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1. Introduction
Accurately quantifying sea surface temperature (SST) is of great importance to understand oceanic heat trans-
port and the Earth's climate sensitivity. Molecular biomarkers preserved in marine sedimentary archives record 
information on the growth environment of the source organisms, and thus serve as essential tools for paleotem-
perature reconstructions (Summons et al., 2022). Of these, archeal cell membrane lipids characterized by isopre-
noid glycerol dialkyl glycerol tetraethers (isoGDGTs) have received considerable attention because isoGDGTs 

Abstract Hydroxylated isoprenoid glycerol dialkyl glycerol tetraethers (OH-GDGTs) preserved in marine 
sediments are thought to be controlled by sea surface temperature (SST). However, water depth may also 
exert a significant influence on OH-GDGTs. Here, we investigated sedimentary OH-GDGTs in the Kermadec 
and Atacama trench regions (2,560–9,560 m water depth). Sedimentary OH-GDGTs in hadal trenches were 
dominated by OH-GDGT-0 (72 ± 8%), potentially reflecting an adaption of source organisms to ambient cold 
deep water. This result, combined with global data set, revealed that the predominance of OH-GDGT-0 is a 
ubiquitous phenomenon in deep-sea sediments, leading to a considerable underestimation of RI-OH′-derived 
SSTs. By considering both SST and water depth effects, we developed more accurate OH-GDGT-based 
paleothermometers for both shallow regions and the global ocean, encompassing the full-ocean-depth range. 
Our findings highlight the importance of accounting for the effect of water depth on OH-GDGTs and provide 
improved tools for reconstructing paleo-SSTs.

Plain Language Summary Building quantitative proxies that can accurately estimate SSTs is 
one of the most common themes in paleoceanography. Archeal-derived hydroxylated isoprenoid glycerol 
dialkyl glycerol tetraethers (OH-GDGTs) preserved in marine sediments have a potential to reflect past sea 
surface temperatures (SSTs). However, the source organisms of OH-GDGTs can live throughout the water 
column, implying that sedimentary OH-GDGTs record an integrated water column signal rather than only SST. 
Currently, the effect of water depth on sedimentary OH-GDGTs remains vague. We investigated the distribution 
of OH-GDGTs in 13 sediment cores in the hadal zone, which represents the deepest and least explored habitats 
on Earth's surface. The data from this study and literature revealed that the deep-sea (including hadal trench) 
sediments are characterized by a predominance of OH-GDGT-0, which causes a considerable underestimation 
of OH-GDGT-derived SSTs. We evaluated the effects of both SST and water depth on OH-GDGTs and 
established new calibrations that more accurately reconstruct paleotemperatures at a global scale.
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are ubiquitously distributed in marine sediments, and are applicable over geological time spanning up to Early 
Jurassic (Robinson et al., 2017; Schouten et al., 2013). Based on the relative abundance of cyclopentane rings of 
isoGDGTs, the TetraEther indeX of 86 carbons (TEX86) has been developed. TEX86 shows a strong relationship 
with SST using the global core-top data set, and has been employed in numerous paleo-studies over the past two 
decades (Inglis & Tierney, 2020; Rattanasriampaipong et al., 2022; Schouten et al., 2013).

Besides isoGDGTs, a new suite of GDGTs called OH-GDGTs, are also identified in marine sediments (X. Liu 
et al., 2012). OH-GDGTs such as OH-GDGT-0, 1, and 2 contain 0-2 cyclopentane rings with 1 hydroxyl group 
positioned at one of the two biphytanyl chains (Figure 1a). OH-GDGTs in marine sediments are thought to be 
primarily derived from planktonic Thaumarchaeota, which is supported by being only present in Thaumarchae-
ota Group 1.1a, and absent in strains falling into Group 1.1b in culture experiments (Elling et al., 2014, 2017). 
However, the occurrence of OH-GDGTs in a thermophilic euryarcheon suggests that multiple sources are possi-
ble (M. Liu et al., 2012).

Huguet et al. (2013) found that the contribution of OH-GDGTs to the total isoGDGT pool correlated with increas-
ing latitude and decreasing SST. Fietz et al. (2013) suggested that the relative number of cyclopentane rings of 
OH-GDGTs, similar to that of isoGDGTs, could also reflect SSTs. Lü et al. (2015) proposed two Ring Indexes 
of OH-GDGTs (namely RI-OH and RI-OH′; see Equations 2 and 3 in Section 2.4) based on the weighted aver-
age number of cyclopentane rings of OH-GDGTs. RI-OH and RI-OH′ have been applied to reconstruct SSTs 
in diverse marine environments (Davtian & Bard, 2023; Davtian et al., 2019, 2021; Fietz et al., 2016; Kremer 
et al., 2018; Morcillo-Montalba et al., 2021; Sinninghe Damste et al., 2022). Besides water temperature, other 
factors like water salinity (Sinninghe Damste et al., 2022), dissolved oxygen and nitrate (Harning et al., 2023), 
sea ice (Fietz et al., 2013), seasonality (Lü et al., 2019) and terrestrial input (Kang et al., 2017; Wei et al., 2020) 
may also affect the distribution of OH-GDGTs in marine sediments.

