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ARTICLE INFO ABSTRACT

Associate editor: Shucheng Xie Recently developed temperature proxies based on hydroxylated isoprenoid Glycerol Dialkyl Glycerol Tetraethers

(OH-isoGDGTs), such as %OH, RI —OH, RI —OH' and OH®, have shown potential for reconstructing past tem-

Keywords: perature changes. However, progress has been limited by the lack of a global core-top calibration with ample
Hydroxylated GDGTs geographical coverage. Here, we compile an extensive global surface sediment dataset of OH-isoGDGTs as well as
;]IE—)S;I regular isoprenoid GDGTs (isoGDGTs), with both data generated at NIOZ (n = 575) and previously published
%OH data from other laboratories (n = 297). We find interlaboratory differences for proxy indices that incorporate

both OH-isoGDGTs and regular isoGDGTSs, indicating that care must be taken in compiling large GDGT datasets
from multiple laboratories. Our results confirm a strong temperature signal in the isoGDGT distribution, espe-
cially for OH-isoGDGT-0 and non-hydroxylated isoGDGTs, but also reveal that water depth might have an impact
on the distribution of OH-isoGDGTs with 1 and 2 cyclopentane moieties. This will affect the Rl —OH and RI —OH’
indices, particularly in tropical regions, where OH-isoGDGT-0 occurs at low abundance. We explore new proxy
indices that combine the temperature dependence of both isoGDGT and OH-isoGDGT distributions and propose
the use of TEX(s)g", which includes OH-isoGDGT-0 in the denominator of the TEXgs index. This modification leads
to a much higher temperature sensitivity of the index, especially in regions with annual mean sea surface
temperatures between 5 and 15 °C. Application of this novel paleothermometer to a polar sediment core suggests
that this proxy is likely to result in more reliable temperature reconstructions in polar regions where OH-
isoGDGTs are abundant.

Surface sediments

1. Introduction

Biomarker lipids produced by microorganisms are an important tool
for the reconstruction of past sea (sub)surface temperatures, which plays
a significant role in understanding Earth’s climate history and modelling
future climate. One of the most commonly used biomarker proxies for

studying past temperature change is the U§7 index based on alkenones
(Prahl and Wakeham, 1987). Alkenones are molecules produced by
some species of haptophyte algae (de Leeuw et al., 1980; Volkman et al.,
1980), where the degree of unsaturation changes with growth temper-
ature (Brassell et al., 1986; Prahl and Wakeham, 1987). However,

* Corresponding author.
E-mail address: devika.varma@nioz.nl (D. Varma).

https://doi.org/10.1016/j.gca.2023.12.019
Received 25 October 2023; Accepted 15 December 2023
Available online 18 December 2023

alkenones are rarely found in sediments older than 50 Ma (Brassell,
2014) and cannot be used for temperature reconstructions above ~ 29
°C (e.g. Miiller et al., 1998). Another frequently used organic seawater
temperature proxy is the TEXgs (TetraEther indeX of 86 carbons;
Schouten et al., 2002) based on the relative abundance of isoprenoidal
glycerol dialkyl glycerol tetraether lipids (isoGDGTs) with 1 to 3
cyclopentane moieties and the crenarchaeol isomer (see Table 1 for the
definition of all isoGDGT-based proxies), which contains an additional
cyclohexane moiety (Sinninghe Damsté et al., 2002; Holzheimer et al.,
2021). These isoGDGTs are predominantly produced in the ocean by a
group of archaea (Sinninghe Damsté et al., 2002; Schouten et al., 2013b;
Zeng et al., 2019), i.e., Thaumarchaeota (named Nitrososphaeria in the
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Global Taxonomy Database; Rinke et al., 2021), which are widespread in
the global ocean and oxidize ammonium (e.g. Karner et al., 2001a;
Sinninghe Damsté et al., 2002; Konneke et al., 2005; Schouten et al.,
2013b; Zeng et al., 2019). At higher growth temperatures, they increase
the number of cyclopentane moieties in their core membrane GDGTs
(Gabriel and Chong, 2000; Wuchter et al., 2004; Elling et al., 2015),
forming the basis for the definition, calibration, and successful appli-
cation of the TEXgq palaeothermometer (Schouten et al., 2002, 2013b).
However, correlation of TEXge in surface sediments with annual mean
sea (sub)surface water temperatures shows major scatter and potentially
non-linear relationships (cf. Kim et al., 2010; Schouten et al., 2013b;
Tierney and Tingley, 2014, 2015). This is likely predominantly caused
by varying contributions of phylogenetically different groups of Thau-
marchaeota inhabiting different water depths (Kim et al., 2015; Villa-
nueva et al., 2015; Zhu et al., 2016; Besseling et al., 2019) and impact of
nutrient conditions (Elling et al., 2015; Hurley et al., 2016; Evans et al.,
2019), complicating the application of TEXge as a seawater temperature
proxy (e.g. Huguet et al., 2007; Ho and Laepple, 2016; Hurley et al.,
2018; Zhang and Liu, 2018). The TEXgs-temperature relationship flat-
tens below ~ 12 °C, which restricts the use of this proxy in cold polar
regions (cf. Kim et al., 2010). Accordingly, the TEX}, index, which ex-
cludes the crenarchaeol isomer completely and isoGDGT-3 from the
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suggested as an alternative temperature proxy for temperatures < 15 °C
(Kim et al., 2010). However, TEX}, is strongly impacted by the export of
isoGDGTs from thaumarchaeotal communities that inhabit different
water depths (e.g. Inglis et al., 2015; O’Brien et al., 2017) and have
different isoGDGT [2]/[3] ratios (Taylor et al., 2013; Villanueva et al.,
2015; Kim et al., 2016; Besseling et al., 2019; Rattanasriampaipong
et al., 2022). Hence, TEX},-based temperature reconstructions need to
be applied with caution (cf. Taylor et al., 2013; Ho et al., 2014; Inglis
et al., 2015).

More recently, paleothermometers based on hydroxylated isoGDGTs
(OH-isoGDGTs) have been developed. OH-isoGDGTs containing one or
two hydroxy groups attached to their biphytanyl chains were first
identified by Liu et al., (2012a) in a marine sediment. Huguet et al.
(2013) showed that OH-isoGDGTs are ubiquitous in marine and fresh-
water systems. Moreover, OH-isoGDGTs were also identified in soils
(Kang et al., 2017; Man et al., 2023) and in peats (Yang et al., 2019).
Thaumarchaeotal culture studies have reported the presence of OH-
isoGDGTs in Group I.la Thaumarchaeota and SAGMCG-1 (Elling
etal.,, 2014, 2017; Bale et al., 2019) but were not detected in soil Group
I.1b Thaumarchaeota (Sinninghe Damsté et al., 2012; Elling et al.,
2017). However, they have also been detected in cultures of thermo-
philic Euryarchaeota (Liu et al., 2012a, b), indicating that OH-isoGDGTs

