.77 1.25 11.94 —10.57 2.49

S0202/42-3 0.05 0.73 0.97 9.94 -7.25 1.67

S0202/11-1 0.00 0.67 0.84 7.86 —4.39 9.75

S0202/29-5 0.03 0.73 1.03 11.57 —1.01 10.52

@ Branched Isoprenoid Tetraether (BIT) index as proposed by Hopmans et al. (2004).

® As proposed by Zhang et al. (2011).

¢ As proposed by Weijers et al. (2011).

4 As proposed by Blaga et al. (2009).

¢ Residual is defined as the difference between temperature estimated using the global calibrations proposed by Kim et al. (2010) and
WOAO09 annual mean SST.
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Fig. 3. The residuals of temperature estimates derived from the latest global core-top calibrations for TEXgs and TEXBL6 (Kim et al., 2010).
SST residuals are defined as the subtraction of World Ocean Atlas 2009 (WOA09) annual mean/summer/winter SST from the estimated SST.
The gray lines represent the standard error of estimates for the calibrations. Symbols and abbreviations are as in Fig. 2. References of
published data in the plots: IKim et al. (2010), ?Ho et al. (2011) and >Shevenell et al. (201 1).

extent of the overestimation at the sea ice margin and at sea
ice covered sites north of the summer sea ice extent is com-
parable to that at the river mouth. In the Kara Sea, there is
a seaward increase in the magnitude of the SST overestima-
tion peaking in the vicinity of the sea ice margin (Fig. 4a
and b), in contrast to the seaward decrease in BIT values
(Fig. 4c). The mismatch between the spatial pattern of the

BIT values and the warm bias in our sediment core-top
TEXgs and TEX{, inferred estimates in these Arctic mar-
ginal seas suggests that terrigenous GDGTs supplied by riv-
erine transport are unlikely the cause for the warm bias in
the vicinity of the sea ice margin. Instead, the warm bias
could be caused by the transport of allochthonous GDGTs
via the release of ice rafted debris.
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(a) Arctic TEX;-derived temperature residuals

-10

(b) Arctic TEX,,-derived temperature residuals

Fig. 4. Close-up of the BIT values and the residuals of (a) TEXgs and (b) TEX'§6 derived SST estimates relative to World Ocean Atlas 2009
(WOAO09) summer SST in the Arctic. The blue and red dotted lines denote the maximum and minimum monthly sea ice extent respectively,
incorporated in the Ocean Data View software (ODV; Schlitzer, 2011), and based on data from Walsh (1978) and Zwally et al. (1983). Black
dots illustrate the study sites, and color bars illustrate the residuals and the BIT values.

3.3. Correlations of TEXgs and TEXg, values to water
temperatures

We examine the correlation of TEXgs and TEXg, val-
ues against annual mean and seasonal SST (Figs. 5 and
6, see Supplementary data for individual cross-plot for
each region). To avoid bias, Cluster 1 data (discussed in
Section 3.1) are excluded from the regressions. We com-
pare regressions through the entire data set and a reduced
data set that excludes data from sites with BIT val-
ues > 0.3 (Table 2). The comparison shows that removing
data points associated with BIT > 0.3 and BIT > 0.2 (not
shown) result in improvement of the correlations (based
on r* values).

Overall, compared to its counterpart TEXgg, the TEX%“6
displays improved correlation with the SST (Fig. 5 and
Table 2). There is considerable scatter in the TEXg4 data,
especially those from the Laptev Sea, the Fram Strait and
the central Arctic, which form a visually separate cluster
due to their relatively high TEXge values at low SSTs (dis-
cussed in Section 3.2). The most pronounced scatter in the
TEX]§6data set is attributable mainly to five data points
from the Laptev Sea and two anomalous data points from
the Antarctic Peninsula (data from Shevenell et al. (2011)).
Both TEXgs and TEXg; values in the Southern Ocean and
the North Pacific vary positively with SSTs. The regional
TEXgsSST relationships here follow the global pattern
(Fig. 5a), especially in the Pacific sector of the Southern
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references are as in Fig. 3.