However, the ecophysiology of OH-GDGT-producing organisms, mainly Thaumarchaeota, remain elusive. Thau-
marchaeota can live throughout the water column, and are thought to be subdivided into “shallow” (i.e., <200 m) 
and “deep water” (i.e., >1,000 m) clusters (Villanueva et al., 2015). The contribution of isoGDGTs from the latter 
could be incorporated into the sedimentary isoGDGT pool, causing a bias in reconstructed TEX86 SST estimates 
(Kim et al., 2015; Rattanasriampaipong et  al., 2022). In this perspective, OH-GDGT-based proxies may also 
record integrated water column temperature rather than surface temperature. Thus, the application of previously 
defined OH-GDGT-based proxies to estimate SSTs should consider the water depth effect. Studies for the East 
China Sea (Lü et al., 2019) and South China Sea (Yang et al., 2018) have shown that the composition and distribu-
tion of OH-GDGTs varied with increasing water depth. However, the effect of water depth on OH-GDGT-based 
proxies has sparsely been evaluated.

The hadal zone, comprising the water depth of 6,000–11,000 m, is the deepest part of the world's oceans (Glud 
et al., 2013). It is mainly composed of oceanic trenches formed by subduction at tectonic convergence zones 
(Stewart & Jamieson, 2018). The hadal zone remains one of the least understood habitats on Earth, representing 
the last major marine ecological frontier (Xu et al., 2018). To date, few studies have reported archeal isoGDGTs 
and bacterial branched GDGTs in the hadal zone (e.g., Xiao et al., 2020a; Xu et al., 2020a), and only one study 
reported OH-GDGTs in the Mariana and Yap trenches (Chen et al., 2020) which showed that the fractional abun-
dance of acyclic OH-GDGTs increased with increasing water depth. The extreme water depth makes the hadal 
zone an ideal area to test the applicability of OH-GDGT-based proxies in deep oceans. Here, we investigated 
OH-GDGT distributions in 176 sediment samples in 13 sediment cores from the Atacama and Kermadec trench 
regions. By compiling a data set comprising globally distributed marine samples, we aim to: (a) determine the 
composition and distribution of OH-GDGTs in the deepest ocean sediments; (b) evaluate the relative importance 
of water depth on the distribution of OH-GDGTs at a full-ocean-depth range; and (c) establish more robust 
OH-GDGT-based proxies to estimate SSTs at a global scale.

2. Materials, Methods, and Data Compilation
2.1. Sample Collection

Sediment cores were retrieved from Kermadec and Atacama trench regions (Text S1 in Supporting Informa-
tion S1) during two cruises aboard on R/V Tangaroa (November to December 2017) and R/V Sonne (March 
2018), respectively (Glud et al., 2021). A total of 13 cores were analyzed in this study, including 4 Kermadec 
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Figure 1. (a) Molecular structures of hydroxylated isoprenoid glycerol dialkyl glycerol tetraethers (OH-GDGTs). (b) World map showing sample locations included 
in the data set (Supporting Information S1). Circle and square symbols indicate surface and core sediments, respectively. (c) Box plot of relative abundance of 
OH-GDGT-0, 1, and 2 of samples from the Kermadec, Atacama, Mariana, and Yap trenches, as well as from polar, temperate, and tropical regions. Different letters 
denote significant differences at the p < 0.05 level. The black squares represent the mean values.
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Trench cores (6,080–9,560 water depth, 25–40 cm core length) and 9 Atacama Trench cores (2,560–8,090 water 
depth, 10–35 cm core length) (Figure 1b and Figure S1 in Supporting Information S1). These 13 sediment cores 
were subsampled into a total of 176 individual samples, which were subsequently kept at −20°C until further 
analysis. Information on the study area and samples is summarized in Supporting Information S1.

2.2. Lipid Analysis

All lipid extraction and analyses were performed following the methodology described in Xiao et al.  (2016). 
Briefly, lipids were first ultrasonically extracted with dichloromethane/methanol (3:1, v:v) from homogenous 
freeze-dried samples. The extracts were separated into nonpolar and polar fractions over silica gel columns by 
hexane and dichloromethane/methanol (1:1, v:v), respectively. The latter fraction containing GDGTs was supple-
mented with standard C46-GTGT (Huguet et al., 2006) and analyzed using an Agilent ultra-high performance 
liquid chromatography–atmospheric pressure chemical ionization–mass spectrometry (UHPLC–APCI–MS). The 
detailed instrumental parameters were adopted from Hopmans et  al.  (2016). Single ion monitoring (SIM) of 
[M + H] + was used, targeting m/z 1,302.3, 1,300.3, 1,298.3, 1,296.3, 1,292.3, and 743.6. Under APCI condi-
tions, OH-GDGTs are easily dehydrated to give [M + H-18] +. Thus OH-GDGTs were determined at m/z 1,300.3 
(OH-GDGT-0), m/z 1,298.3 (OH-GDGT-1) and m/z 1,296.3 (OH-GDGT-2) (X. Liu et al., 2012) (Figure S2 in 
Supporting Information S1).