numerator of the originally defined TEXss index (Table 1), has been are not exclusive to Thaumarchaeota. In the open ocean,
Table 1
Definitions of isoGDGT and hydroxylated isoGDGT-based proxy indices and their regression correlations with sea water temperatures.
Proxy indices Equation Equation/regression n R? Reference
No.
%OH — 1 %O0OH = —0.24 x SST + 8.3 38 0.59 Huguet et al. (2013)
[OH — 0] + [OH — 1] + [OH — 2] 100 2 %OH = —0.227 x SST + 6.79 469 073  This study (NIOZ
[0] + [1] + [2] + [3] + [Cren] + [Cren] + [OH — 0] + [OH — 1] + [OH — 2] dafaSEt)
3 %O0OH = 0.005 x SST? —0.38 x SST + 469 0.75  This study (NIOZ
7.64 dataset)
4 %OH = —0.306 x SST + 8.87 667  0.65  This study (complete
dataset)
RI_OH = % 5 RI-OH = 0.018 x SST + 1.11 107 0.74 Lii et al. (2015)
6 RI-OH = 0.021 x SST + 1.06 469 0.79  This study (NIOZ
dataset)
7 RI—-OH = 0.0006 x SST? 4 0.002 x 469 0.83  This study (NIOZ
SST + 1.17 dataset)
8 RI—OH = 0.018 x SST + 1.12 744  0.79  This study (complete
dataset)
. [OH 1] +2 x [OH - 2| 9 RI-OH = 0.0422 x SST —0.029 167 076 .
RI-OH' = [OH — 0] + [OH — 1] + [OH — 2] Fietz et al. (2020)
10 RI—OH = 0.044 x SST—0.11 469 0.64  This study (NIOZ
dataset)
11 RI—OH = 0.0007 x SST2 + 0.02 x 469  0.66  This study (NIOZ
SST + 0.03 dataset)
12 RI—OH = 0.040 x SST + 0.003 759  0.71  This study (complete
dataset)
OHC — 2]+ [3] ’+ [Cren’] — [OH - 0] 13 OH® = 0.0266 x SST —0.144 52 0.88 Fietz et al. (2016)
[1]+[2] + [3] + [Cren] + [OH — 0] + [OH — 1] + [OH — 2] 14 OHC — 0046 x SST 0.5 469 086  This study (NIOZ
dataset)
15 OH® = —0.0008 x SST? + 0.07 x 469  0.88  This study (NIOZ
SST-0.73 dataset)
16 OH® = 0.043 x SST —0.53 555  0.85  This study (complete
dataset)
TEXOH — [2] + [3] + [Cren] 17 TEXg' =0.023 x SST + 0.033 513  0.88  This study (NIOZ
8 " 1]+ [2] + [3] + [Cren] + [OH — 0] dataset)
18 TEX§!! = 0.021 x SST + 0.08 599  0.88  This study (complete
dataset)
19 TEX§H = 0.026 x 470  0.89  This study (NIOZ
Temperatureg_200m + 0.09 dataset)
20 TEXH = 0.025 x 556  0.90  This study (complete
Temperaturep_zoom + 0.11 dataset)
(2] + [3] + [Cren] 21 TEXge = 0.014 x SST + 0.28 513  0.78  This study (NIOZ
TEXgs = =2+ 3]+ [Cren] dataset)
22 TEXgs = 0.012 x SST + 0.33 662 0.78  This study (complete
dataset)

[OH —n] indicates hydroxylated isoprenoidal GDGTs with n number of cyclopentane rings.
[n] indicates non-hydroxylated isoprenoidal GDGTs with n number of cyclopentane rings.
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Thaumarchaeota are considered the dominant source of isoGDGTs (Zeng
et al.,, 2019; Besseling et al., 2020) and this likely holds for OH-
isoGDGTs. A common source of OH-isoGDGTs and non-hydroxylated
isoGDGTs in these environments is supported by the strong correla-
tions observed between the concentration of OH-isoGDGTs and cren-
archaeol (specific to Thaumarchaeota; Sinninghe Damsté et al., 2002;
Bale et al., 2019) as well as 16S rRNA gene abundances of Group I.1a
Thaumarchaeota in suspended particulate matter in both the marine
(Sollai et al., 2019) and lacustrine (Sinninghe Damsté et al., 2022b)
water column.

OH-isoGDGTs have been shown to be more abundant at higher lat-
itudes in the global ocean, and their abundance relative to isoGDGTSs
(%OH; Table 1) showed a significant negative correlation with sea sur-
face temperature (SST) (Huguet et al., 2013). A molecular dynamics
simulation study with hydroxylated and non-hydroxylated isoGDGT-
0 has shown that the hydroxy group of OH-isoGDGTs extends the polar
head group region by bulging out of the inner core lipid and forming
hydrogen bonds with water molecules and sugar moieties of adjacent
lipids (Huguet et al., 2017). An increase in the relative abundance of OH-
isoGDGTs may, thus, serve as an adaptation to low temperatures for the
archaeal cell, as the hydroxy group creates free cavities in the inner core
lipids and increases the overall fluidity of the membrane (Huguet et al.,
2017).

Several indices have been developed to quantify the presumed
temperature control on OH-isoGDGT distributions and abundance, such
as the ring index of OH-isoGDGTs, RI —OH and RI —OH' (Table 1), based
on changes in the number of cyclopentane moieties (Lii et al., 2015). For
the currently available global dataset (n < 170), the RI—OH and
RI —OH’ proxies show positive correlations with SST (R? > 0.70), though
with considerable scatter (Lii et al., 2015; Fietz et al., 2020). Early ap-
plications of these proxies specifically targeted high-latitude sediments
(Fietz et al., 2013, 2016; Kremer et al., 2018; Vorrath et al., 2020; Wu
et al.,, 2020; Allaart et al., 2020), although recent studies have also
shown their potential as a temperature proxy in temperate and tropical
regions (Davtian et al., 2019, 2021; Morcillo-Montalba et al., 2021; Liu
et al., 2022; Varma et al., 2023; Davtian and Bard, 2023). These OH-
isoGDGT-based proxies often infer temperature trends/ variability

similar to other proxies studied (UX,, TEXk, TEXH,, Long chain Diol
Index) and have been applied successfully in multi-proxy studies of the
past climate.

Although promising, several studies indicate potential issues with
the application of OH-isoGDGT-based proxies. Surface sediment studies
from the Southern Ocean suggested that the RI —OH' reflects sub-surface
temperatures rather than SST in the Antarctic region (Liu et al., 2020;
Lamping et al., 2021). Furthermore, several studies have suggested a
possible seasonal bias of R —OH or RI —OH' proxies to winter/ spring in
the Mediterranean and the Beaufort Sea (Davtian et al., 2019; Wu et al.,
2020) or to the summer monsoon season in the South China Sea (Wei
et al., 2020) as well as depth biases during glacial periods (Fietz et al.,
2016; Davtian et al., 2019; Morcillo-Montalba et al., 2021; Liu et al.,
2022). A larger change in R —OH and RI —OH' temperatures compared

to those inferred by U§7 and/ or TEXge has been observed during climate
events like Heinrich Stadials, Dansgaard-Oeschger cycles or glacial-
interglacial cycles at different locations (Davtian et al., 2019, 2021;
Morcillo-Montalba et al., 2021; Varma et al., 2023). A warm bias of the
RI-OH proxy was observed for coastal sediments receiving high
amounts of terrestrial input (Kang et al., 2017). Xiao et al. (2023) sug-
gested an influence of water depth on OH-isoGDGT resulting in a po-
tential underestimation of reconstructed SST when RI —OH’ is used in
deep sea sediments. A difference in the OH-isoGDGT distributions be-
tween deep and shallow water archaeal communities has also been
suggested (Zhu et al., 2016; Lii et al., 2019). Furthermore, a recent Baltic
Sea study suggested that salinity may also have an impact on the dis-
tribution of OH-isoGDGTs (Sinninghe Damsté et al., 2022a). Thus,
although previous studies on OH-isoGDGT-based proxies have shown
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their potential as a seawater temperature proxy, they also highlighted
the need for better constraints of the controls on OH-isoGDGT distri-
butions (e.g. Davtian et al., 2021; Varma et al., 2023). Studies on cul-
tures of archaea have revealed large variations in the composition of
OH-isoGDGTs among different strains but a correlation between the
abundance of OH-isoGDGTs relative to all the isoGDGTs and growth
temperature was not observed (Elling et al., 2014, 2017; Bale et al.,
2019). An enrichment culture of Thaumarchaeota from the Baltic Sea,
grown at both 4 and 22 °C, also exhibits no significant change in %OH
with temperature (Sinninghe Damsté et al., 2022a). However, the cul-
ture exhibits a dominance of OH-isoGDGT-0 at lower temperature and
OH-isoGDGT-2 at higher temperature, which is consistent with the re-

sults found in environmental samples. In contrast to U’3(7 and TEXgg, OH-
isoGDGT-based proxies lack extensive investigations on the distribution
of OH-isoGDGTs in globally distributed surface sediments from widely
different geographical regions.

Here we substantially extend the existing dataset of the distribution
of OH-isoGDGTs in marine surface sediments and evaluate the impact of
different environmental parameters on OH-isoGDGT distributions,
together with those of non-hydroxylated isoGDGTs, and the applica-
bility of proxies based on OH-isoGDGTs. Our findings provide new
constraints on OH-isoGDGT-based paleothermometers, allowing us to
develop a new proxy index for paleotemperature reconstruction.

