
Organic Geochemistry 194 (2024) 104780

Available online 9 April 2024
0146-6380/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Impact of water depth on the distributions and proxies of isoprenoidal 
hydroxylated GDGTs in the Mediterranean Sea and the Red Sea 

Devika Varma a,*, Marcel T.J. van der Meer a, Gert-Jan Reichart b,c, Stefan Schouten a,c 

a NIOZ Royal Netherlands Institute for Sea Research, Department of Marine Microbiology and Biogeochemistry, P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands 
b NIOZ Royal Netherlands Institute for Sea Research, Department of Ocean Systems, P.O. Box 59, 1790 AB Den Burg, Texel, The Netherlands 
c Utrecht University, Department of Earth Sciences, Faculty of Geosciences, Princetonlaan 8a, 3584 CD Utrecht, The Netherlands   

A R T I C L E  I N F O   

Associate Editor — J. Volkman  

Keywords: 
Hydroxylated GDGT 
TEX86 

RI-OH 
%OH 
Mediterranean Sea 
Red Sea 

A B S T R A C T   

Hydroxylated Isoprenoidal Glycerol Dialkyl Glycerol Tetraethers (OH-isoGDGTs) have recently been utilized as 
paleothermometers in the marine environment. However, their ability to reconstruct temperature in the Medi-
terranean and Red Sea has not been adequately investigated. Previous research has shown that archaeal com-
munities inhabiting different water depths in these basins exert a substantial influence on the regular isoGDGT 
distributions and associated proxies such as the TEX86. However, the impact of these archaea on OH-isoGDGTs 
and their corresponding proxies remains unclear. In this study, we examined the distribution of OH-isoGDGTs 
and their associated proxies (%OH, RI-OH, RI-OH′ and TEXOH

86 ) in surface sediments of the Mediterranean and 
the Red Sea. We observe strong correlations between the fractional abundances of OH-isoGDGTs, relative to all 
isoGDGTs and OH-isoGDGTs, and water depth which suggests that deep-water archaeal communities have a 
lower OH-isoGDGT abundance compared to the shallow communities. As a result, %OH and TEXOH

86 are strongly 
correlated with water depth, particularly at depths <500 m in the Mediterranean Sea. Interestingly, RI-OH and 
RI-OH′ show no correlation with water depth in the Mediterranean Sea. Instead, they correlate more strongly 
with satellite-derived sea surface temperature compared to other isoGDGT-based proxies, indicating their po-
tential as paleothermometers. Finally, unlike TEX86 and TEXOH

86 , the %OH, RI-OH and RI-OH′ do not exhibit 
distinct ’Red Sea cluster’ and display comparable values to sediments from other tropical oceans. Further 
research on sedimentary OH-isoGDGT distributions with broader geographical coverage within these basins and 
enrichment cultures of deep-water archaea are needed to confirm these observations.   

1. Introduction 

Isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs) are 
lipids produced mainly by Thaumarchaeota (now known as Nitro-
sosphaeria in the Global Taxonomy Database; Rinke et al., 2021) in the 
marine environment (Sinninghe Damsté et al., 2002; Schouten et al., 
2013; Tierney, 2014; Zeng et al., 2019). They are commonly employed 
in paleoclimatology to reconstruct past environmental conditions, 
particularly using the paleothermometer known as TEX86 (TetraEther 
indeX of 86 carbons; Schouten et al., 2002). However, there are several 
limitations associated with the TEX86 proxy. For instance, seasonal and 
depth variations in the source signal can introduce biases in temperature 
estimates (e.g., Huguet et al., 2007; Jia et al., 2012), while input of 
isoGDGTs from land can severely impact the TEX86 (e.g., Weijers et al., 
2011). 