2.3. Data Compilation

We compiled a global data set consisting of fractional abundance of OH-GDGTs and derived parameters of 
marine surface sediments (n  =  339) and core sediments (27 cores) (Text S2 and S3 in Supporting Informa-
tion S1). These sampling sites span a wide area from 179°W to 177°E and from 78°S to 87°N, and the water depth 
ranges from 3 to 10,908 m. Information on the data set and references are available in Supporting Information S1. 
SST is annual mean SST extracted from WOA18 0.25° data set (Locarnini et al., 2018).

2.4. Proxy Calculation

The fractional abundance of each OH-GDGT was calculated (Equation  1). RI-OH and RI-OH′ (Equations  2 
and 3) used for SST determination were calculated (Lü et al., 2015). In Equations 1–3, [OH-GDGT-X] is the 
fractional abundance of OH-GDGT-X, where X is 0, 1 or 2.

OH-GDGT-X% =
[OH-GDGT-X]

[OH-GDGT-0] + [OH-GDGT-1] + [OH-GDGT-2]
 (1)

RI-OH =
[OH-GDGT-1] + 2∗[OH-GDGT-2]

[OH-GDGT-1] + [OH-GDGT-2]
 (2)

RI-OH′ =
[OH-GDGT-1] + 2∗[OH-GDGT-2]

[OH-GDGT-0] + [OH-GDGT-1] + [OH-GDGT-2]
 (3)

3. Results and Discussion
3.1. Distributional Pattern of OH-GDGTs in Trench and Global Sediments

The abundance of sedimentary OH-GDGTs ranged from 2 to 74  ng  g −1 dry weight (dw) (mean  ±  stand-
ard deviation, 19 ± 18 ng g −1 dw; same hereafter) in the Kerdadec Trench, and from 2 to 1,780 ng g −1 dw 
(243 ± 278 ng g −1 dw) in the Atacama Trench (Figure S3 in Supporting Information S1). The composition of 
OH-GDGTs was dominated by OH-GDGT-0 (69 ± 3% and 68 ± 5%, respectively) in both trenches, followed by 
OH-GDGT-1 (20 ± 1% and 21 ± 3%, respectively) and then OH-GDGT-2 (11 ± 2% and 10 ± 2%, respectively) 
(Figure 1c). Interestingly, our results exhibited a remarkable resemblance in the OH-GDGT distributions to those 
observed in the Yap and Mariana trench core sediments (Chen et al., 2020), which also revealed much higher 
OH-GDGT-0% (77 ± 3% and 84 ± 5%, respectively) than OH-GDGT-1% (19 ± 4% and 14 ± 4%, respectively) 
and OH-GDGT-2% (3 ± 2% and 2 ± 2%, respectively). Considering the aforementioned trenches span large 
geographical settings and differ significantly in biogeochemical properties (Zhang et al., 2022), we hypothesize 
that the predominance of OH-GDGT-0 is a common phenomenon in the hadal zone.
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Sedimentary OH-GDGT-0% in the polar regions (87 ± 5%) was much higher than that of the temperate (41 ± 18%) 
and tropical (27 ± 12%) regions (Figure 1c, Text S3 in Supporting Information S1). In contrast, OH-GDGT-2% 
in the polar regions (2 ± 2%) was much lower than that of the temperate (30 ± 14%) and tropical (46 ± 10%) 
regions. Although the Kermadec, Atacama, Yap and Mariana trenches lie in the tropical to temperate regions, 
their sediments have similar OH-GDGTs compositions to the polar regions (Figure 1c). This is consistent with 
the Principal Component Analysis results (Figure S4 in Supporting Information S1) showing that the hadal trench 
sediments were more closely grouped with polar region sediments.

The inter-trench comparison reveals that OH-GDGT-0% in the Mariana (84 ± 5%) and Yap (77 ± 3%) trench core 
sediments is higher than that of the Kermadec (69 ± 3%) and Atacama (68 ± 5%) trench core sediments (Figure 
S1 in Supporting Information S1). In the Atacama Trench, the trench axis sites have lower OH-GDGT-0% (A2, 
71 ± 2%; A3, 68 ± 2%; A4, 71 ± 1%; A5, 71 ± 2%; A6, 71 ± 2%; A10, 65 ± 3%) than the oceanward slope 
sites (A7, 74 ± 5%), and higher or comparable OH-GDGT-0% than the landward slope sites (A1, 61 ± 1%; A9, 
64 ± 2%). In the Kermadec Trench, the trench axis sites have slightly higher or comparable OH-GDGT-0% (K3, 
73 ± 2%; K4, 68 ± 1%; K6, 70 ± 1%) than the oceanward abyssal site (K7, 67 ± 3%). In the Mariana Trench, the 
Challenger Deep site has the lowest OH-GDGT-0% (LR1, 76 ± 1%) compared to the surrounding shallow sites 
(B1, 80 ± 5%; B6, 86 ± 3%; B9, 83 ± 5%; B10, 87 ± 2%).