2. Materials and methods
2.1. Surface sediments and compilation

For this study, we re-analyzed or re-integrated the mass chromato-
grams of 575 surface sediments previously analyzed at NIOZ. These
include surface sediments from a global TEXgg calibration study (Kim
et al., 2010), a global long-chain diol calibration study (de Bar et al.,
2020) and surface sediments from the Baltic Sea (Sinninghe Damsté
et al., 2022a). For an overview, see Supplementary Table S1 and Fig. 1.
In all these studies, OH-isoGDGTs were quantified by integrating the
peaks that correspond to [M + H-18]" ions (i.e., m/z 1300, 1298 and
1296).

2.2. Sediment core

To explore the potential of OH-isoGDGT-based proxies for paleo-
temperature reconstruction, we analyzed the sediment core Col010,
retrieved from Prydz Bay in the Southern Ocean (68.80°S, 77.89°E) from
a water depth of ~ 38 m (for more details, see Wagner et al., 2008; Berg
et al., 2010). The modern annual mean SST at this location is —0.3 °C
(Locarnini et al., 2019). The age model for the sediment core is based on
Berg et al. (2020) and the 1*C calibration curve was updated according
to Heaton et al. (2020). We analyzed a total of 64 sediment horizons
which spans the last ~ 11,000 years, with an average sampling resolu-
tion of one sample per ~ 170 years. We also explored the published
paleorecords from ODP Site 1235 and 1078 (Varma et al., 2023) for
newly developed OH-isoGDGT-based proxies.

2.3. GDGT analysis

The lipid extraction methods used for the surface sediments analyzed
at NIOZ are described in the original literature and to a large degree
summarized by de Bar et al. (2020) (see Supplementary Table S1 for an
overview). Since these previous analyses (Kim et al., 2010; de Bar et al.,
2020) were performed using a method with a shorter run time, whereby
the OH-isoGDGTs did not elute from the column, re-analysis was
needed. For re-analysis, the original polar fractions of the extracts of the
surface sediments obtained by Kim et al. (2010) and de Bar et al. (2020)
were dissolved in hexane:isopropanol (99:1, v:v), filtered through a
0.45 pm PTEFE filter, and analyzed with ultra-high performance liquid
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Fig. 1. Location of the surface sediments (n = 872) for which the distribution of OH-isoGDGTs has been studied. The surface sediments investigated in this study at
NIOZ (including the published data from Sinninghe Damsté et al., (2022a) are represented by blue dots (n = 575).The surface sediments studied by Fietz et al., (2016,
2020), Yang et al. (2018), Wei et al. (2020) and Lamping et al. (2021) are indicated by orange dots (n = 297). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

chromatography/ mass spectrometry (UHPLC/MS) on an Agilent 1260
Infinity HPLC coupled to an Agilent 6130 MSD according to Hopmans
et al. (2016). The isoprenoid and branched GDGTs were detected in
Selective Ion Monitoring (SIM) mode for protonated GDGT molecules
[M + H]" and OH-isoGDGTs were quantified by integration of the
appropriate peaks in the mass chromatograms of the [M + H-18]" ions
(i.e., m/z 1300, 1298 and 1296) as has been done previously (Huguet
et al., 2013). The OH-isoGDGTs were identified by comparing retention
times to an in-house standard from a Drammensfjord sediment extract.
Additionally, two sediments from the tropical Atlantic and the Baltic Sea
were analyzed for [M + H]" ions of m/z 1318, 1316 and 1314 to
examine the relative amount of [M + H-18]" versus [M + H]" ions of
OH-isoGDGTs. Strict quality control was performed on all GDGTs by
ensuring that the peak integration area is above the limit of quantifi-
cation for the instrument and that each peak’s signal-to-noise ratio was
higher than 10.

For sediment core Co1010, the sediments were freeze-dried and
extracted using a modified Bligh & Dyer extraction method (BDE) (Bligh
and Dyer, 1959; Sturt et al., 2004; Bale et al., 2021). The sediments were
extracted thrice ultrasonically in a mixture of methanol (MeOH),
dichloromethane (DCM), and phosphate buffer (2:1:0.8, v:v:v) for 10
min. The supernatant was collected after the mixture was centrifuged for
2 min at 3000 rpm. The combined supernatants were phase separated by
adding additional DCM and phosphate buffer to achieve a final solvent
ratio of 1:1:0.9 (v:v:v). The organic phase was collected after centri-
fuging the mixture for 2 min at 3000 rpm, and the aqueous phase was
then extracted thrice using DCM. These steps were repeated on the same
sediment but with a mixture of MeOH, DCM, and trichloroacetic acid
(2:1:0.8, v:v:v). The extracts were dried under N2 gas until ~ 1 ml of
solvent remained and desulphurized with copper turnings, activated
with 2 N HCl overnight, and eluted over a NaSO4 column using DCM:
MeOH (9:1, v:v). The extracts were dried under a stream of Ny and
separated into apolar, ketone and polar fractions using an activated
Al503 column with hexane:DCM (9:1, v:v), hexane:DCM (1:1, v:v) and
DCM:MeOH (1:1, v:v) mixtures, respectively. The polar fractions con-
taining isoGDGTs were dissolved in hexane:isopropanol (99:1, v:v),
filtered through a 0.45 um PTFE filter, and analyzed on the UHPLC/MS
as mentioned above.
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2.4. Environmental data

The environmental data from the surface sediment locations were
obtained from the World Ocean Atlas 2018 (WOA18) database. The
annual mean sea surface temperature (0 m), sub-surface temperature
(0-200 m, calculated as described in Kim et al., 2008), salinity and ni-
trate data were obtained for each location from the corresponding 1° x
1° grid box (Garcia et al., 2018; Locarnini et al., 2019; Zweng et al.,
2019). For some surface sediments relatively close to the coast lacking
1° grid temperature data resolution, we extended the grid size to 2°,
especially for surface sediments from high latitudes near the Arctic and
Antarctica or from the delta regions. The surface sediments from the
Rhone delta in the Gulf of Lions were sampled at high resolution close to
the coast, and therefore NSIPP AVHRR (Advanced Very High Resolution
Radiometer) SST data were previously used by Kim et al. (2015). In this
study, we also employ the AVHRR SST data from Kim et al. (2015) for
the surface sediments from the Rhone delta, instead of coarser WOA18
data.

2.5. Statistical analysis

Principal Component Analysis (PCA) was performed on the summed
and standardized fractional abundances of both OH- and non-
hydroxylated isoGDGTs, annual mean SST, salinity, nitrate, and water
depth data using the prcomp function in R software. Regression analysis
between various parameters done in this study was performed using
statistical functions in python (scipy.stats).

To examine the variations in the analysis of OH-isoGDGTs among
different laboratories, we conducted statistical tests to determine if there
are any differences in the mean proxy values from these laboratories. To
do this, we selected a subset of surface sediments from the same
geographic region within a 2° grid, but from different laboratories
(Table 2). We performed a one-way analysis of variance (ANOVA) using
the f oneway package from scipy.stats in python, after ensuring that the
assumptions of equal variance and normal distribution were met for
each group. If any groups had unequal variance or a non-normal dis-
tribution, we instead performed a non-parametric test, Kruskal-Wallis
test (using scipy.stats) to examine statistical difference between the
medians of the groups.
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Results of one-way ANOVA tests (or Kruskal-Wallis test, denoted by asterisk *) at significance level of 0.05 for (a) RI —OH’, (b) %OH and (c) TEX&H obtained from
surface sediments from the same geographical regions (within a 2° x 2° grid) but reported by different labs. Values in bold indicate statistically significant values (p <

0.05).
Proxy Labs Region F value p value
(a)RI —OH’ NIOZ (n = 6), Antarctic 0.0* 1*
AWI (n = 5)
NIOZ (n = 13), Baltic Sea 4.92 0.032
Leibniz IOW (n = 33)
BGEG Wuhan (n = 11), AWI South China Sea 0.88 0.359
(n=11)
(b)%OH NIOZ (n = 6), Antarctic 74.21 < 0.0001
AWI (n = 5)
NIOZ (n = 13), Baltic Sea 149.13 < 0.0001
Leibniz IOW (n = 33)
(c)TEXgH NIOZ (n = 6), Antarctic 7.5% 0.006*
AWI (n = 5)
3. Results Introduction), we also screened our dataset for the potential influence of