Studies involving suspended particulate matter and sediments have 
demonstrated that in addition to temperature, the isoGDGT distribution 
can also be influenced by contributions from different archaeal com-
munities in the water column (Basse et al., 2014; Kim et al., 2015, 2016; 
Jia et al., 2017; Hurley et al., 2018). This is primarily indicated by 
increasing isoGDGT [2]/[3] ratios with increasing water depth (e.g., 
Taylor et al., 2013; Hernández-Sánchez et al., 2014; Kim et al., 2016; 
Hurley et al., 2018) which has been linked to different archaeal com-
munities in shallow and deep waters, as indicated by molecular 
ecological studies (e.g., Villanueva et al., 2015; Besseling et al., 2019). 
This relationship between the isoGDGT [2]/[3] ratio and water depth 
has been found globally in the marine environment and has been utilized 
to unravel changes in sedimentary contributions of shallow and deep 
water communities over time (Taylor et al., 2013; Hurley et al., 2018; 
Rattanasriampaipong et al., 2022). Generally, however, TEX86 values 
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are not affected by this changing ratio because isoGDGT-2 and -3 are 
present in both the numerator and the denominator of the index, and 
thus TEX86 generally does not correlate with water depth. In contrast, 
large changes in TEX86 with water depth have been observed in the 
Mediterranean Sea (Kim et al., 2015; Besseling et al., 2019). In partic-
ular, the fractional abundance of isoGDGT-2 and the crenarchaeol iso-
mer (crenʹ) increase as water depth increases, while isoGDGT-3 
decreases (Kim et al., 2015). The increase in the fractional abundance of 
crenʹ with water depth results in a higher TEX86, which introduces a 
warm bias when reconstructing temperature from Mediterranean Sea 
sediments (e.g., Huguet et al., 2011; Nieto-Moreno et al., 2013; Polik 
et al., 2018). To date, it remains unclear why this depth trend occurs in 
this semi-enclosed basin, in contrast to the open marine environment. 

The nearby Red Sea is another land-locked basin with high temper-
ature and salinity and is associated with distinct vertically distributed 
endemic populations of archaea adapted to such environments (Eder 
et al., 2002; Qian et al., 2011). This is reflected in isoGDGT distributions 
in surface sediments from the Red Sea, which is characterized by high 
crenʹ abundance compared to temperature-equivalent tropical sedi-
ments (Trommer et al., 2009; Inglis et al., 2015). Consequently, they 
form a distinctly separate cluster in the global TEX86-sea surface tem-
perature (SST) relationship (Trommer et al., 2009; Kim et al., 2010). 
Interestingly, Kim et al. (2015) showed that the Red Sea data showed a 
similar pattern as the deep-water sediments (>1000 m depth) from the 
Mediterranean Sea, i.e., they collectively showed an excellent correla-
tion (R2 = 0.94) with sea surface temperature. The exact cause of this 
observation remains to be elucidated. 

Hydroxylated isoGDGTs (OH-isoGDGTs) are compounds ubiqui-
tously found in the marine environment and also thought to be mainly 
derived from Thaumarchaeota (Liu et al., 2012; Sinninghe Damsté et al., 
2012; Elling et al., 2017). Like isoGDGTs, they have been employed in 
the development of various temperature proxies such as %OH (Huguet 
et al., 2013), RI-OH′ and RI-OH (Lü et al., 2015), and, more recently, 
TEXOH

86 (TetraEther indeX of 86 carbon atoms including OH-isoGDGT-0; 
Varma et al., 2024). OH-isoGDGTs are known to be more abundant at 
higher latitudes in the global ocean (Huguet et al., 2013), and they are 
suggested to serve as a low temperature adaptation for archaeal cells by 
increasing the fluidity of the cell membrane (Huguet et al., 2017). The 
ring indices of hydroxylated isoGDGTs, RI-OH′ and RI-OH have also 
shown promise in paleotemperature reconstructions, especially in the 
Mediterranean region (Davtian et al., 2019; Morcillo-Montalbá et al., 
2021). The potential application of OH-isoGDGT-based temperature 
proxies in the Mediterranean region is intriguing, as previous attempts 
to utilize the TEX86 paleothermometer in this region have been hindered 
by the strong depth-related trends in isoGDGT distributions discussed 
above (Leider et al., 2010; Grauel et al., 2013; Kim et al., 2015). This 
raises the question of whether OH-isoGDGT-based proxies might be 
more effective as temperature proxies in the Mediterranean, and 
possibly the Red Sea, compared to isoGDGT-based proxies. 

Here, we analyzed the distributions of OH-isoGDGTs in surface 
sediments from the Mediterranean Sea and the Red Sea to establish the 
impact of water depth, as well as temperature on these compounds, in 
comparison to regular isoGDGTs. The implications of these results for 
OH-isoGDGT-based temperature proxies in these environments, as well 
as their application, are discussed. 