The above results demonstrate complex distributional patterns of OH-GDGTs within trench interiors, influenced 
by multiple factors like seawater temperature, water depth and depositional processes, which are discussed in the 
following section.

3.2. Effect of Water Depth on OH-GDGT Distributions

At the global scale, SST has a strong negative correlation with OH-GDGT-0% (R 2 = 0.67, n = 284, p < 0.001, 
Figure 2a), but positive correlations with OH-GDGT-1% (R 2 = 0.57, n = 284, p < 0.001), and OH-GDGT-2% 
(R 2 = 0.62, n = 284, p < 0.001), suggesting that temperature is a controlling factor on OH-GDGTs. Note that 
these correlation analyses were based on surface sediments and core-top sediments only, to mitigate potential 
errors arising from the comparison of OH-GDGTs in older sediments with modern SSTs (Text S3 in Support-
ing Information S1). Given the strongest correlation between OH-GDGT-0% and SST, and significant or even 
predominant proportions of OH-GDGT-0 in deep-sea sediments, we recommend using RI-OH′ for SST rather 
than RI-OH because the former includes OH-GDGT-0 in the denominator. Indeed, RI-OH′ has a slightly stronger 
linear correlation with SST (R 2 = 0.73, n = 365, p < 0.001, Figure 2a) than RI-OH (R 2 = 0.67, n = 299, p < 0.001, 
Figure S5, Text S3 in Supporting Information S1). The superiority of RI-OH′ over RI-OH was also emphasized 
by Davtian and Bard (2023), who highlighted the impact of the latter on the abrupt variability in reconstructed 
SSTs.

The individual OH-GDGT compounds and RI-OH′ versus SST correlations revealed considerable scatter for 
the hadal trench sediments. Specifically, in the order of Kermadec, Atacama, Mariana, and Yap trenches, the 
estimation error in OH-GDGT-0% was 19 ± 4%, 16 ± 5%, 53 ± 5%, and 47 ± 3%, respectively (Figure 2a); 
while their respective estimation error in OH-GDGT-2% was 16  ±  3%, 15  ±  2%, 39  ±  2%, and 18  ±  19%. 
Correspondingly, the fitting values display higher RI-OH′ estimates than measured values for the hadal trench 
sediments, with the deviation of 0.35 ± 0.07, 0.31 ± 0.07, 0.92 ± 0.07, and 0.84 ± 0.03, respectively. These 
discrepancies cause underestimation of SSTs (ca. 5–22°C) using RI-OH′ transfer functions, as well as overesti-
mation of depth-integrated water column temperature and bottom water temperature by ca. 4–12°C (Figure S6 
in Supporting Information S1). In the South China Sea, RI-OH′ also showed a decreasing trend with increasing 
water depth (R 2 = 0.63, n = 109, p < 0.001) (Lü et al., 2015; Wei et al., 2020; Yang, 2017; Yang et al., 2018), 
and the sediments with water depth >1,000 m have significantly (p < 0.001) lower RI-OH′ (0.57 ± 0.10 vs. 
1.07 ± 0.19) values than the sediments with water depth <1,000 m (Figure S7 in Supporting Information S1).

The substantial scatter in OH-GDGT-0, 1% and 2% and RI-OH′ versus SST correlations, especially for sedi-
ments from the deep oceans, reveals a significant water depth effect on OH-GDGTs-based paleothermometers. 
In deep oceans, OH-GDGT-producing organisms, mainly Thaumarchaeota (X. Liu et al., 2012), have to adapt 
to ambient cold deep water compared to the shallow water counterparts. Nunoura et al. (2015) reported that the 
relative abundance of pelagic Thaumarchaeota varied between 10% and 80% in bathyal, abyssal and hadal water 
columns of the Mariana Trench region. In sediments of the Mariana, Massua and New Britain trenches, Xu 
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Figure 2.
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et al. (2020b) found that benthic Thaumarchaeota dominated the archeal communities (80 ± 30%) and suggested 
that benthic Thaumarchaeota were a major source of intact polar lipids preserved in trench sediments. Similarly, 
Schauberger et al. (2021) showed that benthic Thaumarchaeota were overwhelmingly dominant in the archeal 
data set in core sediments of the Kermadec and Atacama trenches. In addition, Villanueva et al. (2015) observed 
that the distributional changes of isoGDGTs in the Arabian Sea coincide with the water depth niches occupied 
by shallow- and deep-water derived pelagic Thaumarchaeota. Taking into account these findings along with our 
results, we suggest that sedimentary OH-GDGTs in deep ocean sediments may incorporate significant contribu-
tions from deep water organisms, as well as possible contributions from benthic organisms. With increasing water 
depth, archaea would incline to produce more acyclic OH-GDGT-0 compound to adapt to the decreasing water 
temperature (Figure 2a). Given the greater resistance of OH-GDGT-0 compared to OH-GDGT-1 and 2 (X. Liu 
et al., 2012), preferential degradation may also contribute to higher OH-GDGT-0% in the deep ocean. However, 
considering the strong linkage between OH-GDGTs and temperature, we suggest that temperature remains the 
primary factor.