For this study, we used a set of surface sediments that have previ-
ously been analyzed for biomarker proxies at NIOZ, comprising 221
surface sediments that were previously utilized for a global TEXge
calibration study (Kim et al., 2010) and 341 surface sediments utilized
for a global long-chain diol calibration study (de Bar et al., 2020). This
collection has a wide geographical distribution (Fig. 1) including sedi-
ments from the Mozambique Channel (Schulz et al., 2011; Fallet et al.,
2012), the coast of Australia (Smith et al., 2013), the North Sea (Bale
etal., 2013), the Amazon shelf (Zell et al., 2014), the Kara Sea (De Jonge
et al., 2015), the Iberian margin (Kim et al., 2016), the Berau delta
(Sinninghe Damsté, 2016), the Okhotsk Sea (Lo et al., 2018), the Black
Sea (Lattaud et al., 2018) and the tropical Atlantic (Bale et al., 2018).
The polar fractions of these sediments were re-analyzed for isoGDGTs
and OH-isoGDGTs following the methodology of Hopmans et al. (2016).
In addition, OH-isoGDGT data from thirteen surface sediments from the
Baltic Sea previously analyzed at NIOZ following the same methods
(Sinninghe Damsté et al., 2022a) were added as well. To ensure con-
sistency in data handling between sample sets, the mass chromatograms
used to quantify isoGDGTs and OH-isoGDGTs of these Baltic Sea sedi-
ments were re-integrated.

We first screened the newly acquired dataset of surface sediments
(see Supplementary Table S1 for data) (n = 575) for potential terrestrial
input, as it may cause biases in OH-isoGDGT-based proxy values (Kang
etal., 2017; Wei et al., 2020; Man et al., 2023). In marine sediments, the
Branched and Isoprenoid Tetraether index (BIT) (Hopmans et al., 2004;
De Jonge et al., 2015) has often been used as an indicator of a potential
contribution of terrestrial GDGTs, with a cutoff value of 0.3 used as a
threshold for application of the TEXgs index (e.g. Weijers et al., 2006).
We do note that this threshold is fairly arbitrary since the threshold for
potential bias will likely vary with geographical region and because the
brGDGTs can also be produced in-situ in the marine environment (e.g.
Peterse et al., 2009; Zell et al., 2014b; Sinninghe Damsté, 2016; Xiao
et al., 2016). Nevertheless, this threshold has generally been applied in
previous paleoclimate studies and appears to have been effective
(Schouten et al., 2013b). We identified 52 surface sediments from the
Rhone delta, the Berau delta, the Eastern South Atlantic, the
Mozambique Channel, the Pakistan Margin, the South China Sea, the
Amazon shelf, the Baltic Sea, the Siberian coast and the Kara Sea from
our dataset with BIT values > 0.3. Although further studies are required
to examine the influence of terrigenous source on OH-isoGDGT-based
proxies, we excluded these 52 surface sediments from further analysis
to avoid potential biases. One surface sediment from the North Atlantic
was considered as an outlier and was removed from the dataset due to
unusually high TEXgs and RI —OH' values compared to other sediments
from the same region. Although Thaumarchaeota are the main pro-
ducers of OH-isoGDGTs and isoGDGTs in the marine environment (see
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archaea involved in methane cycling through isoGDGT [2]/cren-
archaeol ratio and Methane Index (Weijers et al., 2011; Zhang et al.,
2011), which resulted in low values (<0.3 and < 0.5, respectively),
confirming no major influence of archaea involved in anaerobic
methane oxidation. We found 53 surface sediments, mostly from trop-
ical regions where OH-isoGDGT-1 and —2 were below the detection
limit, which were excluded from further analysis.

The percentage of hydroxylated isoGDGTs (%OH) in the remaining
dataset (n = 469; referred to in the following text as the ‘NIOZ dataset’)
ranges from only 0.06 % in the warm Arabian Sea to 10.6 % in the cold
Okhotsk Sea (Fig. 2). As observed previously (Huguet et al., 2013), the
abundance of OH-isoGDGTs increases with latitude, i.e., the average %
OH is 0.97 £+ 0.5 % in the subtropical-tropical region (30°N-30°S), 3.2

+ 1.8 % in the temperate region (30°N-60°N and 30°S-60°S), and 6.6 +
1.9 % in the subpolar-polar region (60°N-90°N and 60°S-90°S) (Fig. 2).
Besides the change in the abundance of OH-isoGDGTs relative to regular
isoGDGTs, we also observe a latitudinal change within the internal
distribution of OH-isoGDGTs in the NIOZ dataset (Figure S1). In general,
OH-isoGDGT-0 shows the highest relative abundance in polar regions
and decreases in abundance towards the tropics, while the relative
abundances of OH-isoGDGT-1 and —2 decrease with latitude.

4. Discussion
4.1. Consistency between laboratories in analyzing OH-isoGDGTs

We first compared our dataset with OH-isoGDGT data obtained in
other laboratories (n 297; ‘non-NIOZ’ dataset; see Fig. 1 for
geographical locations). The non-NIOZ dataset includes a total of 164
surface sediments from various studies comprising a global dataset from
Huguet et al. (2013), surface sediments from the Arctic region (Fietz
et al., 2013), the Chinese coastal seas (Lii et al., 2015), and the Baltic and
the North Sea (Kaiser and Arz, 2016) as summarized in Fietz et al.
(2020). Additional OH-isoGDGT data from a total of 133 surface sedi-
ments from the South China Sea (Yang et al., 2018; Wei et al., 2020), the
South Pacific region (Fietz et al., 2016) and the Southern Ocean
(Lamping et al., 2021) have also been included here. Some studies did
not provide peak areas of both isoGDGTs and OH-isoGDGTs, and,
therefore, proxy indices that use both isoGDGTs and OH-isoGDGTs
could not always be calculated. A similar check on terrestrial influ-
ence was performed for the non-NIOZ dataset, using the BIT index
wherever BIT values were reported. Previous studies have reported BIT
values < 0.3, so we concluded that there was no terrestrial influence on
the distributions of isoGDGTs and OH-isoGDGTs in any of the surface
sediments from the non-NIOZ dataset.

An important consideration when comparing the NIOZ and the non-
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Fig. 2. The abundance of OH-isoGDGTs relative to that of isoGDGTs in global ocean surface sediments from the NIOZ dataset. (a) Global distribution of values for
%OH, indicated by bubble size. (b) Bar plot indicating the average %OH values in (sub)tropical (0-30°), temperate (30-60°) and (sub)polar (60-90°) regions. The

error bars indicate the standard deviation of the mean.

NIOZ datasets is that the analytical equipment in various laboratories
may differ and, perhaps, yield different quantitative results for OH-
isoGDGT-based proxies from the same surface sediments. Generally,
such issues can be assessed by round-robin studies (e.g. Rosell-Melé
etal., 2001; Schouten et al., 2009, 2013a), but such a study has not been
performed yet for OH-isoGDGTs. Interlaboratory studies performed for
GDGTs show similar results for quantification of isoGDGTs (i.e., TEXge)
but large differences in the quantification of isoGDGTs versus brGDGTs
(i.e., determination of the BIT index) occur between laboratories. This
has been attributed to the difference in response between mass spec-
trometers in various laboratories (Schouten et al., 2009, 2013a). These
results suggest that quantification may be comparable across labora-
tories within the same GDGT compound class but different between
compound classes (i.e., non-hydroxylated isoGDGTs and OH-isoGDGTs).
Indeed, when comparing the cross-plots of the complete global dataset
for a proxy that relates OH-isoGDGTs to regular isoGDGTs (%OH;
Fig. 3b), with a proxy index that only utilizes OH-isoGDGTs (RI —OH;
Fig. 3a), we notice that data point clusters from other laboratories tend
to deviate to a larger extent from those of the NIOZ dataset for %OH than
with RI—OH.