2. Materials and methods 

2.1. Study areas and surface sediments 

2.1.1. Mediterranean Sea 
The semi-enclosed basin of the Western Mediterranean Sea is char-

acterized by a dynamic interplay of surface water masses coming from 
the Atlantic Ocean via the Strait of Gibraltar, Levantine Intermediate 
Water originating from the Eastern Mediterranean Sea through the Strait 

of Sicily, and the Mediterranean deep water that is formed in the Gulf of 
Lions (MEDOC Group, 1970; Rohling et al., 2009). Nineteen surface 
sediments were obtained from the Balearic Sea near the Balearic Islands, 
where water depth varies markedly within a confined spatial extent, as 
described by Kim et al. (2015) (Fig. 1a). The sediments were retrieved 
within a small geographical area (~100 by 50 km) with large difference 
in water depth between the surface sediments ranging from 150 to 780 
m. The 10-yr average satellite-derived SST data from NSIPP AVHRR 
(Advanced Very High Resolution Radiometer) was obtained after Kim 
et al. (2015) and utilized in this study. They range from 18.8 to 19.5 ◦C 
for this region. The sea surface salinity (SSS) in this region varies be-
tween 37.4 and 37.9 mg/g (from 0.25◦ grid database of World Ocean 
Atlas WOA18; Zweng et al., 2019). These sediments were analyzed 
previously for non-hydroxylated isoGDGTs (Kim et al., 2015), and were 
re-analyzed for OH-isoGDGTs in this study using an updated method 
(Hopmans et al., 2016). These data were combined with OH-isoGDGT 
and isoGDGT data from 57 surface sediments from the Gulf of Lions 
which were previously published (Varma et al., 2024). These surface 
sediments were retrieved from water depths as shallow as 8 m to as deep 
as 2370 m. Satellite-derived SST in this location ranged from 16.5 to 
17.2 ◦C and salinity between 36.6 and 38.2 mg/g (Zweng et al., 2019). 
Unfortunately, other surface sediments from Kim et al. (2015) and sus-
pended particulate matter samples from Kim et al. (2015) and Besseling 
et al. (2019) were not available for this study as they were either fully 
depleted or could not be retrieved from the NIOZ storage. 

2.1.2. Red Sea 
The Red Sea is a tropical oceanographic basin characterized by 

strong temperature and salinity gradients extending from the northern 
to the southern part of the narrow basin. It is connected to the Indian 
Ocean at the southern end through the narrow Strait of Bab el Mandeb. 
The annual mean SST and SSS ranges from ~25 to 29 ◦C and ~37 to 
41.6, respectively, along this gradient (Trommer et al., 2009; Zweng 
et al., 2019). A total of 9 surface sediments from the northern Red Sea 
and 6 surface sediments from the southern Red Sea (Fig. 1b) were uti-
lized in this study, which were previously examined for isoGDGTs and 
TEX86 at NIOZ (Trommer et al., 2009) and re-analyzed here for OH- 
isoGDGTs. As mentioned in Trommer et al. (2009), the 0–5 cm depth 
interval of these sediments were not available as they were stored in 
Rose Bengal stain in alcohol. Therefore, the 1 cm sample from a deeper 
depth interval (between 5–8 cm depths) of the sediment was utilized. 
These sediments were retrieved from water depths ranging between 
~600 and 2300 m (Trommer et al., 2009). 

2.2. GDGT analysis 

The lipid extraction methods used for the Mediterranean Sea and the 
Red Sea surface sediments were described previously in Kim et al. 
(2015) and Trommer et al. (2009), respectively. The original polar 
fractions of the extracts of the surface sediments were re-analyzed by 
dissolving it in hexane:isopropanol (99:1, v/v), filtered through a 0.45 
µm PTFE filter, and analyzed with ultra-high performance liquid chro-
matography/ mass spectrometry (UHPLC/MS) on an Agilent 1260 In-
finity HPLC coupled to an Agilent 6130 MSD according to Hopmans 
et al. (2016). The isoprenoid and branched GDGTs were detected by 
scanning for their [M+H]+ ions (protonated mass), and OH-isoGDGTs 
were detected and quantified from the mass chromatograms of the 
[M+H-18]+ ions (i.e., m/z 1300.3, 1298.3 and 1296.3) as suggested 
previously (Huguet et al., 2013). The OH-isoGDGTs were identified by 
comparing their retention times with an in-house standard sample 
derived from a sediment extract of Drammensfjord. 

We calculated SST estimates from the indices, %OH (Equation (1); 
Huguet et al., 2013), RI-OH, RI-OH′ (Equations (3) and (5); Lü et al., 
2015) and TEXOH

86 (Equation (7); Varma et al., 2024) according to ‘NIOZ 
dataset’ equations (Equations (2), (4), (6), (8)) from Varma et al. (2024). 
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The global core-top calibration of Kim et al. (2010) (Equation (10)) was 
used to calculate TEX86-based SSTs following Equation (9). 