The contribution of OH-GDGTs from deep water and/or sedimentary in-situ production can be high enough to 
overprint the signatures from shallow water, causing severe SST bias based on OH-GDGTs, as we observed in 
the deepest oceanic trenches and the South China Sea deep basin. Many studies have demonstrated that Thau-
marchaeota thriving in deeper waters produce a higher abundance of isoGDGT-2 relative to isoGDGT-3 ([2]/[3] 
ratio) (e.g., Kim et al., 2015; Taylor et al., 2013). However, Xu et al. (2020a) showed that the reconstructed SSTs 
using TEX86 of core-top sediments of the Kermadec and Atacama trenches align relatively well with observed 
in situ SSTs. It is likely due to both isoGDGT-2 and 3 appear in the numerator and denominator of TEX86, 
which offsets the water depth effect on TEX86-SSTs (Rattanasriampaipong et al., 2022). Thus, RI-OH′ is more 
influenced by water depth than TEX86. The Mariana and Yap trenches, which yield severe underestimates of 
RI-OH′-derived SSTs, are also characterized by higher isoGDGT [2]/[3] ratios compared to the Kermadec and 
Atacama trenches (Chen et al., 2020; Xu et al., 2020a). This observation suggests a potential connection between 
isoGDGTs and OH-GDGTs, indicating that they may share the same producers.

3.3. Latitudinal Variation in the Effect of Water Depth

The weighed contribution of water depth effect on OH-GDGTs varies spatiotemporally (Figure S8 in Supporting 
Information S1). With a large temperature difference of up to 30°C between surface and deep waters in the tropi-
cal regions, the contribution of OH-GDGTs from deep water dwelling archaea can cause a great underestimation 
in sedimentary OH-GDGT-derived SST signatures. Whereas in high latitude regions, there is a minor difference 
between surface and deep water temperature, and consequently, SST estimates derived using OH-GDGTs in deep 
and shallow water sediments may be similar. In polar oceans with permanent sea-ice condition that have annual 
mean SSTs <2°C, deep water-dwelling archaea could even produce relatively less OH-GDGT-0% and cause 
a minor overestimate in sedimentary OH-GDGT-derived SST signatures (Lamping et  al.,  2021) (Figure  2a), 
because the deep water (2–4°C) is warmer than the surface water. Despite the relatively small temperature offsets 
between surface and deep water in modern polar regions, caution should still be exercised in applying OH-GDGTs 
for geological studies in polar regions, because polar SSTs could be much warmer on geological timescales, for 
example, Southern Ocean SST was up to 20°C during the middle Cretaceous (Jenkyns et al., 2004). The contrast-
ing pattern of OH-GDGT distributional change with increasing water depth between tropical and polar regions 
implies that water depth primarily influences OH-GDGTs through its association with water temperature rather 
than hydrostatic pressure. However, since hydrostatic pressure is known to alter bacterial membrane lipids (Yano 
et  al.,  1998), how it affects archaea-derived OH-GDGT distributions remains largely unknown and warrants 
further investigation.

Figure 2. (a) Linear regression between sea surface temperature (SST) and relative abundance of OH-GDGT-0, 1, and 2 (a1–a3), and RI-OH′ (a4). Circle and square 
symbols indicate surface and core-top sediments, respectively. Regression line (black) and 95% confidence intervals (gray band) are shown. *p < 0.001. The pink 
arrows indicate the differential water depth effect depending on the latitude. (b) Linear regression between SST and 𝐴𝐴 RI-OH

′

200m
 (b1); variation of linear regression 

parameters, including sample numbers (b2), R 2 (b3), residual mean standard error (b4), linear slope (b5), and intercept (b6), with increasing water depth. (c) Variation 
of SST residuals estimated by subtracting observed SSTs from 𝐴𝐴 RI-OH

′

200m
 SST estimates with respect to water depth (c1) and latitude (c2). (d) Three-dimensional 

regression between RI-OH′, water depth and SST. (e) Linear regression between observed SST and SST estimated by 𝐴𝐴 RI-OH′

TRO,TEM,POL

 . (f) 𝐴𝐴 UK’