To investigate whether proxy values depend on the lab where they

1.75
(a) ® NIOz
1.50 1 @ UAB Barcelona
@® LeibnizIOW
1.25 A BGEG Wuhan
® MARUM
T 1.007 @ Awl
Q
= 0.75 A
0.50 A
0.25 A
0.00 A

10 20 25 30
Annual mean SST (°C)

have been determined, we selected surface sediments from both the
NIOZ and the non-NIOZ datasets from the same geographic region
(within a 2° grid) in cases where multiple laboratories have reported
results, assuming there are no major sedimentological or environmental
differences between the different samples of the different labs. Com-
parison of proxy values reported for the Antarctic, the Baltic Sea and the
South China Sea surface sediments shows that for the Antarctic region
and the South China Sea, we cannot reject the null hypothesis that there
is no difference among the median or mean RI —OH values, respectively,
from different laboratories (p > 0.3) at the significance level of 0.05
(Table 2). However, for the Baltic Sea, mean RI—OH values differ
significantly between laboratories (p = 0.032). For the %OH, significant
differences between mean proxy values from different laboratories were
observed for both the Baltic Sea and the Antarctic region (p < 0.0001) at
the significance level of 0.05 (Table 2). This suggests potential differ-
ences in the quantification of OH-isoGDGTs versus regular isoGDGTs
between laboratories, as previously suggested by Sinninghe Damsté
et al., (2022a) for the Baltic Sea sediments.

There are two potential analytical explanations for these differences:
(i) different ionization efficiencies of OH-isoGDGTs versus regular
isoGDGTs between instruments or (ii) different degrees of in-source
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Fig. 3. Cross-plot of (a) RI —OH' and (b) %OH against annual mean SST for the complete global dataset analyzed in different laboratories. Surface sediments used for
statistical tests to check for interlaboratory differences are represented by crosses (see Table 2).
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dehydration leading to different abundances of the [M + H-18]" versus
[M + H]" ions between the various mass spectrometers used in the
different laboratories. To explore the latter, we analyzed the amount of
dehydrated product ions ([M + H-181") vs. precursor molecular ions
(IM + H] ™) of OH-isoGDGTs for our instrumental set-up for two surface
sediments from the tropical Atlantic and the Baltic Sea. We found that
the degree of in-source dehydration is ~ 90 % for OH-isoGDGTs.
Comparing the proxy indices calculated from [M + H-18]" fragments
with those calculated on the basis of the [M + H“18]" and [M + H]"
fragments combined, shows a difference of 0.01 RI —OH units for both
regions. For %OH we observe a difference of 0.08 % for the tropical
Atlantic sediment and 0.59 % for the Baltic Sea sediment. Since the %OH
measured at NIOZ tends to be lower than that of other laboratories in
these locations (Fig. 3b), it would suggest that full in-source dehydration
of OH-isoGDGTs takes place in mass spectrometers operated in other
laboratories. However, this difference does not seem to fully explain the
difference in %OH in sample clusters from the same geographical loca-
tion but determined in different laboratories (Fig. 3) and thus differ-
ences in ionization efficiencies in the APCI source may also play a role.

Being alerted to potential changes in quantifying OH-isoGDGTs due
to potential variation in in-source dehydration, we also examined the
changes in values of RI —OH and %OH through time for a period of four
years (2019-2022) in our laboratory using an in-house standard from a
Drammensfjord sediment extract. We observe that both proxy values
remain fairly constant (Fig. S2a, S2b), especially for RI —OH (mean and
standard deviation of 0.195 & 0.007). Therefore, we conclude that the
data obtained over this time period in our lab is consistent. Our
recommendation for laboratories seeking to apply OH-isoGDGT-based
proxies is to use an in-house standard that contains adequate amounts
of OH-isoGDGTs as a quality control to ensure consistent OH-isoGDGT
signal responses within their laboratory. Furthermore, a round-robin
study on OH-isoGDGTs is required to establish whether there are true
interlaboratory differences in analyzing OH-isoGDGTs versus isoGDGTs.
Due to these potential interlaboratory differences, we use only the re-
sults obtained for the NIOZ dataset in the following discussions but will
conclude with discussing the consequences for the complete dataset, i.e.,
the combined NIOZ and non-NIOZ datasets.

4.2. Influence of environmental parameters on OH-isoGDGT distributions

To investigate the environmental controls on the relative abundances
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of hydroxylated isoGDGTs, we performed a principal component anal-
ysis (PCA) on the normalized fractional abundances of OH-isoGDGTs
and non-hydroxylated isoGDGTs (Fig. 4). The first two principal com-
ponents (PCs) account for 62.6 and 17.4 % of the variance, respectively.
IsoGDGT-0, OH-isoGDGT-0 and OH-isoGDGT-1 plot negatively on PC1
and the remaining isoGDGTs and OH-isoGDGT-2 score positively. SST
has a strong positive loading along PC1, suggesting that PC1 is likely
capturing distributional changes caused by sea temperature. This con-
firms a major impact of temperature on the distribution of OH-
isoGDGTs, especially for OH-isoGDGT-0, as observed previously (Fietz
et al., 2013; Huguet et al., 2013). PC2 shows mainly a positive corre-
lation with OH-isoGDGT-1 and —2 as well as isoGDGT-3 and cren-
archaeol (Fig. 4). Interestingly, the environmental parameter correlating
negatively with PC2 is water depth. This suggests that besides temper-
ature, water depth or environmental parameters strongly associated
with water depth might be affecting the distribution of OH-isoGDGT-1
and —2, in agreement with recent observations of Xiao et al. (2023).
Other parameters such as surface salinity and nitrate do not seem to
have a major impact on the distribution of OH-isoGDGTs and non-
hydroxylated isoGDGTs. When the biplot of this dataset (Fig. 4) is
compared with the PCA previously performed on non-hydroxylated
isoGDGTs in a global set of marine surface sediments (Kim et al.,
2010), a similar clustering of variables is revealed, except for isoGDGT-
1, which shows a stronger positive correlation with temperature in our
dataset.

To further explore the impact of water depth, we correlated it with
the fractional abundance of OH-isoGDGTs and %OH. We observe no
strong correlations on the global scale R? < 0.12), compared to the
strong correlation observed for the water depth vs. the isoGDGT [2]/[3]
ratio (R2 = 0.74) (Figure S3), which has been previously reported by
Taylor et al. (2013) based on the dataset acquired by Kim et al. (2010).
We observe that, although most of the surface sediments with high %OH
are from shallow sites with water depth < 1000 m (Figure S3), all these
surface sediments are from high latitude regions where %OH has been
reported to be relatively high (e.g. Huguet et al., 2013). This is because
there is an intrinsic lack of surface sediments from deep water sites in
high latitude regions in the NIOZ dataset. Hence, sampling bias may
have led to the apparent observation that the abundance of OH-isoGDGT
appears to be higher at shallow sites. Interestingly, in the PCA biplot
(Fig. 4), many surface sediments that cluster together in the second
quadrant near OH-isoGDGT-1 are from the Rhone delta and the Iberian
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Fig. 4. Principal component analysis of the summed and normalized fractional abundances of both hydroxylated and non-hydroxylated isoGDGTs for the first two
components for surface sediments analyzed in the NIOZ laboratory. Panel (a) displays the PCA biplot with surface sediments (n = 469) grouped based on
geographical regions in the global ocean, and (b) shows loadings for environmental variables for surface sediments for which information was available (n = 328),
from satellite temperature data or World Ocean Atlas (Locarnini et al., 2019) and loadings of the isoGDGTs.
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margin. Water depth is known to strongly influence the isoGDGT dis-
tribution in the Mediterranean Sea and Iberian margin (Kim et al., 2015,
2016; Besseling et al., 2019). Indeed, a strong correlation between %OH
and water depth (R2 = 0.75) is observed for the Rhone delta and the
Iberian margin surface sediments, in contrast to the larger dataset
(Figure S3b). It has been reported that deep-water archaeal communities
with distinct isoGDGT composition contribute isoGDGTs to the sedi-
mentary pool in restricted basins like the Mediterranean Sea (Kim et al.,
2015; Polik et al.,, 2018). Therefore, potential differences in OH-
isoGDGT composition between these archaeal communities might also
be evident in the Mediterranean Sea sediments. Hence, OH-isoGDGT
distributions, analogous to regular isoGDGTs, might be influenced by
water depth (or a related environmental parameter) in the Mediterra-
nean, but less so on a global scale.