Ocean and the Subarctic Front zone of the North Pacific.
However, there is a systematic offset between the TEXééf
SST relationships in these regions and that of the global cal-
ibration (Fig. 5b).

Since archaea are found throughout the water column
(e.g. Karner et al., 2001), it is tempting to speculate that
the lack of correlation of TEXgs and TEXjg, with SST
could be due to a substantial input of GDGTs from dee-
per waters, interfering with the surface water GDGT sig-
nal. The correlations of both GDGT indices with the
SST (0m) are not significantly better than those with
the temperatures for depth-weighted 0-200 m (Table 2),
suggesting that subsurface export from water depths of
<200 m to the sediments cannot be ruled out entirely. This
is in agreement with previous findings derived from studies
on surface sediments (Lopes dos Santos et al., 2010; Leng-
ger et al., 2012; McClymont et al., 2012) and suspended
particulate matter in water column (Huguet et al., 2007;
Lee et al., 2008). However, sediment core-top data, being
an integration of the entire water column and of different

seasons, are not suitable to disentangle the effect of sub-
surface GDGT export and cooler than annual mean sea-
sonal temperature as reasons for cold-biased TEXge-
derived temperatures. Furthermore, the temperature data
sets used for calibrations (0 m and 0-200 m) are highly
correlated, thus the empirical relationships between these
data sets and TEXge indices do not allow us to pin-point
the actual depth of origin of the GDGTs in our surface
sediment samples.

3.4. Effect of sedimentation setting and/or seasonality in
GDGT production

There is no significant difference between the correlation
of TEXgs values with the annual mean SST (Fig. Sa,
Table 2) and those with the seasonal SSTs (Fig. 6a-d,
Table 2). The same is true for the TEXjy, data set
(Figs. 5b, 6e-h, Table 2), with the exception of the correla-
tion with summer SST that is slightly poorer than those of
the other seasons and the annual mean.



222 S.L. Ho et al./ Geochimica et Cosmochimica Acta 131 (2014) 213-226
0.8 0.8 -
(a) Summer (b) Winter
0.7 A 0.7 1
0.6 1 0.6 1
0.5 1 0.5 1
0.4 1 0.4 1
0.3 { 0.3
0.2 0.2
2 0.1 0.1
x 5 5 0 5 10 15 20 25
E 08 08
(d) Autumn
0.7 0.7 1
0.6 0.6 1
0.5 0.5 1
041 041
0.3 1 0.3 1
0.2 { 0.2 1
0.1 0.1
-5 -5 0 5 10 15 20 25
0.0 0.0
(f) Winter
-0.2 4 -0.2 A
0.4 0.4
-0.6 -0.6
-0.8 4 -0.8 A
-1.0 1 v 104 v
a = == = =
© 16 v -1.6 v
& 181 [ e I
w -5 0 5 10 15 20 25 -5 0 5 10 15 20 25
F oo 0.0
o (g) Spring (h) Autumn
-0.4 |
-0.6 1
-0.8
-1.0 1 v 1.0 1 v
1.8 v T e N
¢l L S 7 D —
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
WOAO09 Seasonal SST (°C)
A Central Arctic . . Southern Ocean (WSI)
; O Norwegian Sea ' Celtic Sea ' A Laptev Sea v sSouthe
: Central Arctic $B|T>O'3) O Hudson Bay O Washington Margin ! A Laptev Sea {BIT>0.3} v Southern Ocean (WSI) '
A gentra:l /;rctlc O Argentine Basin ' Gulf of St. Lawrence A Kara Sea {BIT>0.3} v goumem 80‘96” (YVSD
A BZ:::K: 3221 O Skagerrak ' O Black Sea’ , ® Subarctic Gyre (Pacific) ° SgStiaeg:ea cean (1)
A Off Svalbard o Baltic Sea O Seaof Japan ®  Subarctic Front (Pacific) @  Southern Ocean (P)
A Off Svalbard 1 O North Sea’ Vv Antarctic Peninsula ®  Bering Sea O Southern Ocean (P) !
F vgt a; O North Atlantic ! ¥ Antarctic Peninsula ® Alaska Gyre © Southern Ocean (P)?
A ram straf O Irish Sea Vv Amundsen Sea ' v Southern Ocean (SSI) Southem Ocean (A)
Fram Strait {BIT>0.3}  — Giobal core-top calibration (Kim et al., 2010) v Southern Ocean (SSI) * Southern Ocean (A)
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2009 (WOAO09). Gray lines illustrate the latest global core-top calibratio
references are as in Fig. 3.