37
 -(Conte et al., 2006), 

TEX86-(Darfeuil et al., 2016), RI-OH′-(Fietz et al., 2020), 𝐴𝐴 RI-OH′

Global-FOD
 - and 𝐴𝐴 RI-OH′

TEM

 -SST profiles and their differences from Iberian Margin cores MD99-2331, 
MD95-2040, and MD95-2042 during the 160–45 kyr BP period. Biomarkers data were cited from Davtian et al. (2021).
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3.4. Potential Effect of Export Dynamics on OH-GDGT Distributions

In addition to water depth and SST, export dynamics that affect material transport may also have an impact on 
OH-GDGT distributions. The core sites of the Mariana, Yap, Kermadec, and Atacama trench regions have aver-
age water depths of 7,840 ± 1,820, 5,060, 8,620 ± 1,470, and 6,600 ± 1,940 m, respectively. Although the Mari-
ana and Yap trenches underlie warmer surface waters (ca. 28°C) than the Kermadec and Atacama trenches (ca. 
20°C), the former exhibit higher OH-GDGT-0% than the latter (84 ± 5% and 77 ± 3% vs. 69 ± 3% and 68 ± 5%) 
and lower RI-OH′ values (0.18 ± 0.07 and 0.26 ± 0.03 vs. 0.42 ± 0.06 and 0.42 ± 0.07%). This inconsistency 
with the global trend suggests higher weighed contributions of OH-GDGTs from deep water archaea in the Mari-
ana and Yap trenches. In contrast, the Kermadec and Atacama trenches underlie higher productive waters and 
are relatively closer to landmasses, leading to larger and more effective downward export of surface and subsur-
face materials (e.g., packaging onto fecal pellets, terrestrial substrates or marine snow aggregates; e.g., Wuchter 
et al., 2005). From this perspective, sedimentary OH-GDGTs may record the events that impact export dynamics, 
such as sea-level change, marine eutrophication, and lateral transport from submarine landslides.

Input of materials through lateral advection is significant in the hadal zone due to the unique V-shaped topograph-
ical feature and frequent mass-wasting events (Glud et al., 2021; M. Liu et al., 2021; Xiao et al., 2020b; Zabel 
et al., 2022). In the Atacama Trench, all the trench axis sites have lower OH-GDGT-0%, higher RI-OH′, and 
higher 𝐴𝐴 RI-OH′

TEM

 SST estimates compared to the adjacent oceanward abyssal plain site (Figure S1 in Supporting 
Information S1). This may be due to lateral transport, which transports more materials from the upper ocean 
into the trench bottom. A similar phenomenon was observed in the Mariana Trench, with the Challenger Deep 
site exhibiting lower OH-GDGT-0% and higher RI-OH′ values than all shallower sites (Figure S1 in Supporting 
Information S1). Accordingly, the largest negative offset between observed SSTs and RI-OH′

TRO SST estimates 
was observed in the Challenger Deep site (Figure S6 in Supporting Information S1), indicating significant lateral 
transport there. These results are consistent with findings revealed from sedimentological and geochemical data 
(Luo et al., 2017; Oguri et al., 2022; Xu et al., 2021; Zabel et al., 2022). Quantitatively assessing the potential 
effect of export dynamics on OH-GDGT signals is challenging, especially on a global scale. Considering the 
primary significance of the temperature effect, our proposed calibrations in the subsequent section do not specif-
ically evaluate the influence of export dynamics.

3.5. Implications for Paleoenvironmental Reconstructions

To disentangle the effects of temperature and water depth on OH-GDGT-based proxies, we applied linear regres-
sion fits between RI-OH′ and SST using samples from different water depths (Figure 2b and Figure S9, Table S1 
in Supporting Information S1). Considering the sample size (n = 365) and the water depth range (0–11,000 m), 
we fitted RI-OH′ at 200 m water depth bin for the epipelagic and mesopelagic zones (0–1,000 m, n = 205), 
1,000 m bin for the bathypelagic and abyssopelagic zones (1,000–6,000 m, n = 146), and 5,000 m bin for the 
hadal zone (6,000–11,000 m, n = 14). With increasing water depth, the coefficient of determination (R 2) of 
RI-OH′ – SST calibrations decreased monotonically from 0.94 to 0.73, and the corresponding residual mean 
standard error (RMSE) increased monotonically from 0.13 to 0.24 (Figure 2b), supporting the argument that 
water depth could cause bias in RI-OH” reconstructed SSTs. When water depth is less than 1,000 m, the R 2 values 
were >0.88, and the associated RMSE values were <0.19. However, when the water depth exceeds 1,000 m, the 
R 2 values decreased from 0.88 to 0.73 and RMSE increased from 0.19 to 0.24, suggesting that RI-OH′ should 
be used with great caution for deep-sea sediments. Currently, the number of RI-OH′ data from >1,000 m water 
depth is fewer than that from <1,000 m (160 vs. 205), and further investigation for deep-sea sediments is needed.