%OH=
[OH− 0]+[OH− 1]+[OH− 2]

[0]+[1]+[2]+[3]+[Cren]+[Crenʹ]+[OH− 0]+[OH− 1]+[OH− 2]
×100

(1)  

SST =
%OH − 6.79

− 0.227
(2)  

RI − OH =
[OH − 1] + 2 × [OH − 2]
[OH − 1] + [OH − 2]

(3)  

SST =
RI − OH − 1.06

0.021
(4)  

RI − OHʹ =
[OH − 1] + 2 × [OH − 2]

[OH − 0] + [OH − 1] + [OH − 2]
(5)  

SST =
RI − OHʹ + 0.11

0.044
(6)  

TEXOH
86 =

[2] + [3] + [Crenʹ]

[1] + [2] + [3] + [Crenʹ] + [OH − 0]
(7)  

SST =
TEXOH

86 − 0.033
0.023

(8)  

TEXH
86 = log

(
[2] + [3] + [Crenʹ]

[1] + [2] + [3] + [Crenʹ]

)

(9)  

SST = 68.4 × TEXH
86 +38.6 (10)  

[OH-n] indicates hydroxylated isoprenoidal GDGTs with n number of 
cyclopentane rings. 

[n] indicates non-hydroxylated isoprenoidal GDGTs with n number of 
cyclopentane rings. 

2.3. Statistical analysis 

A Principal Component Analysis (PCA) was performed on the sum-
med and standardized fractional abundances of regular isoGDGTs and 
OH-isoGDGTs along with environmental parameters from each location 
using the prcomp function in R software. Logarithmic correlations be-
tween various parameters utilized in this study were performed using 

statistical functions in python (scipy.stats). 

3. Results 

Seventy-six surface sediments from the Mediterranean Sea and 
fifteen surface sediments from the Red Sea were analyzed for regular 
isoGDGTs and OH-isoGDGTs. We first screened the data for sediments 
influenced by terrestrial input, as indicated by Branched and Isoprenoid 
Tetraether index (BIT) values (Hopmans et al., 2004; Weijers et al., 
2006). Eight out of 57 sediments from the Gulf of Lions had BIT values 
>0.3 and were, therefore, removed from further consideration. The BIT 
index values for the Balearic and Red Sea sediments were all <0.1, 
suggesting that there is no major terrestrial influence on the isoGDGTs in 
these sediments. 

The regular isoGDGTs distributions and the TEX86 values obtained by 
re-analysis of the sediment extracts using updated methodology are 
consistent with previously reported values for these sediments (Trom-
mer et al., 2009; Kim et al., 2015). Indeed, this study confirms the 
previously observed large variations in the isoGDGT [2]/[3] ratios in the 
Balearic Sea and the Gulf of Lions, which ranged from ~3 to 7 and ~2 to 
10, respectively (Kim et al., 2015). We also re-analyzed the Red Sea 
sediment samples and determined the isoGDGT [2]/[3] ratio for these 
sediments, which ranged from ~5 to 11 (See Supplementary data). 

The abundance of OH-isoGDGTs in the sediments of the Balearic Sea 
varied from 1 to 3 % (Supplementary data), which is similar to the range 
observed in sediments from the Gulf of Lions, ranging from 1 to 4 % 
(Varma et al., 2024). In contrast, the %OH for the Red Sea sediments 
were all <1 % (Supplementary data). Note that only seven out of the 
fifteen surface sediments from the Red Sea contained detectable 
amounts of OH-isoGDGTs. These low abundances of OH-isoGDGTs are 
expected, since these sediments come from environments with relatively 
high temperatures (>19 ◦C and >25 ◦C, in the Mediterranean and the 
Red Sea, respectively), which generally contain low abundances of OH- 
isoGDGTs (Huguet et al., 2013; Varma et al., 2024). The OH-isoGDGTs 
mainly comprised OH-isoGDGT-0 and -1 in similar relative abun-
dances (between 30 and 50 % of all OH-isoGDGTs), and lower abun-
dances for OH-isoGDGT-2 (0–30 %) for the Mediterranean Sea 
sediments (Supplementary data). In contrast, for the Red Sea sediments, 
OH-isoGDGT-2 was the dominant OH-isoGDGT (40–60 % of all OH- 
isoGDGTs; Supplementary data) with lower abundances of OH- 
isoGDGT-0 and -1 (<30 %). 