4.3. Evaluating the impact of temperature on OH-isoGDGTs and proxies
derived from them

4.3.1. Individual OH-isoGDGTs

OH-isoGDGT-based proxies have been used for SST reconstruction
(e.g. Davtian et al., 2019; Morcillo-Montalba et al., 2021; Liu et al.,
2022) but the export depths of OH-isoGDGTs remain poorly constrained.
Since the likely source organisms of these biomarkers, the Thaumarch-
aeota, are not restricted to the surface mixed layers (ca. 0-30 m water
depth depending on location) (Karner et al., 2001; Wuchter et al., 2005;
Herndl et al., 2005) and that the temperature reconstructed from OH-
isoGDGT-based proxies are often interpreted to represent sub-surface
temperatures (e.g. Fietz et al., 2016; Davtian et al., 2019, 2021; Mor-
cillo-Montalba et al., 2021), it is likely that the temperature controlling
their distributions is not SST but sub-surface temperature. Nevertheless,
it has often been observed that there is a strong correlation between
surface and sub-surface temperatures, enabling us to use these paleo-
thermometers for SST reconstructions (cf. Huber, 2010; Schouten et al.,
2013b; Tierney, 2013). Therefore, as a first approach, we correlated the
relative abundance of OH-isoGDGTs and derived proxies with annual
mean SST to explore the impact of temperature, while fully realizing that
these are likely not the temperature at which these OH-isoGDGTs, or
isoGDGTs, were produced. Cross-correlating the fractional abundances
of all isoGDGTs and OH-isoGDGTs with annual mean SST (Figure S4) for
the NIOZ dataset, resulted in strongly significant correlations (p <
0.001). Strong correlations (R2 > 0.5) were observed for all compounds
except for OH-isoGDGT-1 and —2, where correlation coefficients were
0.24 and 0.17, respectively (Figure S4). Overall, the cross correlations
confirm that temperature is likely the main factor controlling isoGDGT
distributions in the global ocean, while other factors are likely impacting

0 (a) OH-isoGDGT-0

(b) OH-isoGDGT-1
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the OH-isoGDGT-1 and —2 distributions, as indicated in our PCA
analysis.

When normalizing internally within OH-isoGDGTs and correlating
the fractional abundances of OH-isoGDGTs with SST, there is a signifi-
cant negative correlation between OH-isoGDGT-0 and annual mean SST
(linear correlation with R? = 0.72, p < 0.001) and a significant positive
correlation for OH-isoGDGT-2 (linear correlation with R? = 0.65, p <
0.001) (Fig. 5). OH-isoGDGT-1 shows a weaker positive correlation with
R? = 0.41, p < 0.001. These correlations with SST are consistent with
previous studies reporting a strong latitudinal trend in the distribution
of OH-isoGDGTs (Fietz et al., 2013; Lii et al., 2015). Note that we used
linear correlation as an illustration of the relationship between isoGDGT
distributions and SST, but it is evident that some of the correlations are
better fitted using other, e.g. quadratic functions. Yang et al. (2018)
observed a strong negative correlation of SST with the fractional
abundance of OH-isoGDGT-2 normalized to total OH-isoGDGTs for
sediments from the South China Sea and suggested its potential as an
SST proxy for regions with SSTs greater than 25 °C. However, surface
sediments from regions with temperatures > 25 °C only in the NIOZ
dataset show no such correlation (R? < 0.10; data not shown).

4.3.2. OH-isoGDGT-based proxies

There are four proxies using OH-isoGDGTs that have been proposed
as proxies for seawater temperature, i.e., %OH, RI —~OH, RI—-OH’ and
OHC® (for definitions see Table 1). The relative abundance of OH-
isoGDGTs (%OH), as expected from its latitudinal variations, shows a
strong negative correlation (linear correlation with R? = 0.73, p <
0.001) with SST in the NIOZ dataset (Fig. 6¢). However, surface sedi-
ments from the Southern Ocean show a wide range of %OH values, from
~ 2 - 10 % for a relatively small temperature range (Fig. 6¢). Similar
large ranges have also been observed for the %OH values in other sur-
face sediments from the Southern Ocean (Lamping et al., 2021). A recent
study from Prydz Bay suggested that OH-isoGDGT-based proxies
represent sub-surface temperatures (100-200 m) in the Antarctic region
and show a decreasing trend in abundance from the shelf to the open
ocean (Liu et al., 2020). We observe that most of the Antarctic surface
sediments in the NIOZ dataset are from water depths < 2000 m and have
isoGDGT [2]/[3] ratio of < 5, indicating a dominant contribution of
shallow water thaumarchaeotal ecotypes to the sedimentary isoGDGTs
(Taylor et al., 2013). The corresponding %OH of the Antarctic surface
sediments ranges from 1.9 to 9.5 % in the NIOZ dataset, suggesting large
variations in OH-isoGDGT of shallow water thaumarchaeotal commu-
nities, despite similar annual mean temperatures. Potentially, this could
be caused by strong seasonal variations in OH-isoGDGT production in
polar regions.
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Fig. 5. Fractional abundance of individual OH-isoGDGTs to total OH-isoGDGT pool (n = 469) in surface sediments analyzed in the NIOZ laboratory versus annual

mean SST for (a) OH-isoGDGT-0, (b) OH-isoGDGT-1, and (¢) OH-isoGDGT-2.
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Fig. 6. Correlations of previously proposed OH-isoGDGT-based proxies with annual mean SST for surface sediments analyzed in the NIOZ laboratory (n = 469): (a)
RI—OH, (b) RI—OH, (¢) %OH, and (d) OHC. Both linear correlations (in black) as well as quadratic correlations (in red) are shown as well as their respective
regressions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Two other proposed proxies based only on the OH-isoGDGTs are
RI—-OH and RI —OH’ which both express their number of cyclopentane
moieties. Lii et al. (2015) suggested the application of Rl —OH in warm
regions with annual mean SST > 15 °C and RI-OH' in cold < 15 °C
regions due to the smaller residuals of the latter in cold regions. We
observe a strong correlation of Rl —OH with SST (linear correlation with
R? = 0.79, p < 0.001) and a weaker correlation of R —OH’ with SST
(linear correlation with R? = 0.64, p < 0.001) in the NIOZ dataset
(Fig. 6a, 6b). The RI —OH’ shows a low sensitivity to changes in SST for
temperatures < 5 °C. The correlation coefficient for the RI —OH-SST
correlation is substantially lower than that reported by Fietz et al.
(2020) for a smaller dataset (n = 167) (R2 = 0.76 versus 0.64 for our
dataset), suggesting additional scatter has been introduced. In contrast,
the correlation coefficient of RI —OH with SST is slightly higher than in
the calibration of Lii et al. (2015) (0.79 versus 0.74, respectively).

Inspection of the correlations of R —OH and RI —OH’ with SST shows
that the scatter is especially large at high temperatures (>25 °C), likely
due to low abundance of OH-isoGDGTs in these regions (Fig. 4), which
could lead to larger errors in quantification. Furthermore, OH-isoGDGT-
2, which is the predominant OH-isoGDGT at high temperatures, may be
impacted by other factors such as water depth (see above). Indeed, in-
spection of the data of the tropical surface sediments with an unusually
large range of RI—OH (and RI—OH) values shows that surface sedi-
ments from greater water depths tend to have lower OH-isoGDGT ring
index values than sediments from shallower depths (Figure S7a-b, S8a).

A correlation of R —OH (and RI—OH) with isoGDGT [2]/[3] ratio for
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the tropical surface sediments shows a strong non-linear correlation (R

= 0.94 and 0.85 for RI—OH and RI—OH, respectively) (Figure S7c,
S8b). Thus, the OH-isoGDGT distributions in tropical oceans might be
influenced by contributions from greater depths where OH-isoGDGTs
are either reflecting the colder deep temperatures or are reflecting
deep-water archaeal communities which are known to have distinctly
higher isoGDGT [2]/[3] ratios (Villanueva et al., 2015; Zhu et al., 2016;
Besseling et al., 2019). Our results are in line with the findings of Xiao
et al. (2023), who also showed that the relative abundance of OH-
isoGDGTs are influenced by water depth, resulting in lower RI—OH
values. The impact of water depth is not visible in the correlation of %
OH with SST (Figure S7d), possibly due to the generally low abundances
of OH-isoGDGTs in the tropics. Regardless, care should be taken when
using RI —OH and RI-OH in tropical regions. Xiao et al. (2023) also
suggested multi-variable relationships between SST, water depth, and
RI-OH, which may vary depending on the latitudinal region.
Furthermore, more research is needed to explore the global effects of
water depth on OH-isoGDGT based proxies, as our dataset does not
contain sufficient surface sediments from deep sites in high-latitude
regions.