Based on the global data set, we established 𝐴𝐴 RI-OH′

200,400,600,800 and 1,000m
 -SST calibrations that are suitable for 

sediments with water depth less than 200, 400, 600, 800 and 1,000 m, respectively (Equations 4–5 were shown 
as examples, and the rest were listed in Table S1 in Supporting Information S1). Sedimentary archives preserved 
in continental shelves with high sedimentation rate are important media for paleoclimatic research, especially for 
the Late Cenozoic. For continental shelf sediments, 𝐴𝐴 RI-OH′

200m
 could yield more accurate SST estimates than 

Fietz et al. (2020) and Lü et al. (2015) calibrations, because the latter may be influenced by water depth. For 
instance, Fietz et al. (2020) calibration is similar to RI-𝐴𝐴 OH′

4,000m
 , and tends to overestimate SST signals (Figure 

S10 in Supporting Information S1). When continental shelf sediments have RI-OH′ values of 1.2, SST estimates 
using Fietz et al.  (2020) calibration are ca. 5°C higher than our 𝐴𝐴 RI-OH′

200m
 estimates (see red dashed lines in 

Figure S10 in Supporting Information S1). SST estimation error of 𝐴𝐴 RI-OH′

200m
 (2.1°C) is slightly smaller than 
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that of TEX86 (2.5°C of Kim et al., 2010), and much smaller than that of RI-OH′ (6.0°C of Fietz et al., 2020), 
and Methylation and Cyclization of Branched Tetraethers (MBT/CBT; 5.0°C of Peterse et al., 2012, and 4.8°C of 
De Jonge et al., 2014). Compared to TEX86, RI-OH′ has an advantage in less sensitivity for terrestrial influence, 
which is important for SST reconstructions in regions where terrestrial input is significant. Therefore, we propose 
that 𝐴𝐴 RI-OH′

200m
 is promising to quantitatively reconstruct paleo-SSTs for continental shelf sediments. Note the 

influence of salinity on 𝐴𝐴 RI-OH′

200m
 should be considered since the salinity in coastal areas can change signifi-

cantly (Sinninghe Damste et al., 2022). In addition, 𝐴𝐴 RI-OH′

400,600,800 and 1,000m
 , which are also less affected by water 

depth, are promising paleothermometers for mesopelagic sediments (water depth <1,000 m).

Taking into consideration that sedimentary OH-GDGTs are primarily controlled by SST and water depth, and 
that 𝐴𝐴 RI-OH′

200m
 is minimally affected by water depth, the offset between observed SSTs and 𝐴𝐴 RI-OH′

200m
 SST esti-

mates may reflect the degree of water depth impact. Notably, we have observed significantly larger SST residuals 
in deep ocean sediments compared to shallow ocean sediments (Figure 2c). Moreover, the SST residuals reveal 
smaller positive values at high latitudes and considerably larger negative values at low latitudes, again demon-
strating that the effect of water depth on sedimentary OH-GDGTs varies depending on latitudinal regions.

SST = 15.2
∗
RI-OH′

200m
+ 5.0

(

𝑛𝑛 = 119, 𝑅𝑅2 = 0.94, 𝑝𝑝 𝑝 0.001,RMSE = 2.1◦C
)

 (4)

SST = 18.0
∗
RI-OH′

1000m
+ 2.2

(

𝑛𝑛 = 205, 𝑅𝑅2 = 0.88, 𝑝𝑝 𝑝 0.001,RMSE = 3.5◦C
)

 (5)

 (6)

SST = 15.2
∗
RI-OH′

TRO

+ 0.0029
∗
Water depth + 5.0 (7)

SST = 15.2
∗
RI-OH′

TEM

+ 0.0011
∗
Water depth + 5.0 (8)

SST = 15.2
∗
RI-OH′

POL
− 0.0018

∗
Water depth + 5.0 (9)

Given the fact that many sediment cores, like those drilled by International Ocean Discovery Program, are mainly 
located in deep ocean sites, it is important to expand the applicability of RI-OH′ in deep oceans. To assess 
both temperature and water depth effects on RI-OH′, we plotted RI-OH′ against SST and water depth using 
global samples with a full-ocean-depth range (0–11,000 m; 𝐴𝐴 RI-OH′

Global−FOD
 ) in a three-dimensional scatter plot 

(Figure 2d). The calibration (Equation 6, R 2 = 0.79, n = 365, p < 0.001) reveals that a 1,000 m increase in water 
depth will cause a 1.3°C increase in reconstructed temperature. This equally-weighed evaluation of water depth 
effect at the global scale, however, may result in an underestimation for the tropical regions and an overestimation 
for the polar regions. Therefore, we further established 𝐴𝐴 RI-OH′

TRO,TEM,POL

 (Equations 7–9) to separately evaluate 
the water depth effect for different regions (Text S4 in Supporting Information  S1). Our results show that a 
1,000 m increase in water depth will lead to a 2.9, 1.1, and −1.8°C change in estimated temperature for the trop-
ical, temperate, and polar regions, respectively. SST estimates by 𝐴𝐴 RI-OH′

TRO,TEM,POL

 are in close agreement with 
observed SSTs (R 2 = 0.91, n = 365, p < 0.001, Figure 2e). A limitation of these calibrations for deep oceans is 
their inability to account for the potential variability in contributions of OH-GDGTs from different water depths 
during geological periods. This limitation arises from the assumption of a constant impact of water depth in our 
calibrations.