The values for RI-OH′ and RI-OH ranged from 0.59 to 1.01 and 1.25 
to 1.49, respectively, for the Mediterranean Sea sediments, and 
1.12–1.47 and 1.62–1.75, respectively, for the Red Sea sediments 
(Supplementary data). The TEX86 and TEXOH

86 proxy values ranged from 

Fig. 1. Location of surface sediments used in this study from (a) Mediterranean Sea (b) Red Sea. Sediments from Gulf of Lions were previously published in Varma 
et al. (2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0.38 to 0.64 and 0.30–0.62, respectively, in the Mediterranean Sea and 
0.77–0.88 and 0.76–0.88, respectively, in the Red Sea sediments. The 
low abundance of OH-isoGDGTs in the Red Sea sediments results in just 
minor differences between TEX86 and TEXOH

86 values. 

4. Discussion 

4.1. Factors controlling OH-isoGDGTs in the Mediterranean Sea and the 
Red Sea 

To investigate the factors regulating OH-isoGDGT distributions in 
surface sediments from the Western Mediterranean Sea and the Red Sea, 
we performed a PCA on the summed and standardized fractional 
abundances of isoGDGTs and OH-isoGDGTs (Fig. 2). The principal 
components PC1 and PC2 explain 66.7 and 17.7 % of variance, 
respectively. The isoGDGT-0 and OH-isoGDGTs plot positively along 
PC1, while the remaining isoGDGTs, crenarchaeol, and its isomer plot 
negatively. When environmental factors were plotted alongside 
isoGDGT abundances and proxy indices, it becomes evident that 
isoGDGTs and the TEX86 are plotting along with water depth and not 
temperature (Fig. 2), consistent with Kim et al. (2015). In contrast, OH- 
isoGDGTs plot opposite to water depth and nearly orthogonally to SST. 
This suggests that abundance of OH-isoGDGTs is negatively impacted by 
water depth, with a minor influence from temperature. Indeed, for 
global marine surface sediments, it was also shown that water depth has 
an impact on OH-isoGDGT-1 and -2, but not on OH-isoGDGT-0, which 
was primarily controlled by temperature (Varma et al., 2024). Inter-
estingly, although the abundance of OH-isoGDGTs seems mainly 
controlled by water depth in these basins, the degree of cyclization of 
OH-isoGDGTs, as reflected in the RI-OH and RI-OH′ proxy indices, were 
more strongly associated with SST and not water depth. OH-GDGT 
proxies, particularly RI-OH and RI-OH′, did not show any influence of 
salinity, although some correlations with salinity were observed for 
TEX86 and TEXOH

86 in the Mediterranean Sea (not shown here). Below we 

discuss these factors affecting the isoGDGT and OH-isoGDGT distribu-
tions, as well as the proxies derived from them. 

4.2. Influence of water depth on OH-isoGDGTs 

When we plot the fractional abundance of isoGDGTs with water 
depth, we observe similar trends as Kim et al. (2015) for isoGDGT-2 and 
crenarchaeol isomer, where they increase with water depth (Fig. 3). A 
similar pattern is observed for the Red Sea sediments. We also observe 
that the Balearic Sea and Gulf of Lions sediments form different clusters 
when isoGDGT-1 and -3 are plotted with water depth, in contrast to 
other isoGDGTs. 

When the abundance of OH-isoGDGTs, as summed and standardized 
fractional abundances of all isoGDGTs and OH-isoGDGTs, is plotted with 
water depth, we observe a substantial decrease in relative abundance of 
OH-isoGDGTs for the Mediterranean Sea sediments, in particular at 
water depths shallower than 500 m (Fig. 3). Although limited data 
points exist for the Red Sea sediments, OH-isoGDGT-2, the most abun-
dant OH-isoGDGT in the Red Sea, also shows a tendency to decrease 
with water depth (Fig. 3c). 

