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1.  Introduction
Sea surface temperature (SST) records from the southern Iberian Margin (Figure 1a) are typically cited as 
reference signals for North Atlantic climate variations (Bard, Arnold, Maurice, et al., 1987; Bard et al., 2000; 
Cayre et al., 1999; Martrat et al., 2007; Pailler & Bard, 2002; Shackleton et al., 2000). Iberian Margin SST re-
cords not only have a clear glacial-interglacial variability, but they also show characteristic Heinrich (Bond 
& Lotti, 1995; Bond et al., 1992; Heinrich, 1988) and Dansgaard-Oeschger events (Dansgaard et al., 1993). 
Sedimentary archives from the Iberian Margin are thus particularly useful to validate SST proxies and to 
study climate system dynamics between high and middle latitudes in the Northern Hemisphere (e.g., Bard, 
Arnold, Maurice, et al., 1987; Bard et al., 2000; Cayre et al., 1999; Darfeuil et al., 2016; Datema et al., 2019; 
de Abreu et al., 2003; Martrat et al., 2007; Pailler & Bard, 2002; Voelker & de Abreu, 2011).

Several existing SST proxies are based on organic biomarkers. The first organic SST proxy is UK′37 (C37 ke-
tone unsaturation ratio; Prahl & Wakeham, 1987), which is based on di-unsaturated (C37:2) and tri-unsatu-
rated (C37:3) alkenones produced by haptophyte algae (Marlowe et al., 1984; Volkman et al., 1980, 1995). The 
first validation of alkenones as SST proxies in sedimentary archives dates from several decades ago (Brassell 
et al., 1986) and subsequent core top and culture studies have confirmed that UK′37 increases with increas-
ing SST (e.g., Conte et al., 2006; Müller et al., 1998; Prahl & Wakeham, 1987; Prahl et al., 1988; Tierney & 
Tingley, 2018).

Abstract  RI-OH′ and RI-OH (ring index of hydroxylated tetraethers) are two novel organic 
paleothermometers which could either complement or replace more established paleothermometric 
proxies, such as UK′37 (C37 ketone unsaturation ratio) and TEX86 (TetraEther indeX of tetraethers 
consisting of 86 carbon atoms). Despite a few promising attempts, the paleothermometric potential of 
RI-OH′ and RI-OH is not fully constrained. Here we present new high-resolution temperature records 
over the 160-45 ka BP (before present = year 1950 CE) period using four organic proxies (RI-OH′, RI-
OH, TEX86, and UK′37) from three deep sea sediment cores located in a north-south transect along the 
Iberian Margin. We analyzed all organic proxies from a single set of lipid extracts to optimize proxy-proxy 
comparisons and phase relationship studies. RI-OH′ responds to Dansgaard-Oeschger and Heinrich 
events, better resembles UK′37 than TEX86, and better records the influence of (sub)polar waters during 
Heinrich events than does RI-OH. While RI-OH′ gives realistic sea surface temperatures and latitudinal 
gradients coherent with those from independent paleothermometers, a more extensive RI-OH′-
temperature calibration for the North Atlantic is clearly needed. However, the absence of a significant 
warm bias in RI-OH′-based temperatures compared to a shallow sea site suggests that endemic, deep-
dwelling archeal communities affect TEX86 but not RI-OH′ in the Iberian Margin. TEX86 leads RI-OH′ 
and UK′37 during four Heinrich-like events, potentially due to background fluxes from deep waters for 
nonhydroxylated tetraethers summed with primary productivity dependent fluxes from surface waters for 
all investigated lipid classes. Relationships with Greenland temperatures further support RI-OH′-based 
paleothermometry.
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Another organic SST proxy is TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms; Schouten 
et al., 2002), which is based on nonhydroxylated isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs; 
Figure S1) produced by Thaumarchaeota—formerly Group I Crenarchaeota (Schouten, Hopmans, & Sin-
ninghe Damsté, 2013, and references therein; Sinninghe Damsté et al., 2002). Thaumarchaeota is a major 
group of ammonia oxidizing archaea (Herndl et al., 2005; Ingalls et al., 2006; Karner et al., 2001; Könneke 
et al., 2005; Wuchter et al., 2006) which substantially if not majoritarily contributes to iGDGT and TEX86 
signals in open oceans (Besseling et al., 2020; Zeng et al., 2019). Core top and mesocosm studies have shown 
that TEX86 increases with increasing SST (e.g., Kim et al., 2008, 2010; Schouten et al., 2002, 2007; Tierney & 
Tingley, 2015; Wuchter et al., 2004) and the first applications of TEX86 as an SST proxy date from more than 
a decade ago (Huguet, Kim, et al., 2006; Schouten et al., 2003).