In order to test the validity of our RI-OH′ calibrations at the geological timescale, we compiled the paleo-SST data 
in Davtian et al. (2021) that high-resolution profiles of 𝐴𝐴 UK’

37
 (C37 ketone unsaturation ratio), TEX86 and RI-OH′ are 

available in three sediment cores from the Iberian Margin, spanning the period of marine isotope stages 3–6. 𝐴𝐴 UK’

37
 

is a robust SST indicator because it is sourced from haptophytes that predominantly inhabit surface waters (Conte 
et  al.,  2006). These indexes exhibit similar glacial-interglacial temperature cycles. However, RI-OH′-derived 
SSTs using Fietz et  al.  (2020) calibration are significantly lower than those estimated by 𝐴𝐴 UK’

37
 , with average 

offsets of 2.6, 2.7, and 3.1°C respectively for cores MD95-2040, MD95-2042, and MD99-2331 (Figure 2f), larger 
than 𝐴𝐴 UK’

37
 -RI-𝐴𝐴 OH′

Global−FOD
 SST offsets (1.5, 0.8, and 2.3°C, respectively) and 𝐴𝐴 UK’

37
 -RI-𝐴𝐴 OH′

TEM
 SST offsets (−0.7, 

−0.7 and −0.2°C, respectively). Similarly, RI-OH′-derived SSTs exhibit better agreement with the temperature 
estimates derived from TEX86 when using our proposed calibrations (Figure 2f). Furthermore, our calibrations 
demonstrate good performance when applied to the OH-GDGT data reported by Davtian and Bard (2023) (Figure 
S11 in Supporting Information S1).

SST = 21.2
∗
RI-OH′

Global−FOD
+ 0.0013

∗
Water depth − 0.3

(

𝑛𝑛 = 365, 𝑅𝑅2 = 0.79, 𝑝𝑝 𝑝 0.001,RMSE = 5.2◦C
)
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Since OH-GDGTs were influenced by water depth, the variation of water depth over geological time may also 
exerts influence in the interpretation of RI-OH′. However, such effect would be minor. As discussed earlier, a 
1,000 m increase in water depth would cause a 2.9°C increase or 1.8°C decrease in estimated temperature. The 
variation of global mean sea level is typically less than 300 m since the Early Jurassic (the earliest known record 
of GDGTs) (Miller et al., 2005; Robinson et al., 2017), corresponding to a SST deviation of <1.0°C; whereas the 
variation of SSTs since the Early Jurassic can reach up to 20°C (Veizer & Prokoph, 2015). In this perspective, the 
influence of water depth variation on RI-OH′ for deep-sea sediments would be insignificant compared to that of 
SST and absolute water depth. However, it should be noted that caution is necessary when dealing with paleostud-
ies that exhibit great variations in paleowater depths, likely due to factors such as sea-floor spreading and crustal 
subsidence (Ehlers & Jokat, 2013). Overall, our findings support the use of RI-OH′ as an effective indicator of 
SST variability over geological time, allowing for relatively accurate estimation of past SSTs when the modern 
water depth of the study site is known.

4. Conclusions
The Kermadec, Atacama, Mariana, and Yap trench sediments were characterized by a strong dominance of 
OH-GDGT-0 and low RI-OH′ values. This phenomenon was also observed in other deep-sea sediments, attrib-
uted to a ubiquitous contribution of deep water organisms to the sedimentary OH-GDGT pool. These findings 
emphasize the significant influence of water depth on OH-GDGTs and underscore the need to consider this factor 
when reconstructing paleo-SSTs. By developing improved and global OH-GDGT-based paleothermometers, our 
study offers a powerful tool for accurately estimating paleo-SSTs.

Data Availability Statement
All the original data have been deposited publicly to the repository of Zenodo (https://doi.org/10.5281/
zenodo.7114938). All the supporting data can be found in the cited references (Chen et al., 2020; Davtian & 
Bard, 2023; Davtian et al., 2019, 2021; Fietz et al., 2013, 2016; Huguet et al., 2013; Kaiser & Arz, 2016; Kremer 
et al., 2018; Lamping et al., 2021; L. Liu et al., 2022; Lü et al., 2015; Morcillo-Montalba et al., 2021; Sinninghe 
Damste et al., 2022; Wei et al., 2020; Yang, 2017; Yang et al., 2018).
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