The observed changes in distributions of isoGDGTs have been pre-
viously assigned to different thaumarchaeotal communities (Kim et al., 
2015; Besseling et al., 2019). The isoGDGT [2]/[3] ratio serves as an 
indicator of different archaeal communities that inhabit the water col-
umn, with high values (>5) indicative of the contribution of deep-water 
archaeal communities (Taylor et al., 2013; Villanueva et al., 2015; 
Besseling et al., 2019). In our dataset, we observe correlations of frac-
tional abundances of isoGDGT and OH-isoGDGT with the isoGDGT [2]/ 
[3] ratio, i.e., isoGDGT-2 and crenʹ reveal strong positive correlations 
and OH-isoGDGTs show strong negative correlations with isoGDGT [2]/ 
[3] ratio (Supplementary Fig. 1). This suggests that deep thaumarch-
aeotal communities might have a much lower abundance of OH- 
isoGDGTs in their lipid composition than shallow water communities. 
All Red Sea sediments have isoGDGT [2]/[3] ratio >5, as expected with 

Fig. 2. Principal component analysis on the summed and standardized fractional abundances of hydroxylated and non-hydroxylated isoGDGTs and proxies based on 
them from the Mediterranean Sea and the Red Sea surface sediments. Loadings for the proxies derived from isoGDGTs and OH-isoGDGTs, and for environmental 
variables obtained from the location of the surface sediments using satellite temperature data or World Ocean Atlas (Locarnini et al., 2019; Zweng et al., 2019) are in 
pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Fractional abundance of individual isoGDGTs and OH-isoGDGTs relative to that of all OH-isoGDGTs and isoGDGTs versus water depth of the surface sediment 
from the Mediterranean Sea and the Red Sea. Logarithmic correlations for the Mediterranean Sea and the Red Sea are plotted with their correlation coefficient (R2) 
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the water depths of these sediments which are >500 m for all the sed-
iments. This likely explains why the decrease in the abundance of the 
OH-isoGDGTs with water depth is weaker in the Red Sea dataset than 
observed in the Mediterranean Sea where the strongest decrease occurs 
at <500 m. 

4.3. Impact of water depth on OH-isoGDGT-based proxies 

Consistent with Kim et al. (2015), a strong positive correlation be-
tween the TEX86 and water depth was observed for both the Mediter-
ranean Sea (correlation R2 = 0.88, p < 0.05) and also the Red Sea (R2 =

0.56, p < 0.05) (Fig. 4). The lower correlation coefficient for the Red Sea 
can be attributed to the lack of surface sediment samples from shallower 
depths (i.e., from depths <500 m), where a more pronounced decrease 
in TEX86 values is observed in the Mediterranean Sea. Kim et al. (2015) 
proposed that higher contribution of isoGDGTs at deep sites (>1000 m) 
in the Mediterranean Sea compared to open ocean settings, possibly 
originating from deep thaumarchaeotal communities with a different 

isoGDGT composition (see Section 4.2), might result in high TEX86 
values and a warm bias in temperature estimates using a global open 
ocean calibration. Conversely, TEX86 values derived from shallow 
Mediterranean sites (<1000 m water depth) have been shown to un-
derestimate SSTs relative to satellite-derived temperatures (Kim et al., 
2015). 

The TEXOH
86 index, which incorporates OH-isoGDGT-0 in its denom-

inator (Varma et al., 2024), also exhibited a strong correlation with 
water depth and the isoGDGT [2]/[3] ratio, due to two factors: 1) the 
negative correlation between OH-isoGDGT-0 and water depth and 2) the 
relatively low abundance of OH-isoGDGT-0 making the differences be-
tween TEX86 and TEXOH

86 relatively small (Fig. 4, Supplementary Fig. 2). 
This influence of water depth also becomes evident when we plot the 
TEXOH

86 data in the global surface sediment dataset (from Varma et al., 
2024) plotted against SST (Fig. 5). While a general correlation between 
SST and TEXOH

86 (and TEX86; Kim et al., 2015) is observed, the Mediter-
ranean Sea sediments exhibit a large range of TEXOH

86 values for a small 
range of temperatures, with deep sites (>1000 m) having higher values 

Fig. 4. Plots of isoGDGT- and OH-isoGDGT- based proxies with water depth for surface sediments from the Mediterranean Sea and the Red Sea. Logarithmic cor-
relations for the Mediterranean Sea and the Red Sea are plotted with their correlation coefficient (R2) values. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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compared to the shallow sites. A separate ‘Red Sea cluster’ in the plot of 
TEX86 versus SST has been reported previously and a regional TEX86-SST 
relationship was suggested (Trommer et al., 2009; Inglis et al., 2015). A 
similar separate ‘Red Sea cluster’ for the TEXOH

86 plotted against SST is 
also observed (Fig. 5) which is not surprising due to the extremely low 
abundance of OH-isoGDGTs in the Red Sea. 