A closer inspection of the scatter plots of TEXgs and
TEXIgﬁ vs. annual mean SST (Fig. 5) reveals two groups, sit-
uated above and below the global calibration of Kim et al.
(2010) respectively. To some extent, the data in the group
above the global calibration are from a deep, open ocean

ns (Kim et al., 2010). Symbols and abbreviations are as in Fig. 2, while

setting (e.g. Alaska Gyre, Bering Sea, Southern Ocean Pa-
cific sector, Subarctic Gyre), while the group below the glo-
bal calibration consists mostly of data from the marginal
seas and/or continental shelves (e.g. Baltic Sea, Irish Sea,
Black Sea, North Sea). A corresponding trend is evident
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Table 2

Coefficient of determination (r?) of linear regressions run through various TEXgs and TEXé6 data sets. The P-values of all the regressions

are < 0.0005, thus are highly significant within the confidence level of 95%.

WOAO09 temperature data
Cluster 1 data (n = 387)

Subpolar data set excluding

Subpolar data set excluding Cluster 1

and BIT > 0.3 data (n = 339)

TEXge TEXK TEXgs TEXE,
0 m, annual mean 0.03 0.25 0.09 0.30
0-200 m, annual mean 0.03 0.23 0.11 0.29
0 m, summer 0.02 0.20 0.07 0.24
0 m, winter 0.03 0.27 0.10 0.32
0 m, spring 0.03 0.24 0.10 0.30
0 m, autumn 0.02 0.25 0.09 0.31

in the temperature residual plots, especially in those of
TEXsLﬁ (Fig. 3 and depth-coded Supplementary data),
wherein most of the warm-biased estimates occur at the
open ocean sites, while the cold-biased estimates occur in
the marginal seas and on the continental shelves. The con-
trasting (warm vs. cold) bias in the SST estimates at the
abovementioned open ocean settings and marginal seas
might be the reason why we do not observe substantial dif-
ferences in the correlation with seasonal SSTs (Fig. 6), as
the opposing biases might have canceled out the correlation
to warm or cold seasons.

A combination of factors, including archaeal ecology,
sedimentation regime and seasonality, might have contrib-
uted to the diverging TEXgs/TEXg,-SST relationships in
different settings. The microbial communities are known
to differ between coastal and open ocean regions, with lat-
itude, and in regions where there is upwelling of mesope-
lagic waters to the surface (Giovannoni and Vergin,
2012). A transect study (Santoro et al., 2010) in the Gulf
of California found gene copies of deep-water archaea in
the surface waters of the coastal upwelling region, but not
at the deeper oligotrophic offshore site. This suggests how
upwelling events at coastal sites probably transport deep-
water archaea to the surface, thereby resulting in different
archaeal distributions in the surface waters between coastal
and offshore sites. Alternatively, the cold-biased TEXgs/
TEXG,-derived SST estimates in marginal seas might arise
from higher archaeal cells/lipid abundances in winter, as re-
ported for the North Sea (Wuchter et al., 2005; Wuchter
et al., 2006) and the Antarctic coastal waters (Murray
et al., 1998; Church et al., 2003). On the other hand, the
GDGT flux to the seafloor in an open ocean setting (e.g.
Southern Ocean, North Pacific) might be more tightly
linked to the export of primary production, which is heavily
biased towards the warmer seasons (Honjo et al., 2000;
Honda et al., 2002) due to higher light availability, hence
result in warm-biased SST estimates. Similar observations,
albeit on a regional scale, were made previously in a sea-
ward transect study in the Mediterranean (Leider et al.,
2010), where the TEXgs-derived SSTs were increasingly
overestimated seaward. The authors invoked seasonality
in the production of planktic archaea, the nutrient condi-
tions and particle loading in surface waters to explain their
findings. These mechanisms might be in play as well in the
marginal seas and the open oceans in the subpolar and
polar regions, causing the scatter in the low and mid