Fietz et al. (2016) suggested another proxy, the OH® index, in which
both the fractional abundances of OH-isoGDGTs and non-hydroxy
isoGDGTs are combined in a modified version of TEXgs (Table 1).
Plotting the OH® index versus annual mean SST for the NIOZ dataset
(Fig. 6d) shows a significant correlation (p < 0.001, R?= 0.86), an even
stronger correlation than that of TEXgs for the same dataset (R% =0.78;
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Fig. 7. Correlation of the TEX$ proxy values for the surface sediments of the NIOZ dataset with (a) annual mean sea SST and (c) 0 — 200 m depth-integrated
temperature. Temperature data were obtained from the World Ocean Atlas database. In panel (a) the TEXgs— SST correlation is shown for comparison. Panels
(b) and (d) show the residual errors calculated for the TEX%’I correlation shown in (a) and (c), respectively.

Fig. 7a, S6). At higher temperatures, OH® index values are close to
TEXge values because of the low abundance of OH-isoGDGTs at higher
SSTs. The OH® index tends to flatten slightly below 5 °C and above 17
°C, giving it a sigmoidal pattern. Indeed, a polynomial fit with a
quadratic function resulted in a slightly better correlation coefficient,
similar to other OH-isoGDGT-based proxies (Fig. 6). This observation
indicates that the relationships between OH-isoGDGT-based proxies and
temperature is likely non-linear, similar to what has been proposed for
regular isoGDGTs (cf. Kim et al., 2010).

4.4. Exploring new indices based on OH-isoGDGTs

The strong correlation of OH® with SST in combination with the
results of our PCA, where OH-isoGDGT-0 shows a strong negative cor-
relation with SST, guided us to explore new proxy indices by combining
the distributions of OH-isoGDGTs and non-hydroxylated isoGDGTs,
based on the idea that both classes of GDGTs are produced primarily by
Thaumarchaeota in the ocean (Sollai et al., 2019). We acknowledge that
the combination of structurally different OH-isoGDGTs with regular
isoGDGTs may lead to biases during diagenesis, and that further
research is required to examine potential differences in degradation
kinetics of OH-isoGDGTs and isoGDGTs. The OHC index has the disad-
vantage that the fractional abundance of OH-isoGDGT-0 is subtracted in
the numerator, which results in negative values at SSTs < 12 °C
(Fig. 6d). This complicates regressions with non-linear functions.
Additionally, since OH-isoGDGT-1 and OH-isoGDGT-2 are often present
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at low abundance only and are affected by other parameters than tem-
perature (see above), we decided to include OH-isoGDGT-0O only.
Consequently, we used a simple approach, i.e., we added the abundance
of OH-isoGDGT-0 to the denominator of the TEXgs and named the new
index TEX$Y, i.e., TetraEther indeX of 86 carbon atoms including OH-
isoGDGT-0 (Table 1). Compared to the above discussed dataset, we
added back three surface sediments that had OH-isoGDGT-1 or —2
below the detection limit and could therefore not be used to examine
OH-isoGDGT distribution patterns. However, they do contain all GDGTs
including OH-isoGDGT-0 present in the new TEX$}! index and are thus
suitable to examine the environmental controls on this new proxy.
Additionally, since OH-isoGDGT-0 abundance is anyway lower in the
tropical regions, we also added back 41 surface sediments from regions
with annual mean SST > 23 °C that had sufficiently high non-
hydroxylated isoGDGT signals but had OH-isoGDGTs below the detec-
tion limit. This results in a total of 513 surface sediments used in the
analysis of the new TEXS}! index.

Firstly, we investigated the reproducibility of TEXS: measurements
over a period of four years by analyzing our internal standard for this
proxy. We observe reproducible values of TEXS:! through time, similar
to TEXge (Figure S2¢, S2d). Additionally, as previously mentioned, there
may be an analytical bias when utilizing a proxy with both OH-
isoGDGTs and isoGDGTs as a result of variations in the degree of in-
source dehydration across different instruments in different labora-
tories. It is necessary to carefully analyze the interlaboratory differences
in the extent of in-source dehydration and the ionization efficiencies
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between OH-isoGDGTs and regular isoGDGTs. Further, we cross-plotted
TEXQ against SST, which resulted in a strong linear correlation (R* =
0.88, p < 0.001 for the NIOZ dataset) (Fig. 7a). When TEXge is compared
with the new proxy index TEX$, we observe that TEX% shows a
stronger linear correlation with SST than TEXge (Fig. 7). This is mostly
due to a steeper temperature gradient because the new proxy-
temperature relationship does not flatten, unlike TEXgg, at SSTs < 15
°C. Instead, TEX$! remains more or less linearly decreasing with SST up
to ~ 5 °C due to the prevalence of OH-isoGDGT-0 at lower temperatures.
The overall increased temperature sensitivity may, therefore, potentially
improve temperature reconstructions, especially for regions with tem-
peratures < 15 °C (see below).

Since isoGDGTs and OH-isoGDGTs are known to be produced in sub-
surface waters below the surface (0-30 m), we also correlated the TEngI
proxy with depth-integrated temperatures from 0 to 200 m (see Equa-
tion 7 in Kim et al., 2008). Forty-three surface sediments could not be
included in this effort, since these locations had insufficient deep tem-
perature data in the WOA database. The resulting ‘sub-surface’ NIOZ
dataset (n = 470) showed a similar strong correlation (R? = 0.89)
(Fig. 7c, S9a), with a slightly higher slope and intercept compared to the
correlation with SST (Table 1). This suggests that the TEX$:! proxy may
reflect sub-surface rather than surface temperatures, as observed for
TEXge (e.g. Wuchter et al., 2005; Huguet et al., 2007).

We compared the residual errors of the new proxy, TEXS -derived
SST (or depth-integrated temperature) with the temperatures from the
WOA database (i.e., TEX§’6H temperature — WOA temperature). The re-
siduals show a sigmoid-like pattern with temperature (Fig. 7b, 7d, S10,
S11), suggesting that other factors than temperature could still affect the
proxy values. The main regions that showed an overestimation of SST by
TEX§e' were from the Rhone delta and the Iberian margin, and for some
surface sediments from the Antarctic region (for details, see Figure S11).
These regions might be influenced by upwelling or changes in
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stratification or seasonality which could affect GDGT distributions. The
distribution of the OH-isoGDGTs from the Mediterranean might be
affected by factors such as water depth, as shown previously for regular
isoGDGTs (Kim et al., 2015, 2016; Besseling et al., 2019). To examine
this, we removed the Mediterranean surface sediments (including the
ones from the Rhone delta and the Iberian margin) and surface sedi-
ments with annual mean SST < 0 °C. This resulted in slightly improved
correlations with SST (R? improved from 0.88 to 0.92; Figure S12).
Furthermore, a few surface sediments from the Western South Atlantic
and Gulf of Mexico showed a strong underestimation of SST (~8 °C). The
three surface sediments from the Western South Atlantic are from
shallow water depths (<600 m) and might be influenced by the Parana
and the Uruguay River outflow even though BIT values are low.
Finally, we checked for potential differences between TEXS}' values
from different laboratories as this may prohibit the general application
of this new proxy. We calculated TEXg: values for surface sediments
from the same 2° grid from the Antarctic region (presumably deposited
under similar environmental conditions) but reported by different lab-
oratories (Table 2c¢). We observe that there is a significant difference
between median TEX$: values from different laboratories (p = 0.006) at
the significance level of 0.05. However, this analysis is based on only a
limited number of surface sediments (n = 11), so we cannot exclude that
this is caused by other factors than interlaboratory differences. We also
compared the TEX$H-SST correlations between the NIOZ dataset and the
complete global dataset, i.e., the combined dataset from NIOZ and data
analyzed in other laboratories (see Figure S9¢, S9d) and found a statis-
tically distinguishable slope and intercept at the 5 % significance level
(ANCOVA with p < 0.0001). Similarly, correlation of the TEX% with
0-200 m depth integrated temperature showed a strong correlation in
the global dataset (R? = 0.90, p < 0.001; Figure S9b), and when
compared with the correlation from the NIOZ dataset (see Figure S9a,
S9b), showed a statistically distinguishable slope and intercept at the 5
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Fig. 8. Application of isoGDGT and OH-isoGDGT based proxies — TEXgs BAYSPAR (Tierney and Tingley, 2014, 2015), RI—OH' (Lii et al., 2015), %OH (Huguet et al.,
2013) and TEXS;' — from this study (based on proxy-SST correlations from the NIOZ dataset). (a) Locations of the sediment cores, (b) ODP 1078 from the Angola
margin (Varma et al., 2023), (c) ODP 1235 from the Chilean margin (Varma et al., 2023) and (d) Core Co1010 from Prydz Bay, Antarctica. The SST based on U§7
index is also shown for ODP 1235 and 1078, calculated using the calibration of Miiller et al. (1998). The gray symbols with bars and dotted lines denote modern
annual mean sea surface temperature (0 m) with seasonal range at each location (Locarnini et al., 2019). MIS = Marine Isotope Stage, LGM = Last Glacial Maximum.
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% significance level (ANCOVA with p = 0.0173). This observation
suggests that potentially small differences may exist between labora-
tories in measuring TEXS(', but it should be noted that we have limited
data from other laboratories for comparison. Evidently, a round-robin
study on TEX$! is required to resolve potential interlaboratory biases.