Consistent with the decrease in abundance of all the OH-isoGDGTs 
with increasing depth (see Section 4.2), the %OH also shows a strong 
decrease with water depth in the Mediterranean Sea sediments, in 
particular in the upper 1000 m (Fig. 4d). This is contrary to what we 
expect if OH-isoGDGT abundance is controlled solely by temperature, i. 
e., a higher %OH at deeper depths where the water temperature is lower. 
This is a similar trend as the TEX86 index which increases with depth 
(Fig. 4a) despite that deep-water temperatures are lower. This suggests 
that also for %OH, the contribution of deep-water thaumarchaeota leads 
to an overestimation of temperatures inferred from the %OH values. In 
the case of the Red Sea sediments, the OH-isoGDGT abundance is quite 
low and remains below the detection limit for sediments from depths 
deeper than ~1000 m (Fig. 4). However, the %OH values from the Red 
Sea do seem to match those of other tropical regions and do not form a 
separate cluster, likely due to their overall low abundances (Fig. 5). 

Interestingly, when we plot the fractional abundance of OH- 
isoGDGTs normalized to all OH-isoGDGTs, rather than the sum of 
isoGDGTs and OH-isoGDGTs, we observe no significant decrease with 
water depth for all three OH-isoGDGTs (Supplementary Fig. 3). Indeed, 
RI-OH′ and RI-OH do not decrease significantly with water depth 
(Fig. 4e, 4f) in agreement with our PCA results (Fig. 2). For comparison, 
we plotted the Ring Index of regular isoGDGTs (RIisoGDGTs; Zhang et al., 
2016), the isoGDGT equivalent of the RI-OH′, with water depth in our 
dataset. We observe that unlike RI-OH′, the RIisoGDGTs significantly in-
creases with water depth (Fig. 4c). This suggests that a different mech-
anism is responsible for the observed patterns in RI-OH′ and RI-OH 
compared to isoGDGTs, i.e., the degree of cyclization of OH-isoGDGTs 

may be similar for shallow and deep water thaumarchaeota in 
contrast to the degree of cyclization of isoGDGTs. Our observations are 
in strong contrast to those for other tropical regions where a strong 
water depth dependence was observed for RI-OH′ and RI-OH (Varma 
et al., 2024). Interestingly, unlike with the TEX86 and TEXOH

86 , there is no 
distinct ‘Red Sea cluster’ in the global dataset of RI-OH and RI-OH′ 
against SST (Fig. 5). However, this could also be due to the overall low 
abundance of OH-isoGDGTs and the larger spread of data in tropical 
regions for RI-OH and RI-OH′ due to the impact of water depth on these 
proxies (Xiao et al., 2023; Varma et al., 2024). 

4.4. Implications 

The results obtained for the OH-isoGDGT proxies demonstrate 
remarkable parallels with those obtained for the isoGDGT proxies, i.e., a 
strong impact of water depth is found for TEX86, TEXOH

86 and %OH, in the 
Mediterranean Sea and the Red Sea, in contrast to open marine tropical 
environments. Conversely, water depth exhibits a pronounced impact on 
RI-OH and RI-OH′ in open marine tropical environments (Xiao et al., 
2023; Varma et al., 2024), while this is not observed for the Mediter-
ranean Sea. We speculate that such contrasting patterns observed for 
these proxies in the Mediterranean Sea compared to the open ocean 
settings might be due to different lipid distributions of the shallow and 
deep water archaeal communities, which somehow is more evident in 
saline semi-enclosed basins with relatively warm bottom water tem-
peratures than in open oceans. Phylogenetic, ecological, or sedimento-
logical (modes of transport) factors may underlie these patterns, but the 
exact mechanism remains to be elucidated. 

While a definitive explanation for these observations remains elusive 
at present, we can infer some implications for the application of OH- 
isoGDGTs-based proxies in the Mediterranean Sea. Firstly, since the 
TEXOH

86 index also exhibits a similar strong impact of water depth as the 
TEX86, the application of this proxy in this region will suffer from the 

Fig. 5. Correlations of OH-isoGDGT- and isoGDGT-based proxies with annual mean sea surface temperature for surface sediments from the global ocean. Surface 
sediments from Varma et al. (2024) are shown here in grey. Crosses denote surface sediments from the Mediterranean Sea and the Red Sea from water depths >1000 
m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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same biases as TEX86. Kim et al. (2015) observed a distinct TEXH
86-SST 

relationship for deep-water sediments (>1000 m) from the semi- 
enclosed basins of the Mediterranean Sea and the Red Sea, compared 
to the global dataset. Unfortunately, due to limited geographical 
coverage of the surface sediments employed in this study from the deep 
sites in the Mediterranean Sea, it is currently not possible to test the 
hypothesis that the TEXOH

86 from deep water sediments may exhibit a 
similar strong correlation with SST. With respect to %OH as a temper-
ature proxy, its strong correlation with water depth (Fig. 5) will also 
prohibit a direct application of it as a temperature proxy. Further 
analysis with geographically more distributed sediments from the 
Mediterranean Sea needs to be done to examine if %OH will also exhibit 
a distinct correlation with SST for sediments from water depths >1000 
m. 