temperature range in the data set. Furthermore, some of
the underestimation at the continental margins may also
be attributable to lateral transport. This seems to be the
case in the Argentine Basin (Supplementary data), where
previous studies suggested that the observed cold-biased
alkenone-derived SSTs are due to the advection of allochth-
onous alkenones by vigorous surface currents (Benthien
and Miiller, 2000; Conte et al., 2006; Mollenhauer et al.,
2006; Rithlemann and Butzin, 20006).

Nevertheless, the abovementioned sedimentation set-
ting-related biases may not apply to all the subpolar re-
gions, especially at sites where temperature estimates
inferred from TEXg4 and TEX:;6 suggest different seasonal-
ities for the production of GDGTs. For instance, TEXgs4-
SST relationships in the surface sediments of the Southern
Ocean (Pacific sector) and the Subarctic Front in the North
Pacific follow the global pattern (calibrated against the an-
nual mean SST), while the TEX:{G-inferred temperatures in
these regions correspond better to the summer SST (Figs. 3,
5 and 6, Supplementary data). This is in spite of the fact
that both indices are based on GDGTs biosynthesized by
the same group of archaea and the indices are thus expected
to reflect, if any, the same seasonality in the temperature
estimates. Hence, the confirmation of our hypotheses
awaits future work, in the form of water column studies,
along with downcore reconstructions based on a multi-
proxy approach, which would allow a better constraint on
the seasonality in TEXgs and TEX:;6 paleothermometries
by using other independent water temperature proxies.

4. SUMMARY AND CONCLUSIONS

In this study we assess the applicability of the TEXgq4
thermometry in the subpolar and polar regions using sedi-
ment core-top data. In order to evaluate the quality of
the calibrations, we examine both the correlation of our
sediment core-top TEXge/ TEX§, values with modern SST,
and the residuals of the temperature estimates (how well
the estimates match the WOAO09 SSTs). We found consider-
able scatter in the TEXgs/TEXg-SST correlations in the
temperature range between —2 and 17 °C, leading to large
temperature residuals. Dissimilar spatial patterns in the
TEXgs- and TEXSLé-derived temperature residuals in this
temperature range render the attribution of any seasonal-
bias, subsurface GDGT input, or differences in sedimenta-
tion setting to the deviation, inconclusive. Furthermore,
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substantial overestimates at many Arctic sites, probably
due to terrestrial archacal GDGT input, call for caution
in interpreting TEXSG/TEX{;G-derived temperature esti-
mates in the Arctic marginal seas.

However, the scatter in the GDGT index — temperature
correlations does not necessarily imply that TEXge/ TEXj,
paleothermometry is not applicable at all at low tempera-
tures. There is clearly a robust relationship between these
indices with temperature in some subpolar regions, such
as the Pacific sector of the Southern Ocean and the Subarc-
tic Front in the North Pacific, suggesting that TEXgs/
TEXj, paleothermometry might be a suitable tool for
paleotemperature reconstruction there.

The choice of the GDGT index (TEXgs vs. TEX§,) and
the type of calibration (global vs. regional) in paleoclimatic
studies is likely to be regionally dependent. For instance,
the surface sediment data presented here suggest that the
global TEXg¢ calibration is likely to yield reasonable SST
estimates in the Southern Ocean and the Pacific Subarctic
Front zone. As for the TEX§6 paleothermometry, the regio-
nal calibration might be more suitable here than the global
calibration, given the deviation of TEXg-SST correlation
from the global pattern.
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