4.5. Implications for application of OH-isoGDGT-based proxies

We applied the new TEX$H proxy, together with TEXgs as well as
previously proposed proxies based on OH-isoGDGTs, on sediment core
records from a tropical (Angola margin), a temperate (Chilean margin),
and a polar (Prydz Bay) region (Fig. 8; Supplementary Table S2). The
isoGDGT and OH-isoGDGT data from the tropics, site ODP 1078 (from
the Angola margin), and the temperate region, site ODP 1235 (from the
Chilean margin), have previously been published (Varma et al., 2023).
Although we are aware that TEX$;' likely represents sub-surface tem-
peratures similar to TEXge, in this initial application we are comparing it

with U§7, which is also calibrated to SST. For the polar core Co1010, U§7
data was not available. As a first simplistic approach, we used the linear
correlation between TEX%{ and SST (Fig. 7a) as a calibration model.
As expected, we observe that for the sediment core from the tropical
Angola margin (Fig. 8b, S13), the new TEX{:! record closely matches the
TEXS;- and TEXgs BAYSPAR-derived SST since the OH-isoGDGTs are
much less abundant in warm regions of the ocean. The RI —OH exhibits
similar Marine Isotope Stage (MIS) 2 temperatures, but unusually high
temperatures at the start of the Holocene compared to the other paleo-
temperature proxies. However, the Rl —OH based temperature estimates

are closer to temperatures reconstructed from TEXgs and U§7
(Figure S13a), which agrees with the conclusion of Lii et al. (2015) that
RI —OH works better than RI —OH in warm regions. Hence, the overall
lower abundance of OH-isoGDGTSs, especially OH-isoGDGT-0, during
warm periods or in tropical regions, along with other influences such as
water depth (see above), could have a significant impact on RI —OH
temperature estimates. In contrast, the temperature estimates from %
OH and OHE are in the range of other paleothermometers such as U§7,
but show less pronounced differences between glacial and interglacial
periods compared to other paleothermometers.

For the ODP 1235 core from the temperate Chilean margin, the
TEXS}'-derived SSTs for MIS 1 lies within the range of the calibration

error of U§7 (1.5 °C), while considerably lower SSTs are reconstructed
for the colder MIS 2 and 3 periods (Fig. 8c). Similarly, the TEX$ -based
temperature record agrees with those obtained with the TEXgs BAY-
SPAR and TEX} for MIS 1, while it records lower temperatures during
MIS 2 and 3. This suggests that OH-isoGDGTs may play a significant role
in temperate regions, particularly during colder periods when OH-
isoGDGT-0 is more abundant, and thus TEXS;! yields different temper-
ature estimates compared to TEXgs due to its higher sensitivity for lower
temperatures. The %OH and OHC SST records show similar trends to
TEXH, although a larger variability is observed for %OH-derived SSTs
(Fig. 8c, S13). The RI —OH reconstructs lower temperatures compared
to other proxies, particularly during MIS 1, nonetheless the
RI —OH -derived SST for the most recent datapoint of the record is close
to the modern annual mean sea surface temperature range (Fig. 8c).
Varma et al. (2023) have reported much lower temperatures estimates
of ~ 10 °C for the most recent datapoint for this sediment core using
RI—-OH-based on the Fietz et al. (2020) calibration. The new
RI—OH-SST correlation obtained in this study slightly improves the
estimated temperatures, although they still do not align with tempera-
ture estimates from other proxies in this core. The Rl —OH temperature
record also shows lower temperatures compared to other proxies and
also shows more muted glacial-interglacial temperature variability than
RI—-OH (Figure $13), likely because of lower abundance of OH-
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isoGDGT-1 and —2 in temperate regions with < 15 °C (Lii et al., 2015).

Interestingly, the polar sediment record (core C01010) shows
TEXS¢ -derived SST values close to the modern annual mean SST for the
past 10 kyr cal BP (Fig. 8d). This is a notable improvement in temper-
ature reconstructions compared to TEXY, (Figure S13), which predicts
unreasonably high temperatures of ~ 13 °C, as expected (Kim et al.,
2010). The RI 7OH/, RI—OH and TEXgs BAYSPAR give lower temper-
ature estimates than TEX§6, but the absolute SST values are still much
higher than the modern SST value at this location (Fig. 8d, S13). How-
ever, the OHC reconstructs lower temperatures (at ~ -5 °C) compared to
modern annual mean SST (Figure S13). The %OH temperatures in this
record shows unreasonable temperatures ranging from —53 to 11 °C,
which suggests it is likely not a useful paleothermometer in the Antarctic
region. Interestingly, the isoGDGT-0/cren ratio is > 2 for sediments from
0 to ~ 2.5 kyr cal BP, potentially indicating a contribution of meth-
anogenic Euryarchaeaota (Blaga et al., 2009). However, this does not
appear to impact any of the paleothermometers, possibly apart from a
higher %OH. Overall, the Co1010 record shows the potential of TEXS'
to reconstruct temperatures in polar and also temperate regions much
better than TEXge or other OH-isoGDGT-based proxies.

5. Conclusions

We have substantially increased the geographic coverage of the OH-
isoGDGT surface sediment data in the global ocean compared to previ-
ous studies. PCA results indicate a strong temperature signal in the OH-
isoGDGT distribution, especially for OH-isoGDGT-0. However, our
analysis also shows that OH-isoGDGT-1 and —2 could be affected by
water depth, especially in regions with annual mean SST > 25 °C. This
dependency with water depth appears to have an impact on the RI —OH
and RI—OH indices, resulting in substantial deviations in temperature
estimates in warm temperature regions. We observe discrepancies
among laboratories when using proxies based on regular isoGDGTs and
OH-isoGDGTs, but the effect may be less significant on proxies that are
solely based on the abundances of OH-isoGDGTs. This observation ne-
cessitates a round-robin study to evaluate the causes of the differences
between laboratories in analyzing OH-isoGDGTs and isoGDGTs.

We explored a new proxy index TEX$, by introducing the abun-
dance of OH-isoGDGT-0 in the denominator of the TEXge index. This
new TEX$}! index shows substantial improvement in its correlation with
SST (or with 0-200 m depth-integrated temperature) compared to
TEXge and the overall increased temperature sensitivity of TEX$ may
improve the temperature estimates, particularly in cold regions with
temperatures < 15 °C. Our initial application of this new proxy index to
downcore sediments shows promising results especially in temperate
and polar regions. Further work is required on both a regional and global
scale to properly test and calibrate the new TEX$ .
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Appendix A. Supplementary material

The supplementary materials contain two data files used in the study.
The details pertaining to all surface sediments analyzed in this study
along with compilation of the previously published hydroxylated iso-
prenoidal GDGT data as discussed in this study is provided in an Excel
sheet as Supplementary Table S1. The temperature records for three
sediment cores discussed in the study Co1010, ODP Site 1235 and ODP
Site 1078 is provided in another Excel sheet Supplementary Table S2.
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