In contrast to these proxies, the RI-OH and RI-OH′ exhibit no sig-
nificant correlation with water depth (Fig. 4) and have lowest residual 
errors in predicting temperature among the proxies analyzed for the 
sediments from the Mediterranean Sea (Supplementary Fig. 4). The RI- 
OH and RI-OH′ have previously been applied to reconstruct temperature 
changes over the last several glacial cycles, and shown promising results 
(Davtian et al., 2019; Morcillo-Montalbá et al., 2021). For example, 
Davtian et al. (2019) have shown that RI-OH provides better tempera-
ture estimates compared to TEX86 in a shallow sediment core from the 
western Mediterranean Sea. Our results support their assumption that 
RI-OH and RI-OH′ may serve as a more suitable temperature proxy than 
the TEX86 in the Mediterranean Sea. However, the potential influence of 
terrestrial input on ring indices of OH-isoGDGTs in the Mediterranean 
Sea warrants further investigation, as previously suggested by Kang 
et al. (2017) in the Han River system. Although RI-OH and RI-OH′ show 
large residuals in the Red Sea (Supplementary Fig. 4), they fall within 
the range of values observed for surface sediments in other tropical 
oceans (Fig. 5). Hence, unlike for regular isoGDGTs, the endemic 
archaeal communities of the Red Sea may not have a distinct OH- 
isoGDGT composition compared to open ocean in tropical regions. 
However, because there is a very low abundance of OH-isoGDGTs in the 
Red Sea, it is unlikely that the RI-OH and RI-OH′ are suitable as a tem-
perature proxy in this region. 

5. Conclusions 

The OH-isoGDGTs in surface sediments of the Mediterranean Sea and 
the Red Sea reveals distinct patterns. The abundances of individual OH- 
isoGDGTs relative to the total isoGDGTs and OH-isoGDGTs decrease 
substantially with increasing water depth and isoGDGT [2]/[3] ratio in 
the Mediterranean Sea. This suggests that the relative abundance of OH- 
isoGDGTs varies among the different archaeal communities in the water 
column. Consequently, this affects OH-isoGDGT-based temperature 
proxies in the Mediterranean Sea, such as the abundance of OH- 
isoGDGTs (%OH), which shows a strong decreasing trend with water 
depth. Furthermore, the TEXOH

86 shows a strong increase with water 
depth, similar to TEX86, due to the decreasing abundance of OH- 
isoGDGT-0 with water depth and the relatively lower abundances of 
OH-isoGDGTs compared to regular isoGDGTs. This leads to warm biases 
in the temperature reconstructed from %OH and TEXOH

86 at deep sites. 
The ring indices of OH-isoGDGTs (RI-OH and RI-OH′), however, do 

not show a significant trend with water depth in the Mediterranean Sea 
and seem to be influenced more by temperature. Interestingly, this is in 
contrast to the observations for regular isoGDGTs, where the ring index 
(RIisoGDGTs) and TEX86 values show correlations with water depth and 
much less with temperature. These findings highlight the potential of RI- 
OH and RI-OH′ as temperature proxies in the Mediterranean region. 

Finally, the %OH, RI-OH and RI-OH′ indices did not exhibit a distinct 
’Red Sea cluster’ which is observed for TEX86 index in the global core- 
top dataset. Instead, these indices exhibited values similar to those 
observed in other tropical oceans. However, the extremely low 

abundance of OH-isoGDGTs (<1%) in the Red Sea, strongly limits the 
applicability of OH-isoGDGT-based temperature proxies in this region. 
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isoprenoidal hydroxylated GDGT-based temperature proxies in surface sediments 
from the global ocean. Geochimica et Cosmochimica Acta 370, 113–127. 

Villanueva, L., Schouten, S., Sinninghe Damsté, J.S., 2015. Depth-related distribution of 
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