Two examples of novel organic SST proxies are RI-OH and RI-OH′ (ring index of hydroxylated tetraethers; 
Lü et  al.,  2015), which are based on hydroxylated isoprenoid glycerol dialkyl glycerol tetraethers (OH-
GDGTs; Figure S1) produced by ammonia oxidizing Group I.1a Thaumarchaeota (Elling et al., 2014, 2015, 
2017; Sinninghe Damsté et al., 2012; Liu et al., 2012; Sollai et al., 2019; Xu et al., 2020). In temperate and 
polar oceans, the only two global core top studies to date have shown that RI-OH and RI-OH′ increase 
with increasing SST (Fietz et al., 2020; Lü et al., 2015). Only a few recent studies have used RI-OH (Davtian 

DAVTIAN ET AL.

10.1029/2020PA004077

2 of 34

Figure 1.  Location and modern hydrology of the Iberian Margin. (a) Location of records mentioned in the text. The 
located Chinese speleothem records are those compiled by Cheng et al. (2016). NGRIP, North Greenland Ice Core 
Project (NGRIP members, 2004); NEEM, North Greenland Eemian Ice Drilling (NEEM community members, 2013), 
and EDC, European Project for Ice Coring in Antarctica Dome C (EPICA Community Members, 2004). (b) Close-
up of the North Atlantic from (a). (c) Close-up of the Iberian Margin from (b) with study site names. Solid arrows 
represent surface currents whereas dashed arrows represent deep currents. PC, Portugal Current; AzC, Azores Current; 
CC; Canary Current; IPC; Iberian Poleward Current; MOW, Mediterranean Outflow Waters; NADW; North Atlantic 
Deep Waters; AAIW, Antarctic Intermediate Waters; and AABW, Antarctic Deep Waters. The colored sea surface 
temperature (SST) gradients represent Pathfinder SST V5 climatology for the 1982–2010 period (4 km resolution; Casey 
et al., 2010). These data were provided by the Group for High Resolution Sea Surface Temperature and the US National 
Oceanographic Data Center. This project was supported in part by a grant from the National Oceanic and Atmospheric 
Administration Climate Data Record Program for satellites. Perceptually uniform color maps are used in this study to 
prevent visual distortion of the data (Crameri, 2018a, 2018b).
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et al., 2019; de Bar et al., 2019) and RI-OH′ (Allaart et al., 2020; Fietz et al., 2020; Kremer et al., 2018; Vorrath 
et al., 2020; J. Wu et al., 2020) as SST proxies in sedimentary archives.

Despite their paleothermometric potential, UK′37, TEX86, RI-OH, and RI-OH′ have their own shortcomings, 
as do other SST proxies based on isotopes and on microfossil assemblages. Light and nutrient availability 
(Epstein et al., 1998; Prahl et al., 2003; Sikes et al., 2005; Versteegh et al., 2001), lateral transport (Benthien 
& Müller, 2000; Kim et al., 2009; Mollenhauer et al, 2006, 2007; Rühlemann & Butzin, 2006), and differen-
tial degradation (Rontani et al., 2013, and references therein) are examples of biases for UK′37. Terrigenous 
inputs (Weijers et al., 2006), methanotrophic interferences (Blaga et al., 2009; Weijers et al., 2011; Zhang 
et  al.,  2011), and depth dependent Thaumarchaeota communities and iGDGT distributions (e.g., Basse 
et al., 2014; Besseling et al., 2019; Kim et al., 2015, 2016) are examples of biases for TEX86. Seasonal max-
imal producer abundance or biomarker production can bias UK′37 and TEX86 (e.g., Ceccopieri et al., 2018; 
Galand et al., 2010; Herfort et al., 2006, 2007; Leider et al., 2010; Lü et al., 2014; Pitcher et al., 2011; Prahl 
et al., 1993, 2001, 2010; Sicre et al., 1999; Sikes et al., 1997; Zhang et al., 2013). Biomarker production may 
also occur below surface waters, especially for GDGTs as their producers do not need light to thrive (e.g., 
Chen et al., 2014, 2016; Huguet et al., 2007; Hurley et al., 2018; Lee et al., 2008; Park et al., 2018, 2019; Prahl 
et al., 2001, 2005; Richey & Tierney, 2016; Ternois et al., 1997). RI-OH and RI-OH′ seem to share several 
biases with TEX86 (Chen et al., 2020; Kang et al., 2017; Lü et al., 2015, 2019; Wei et al., 2020; Yang et al., 2019; 
Zhu et al., 2016; see also Fietz et al., 2020 for a review). However, only a few Thaumarchaeota groups pro-
duce both iGDGTs and OH-GDGTs (Elling et al., 2017; Sinninghe Damsté et al., 2012) and both archeal 
GDGT groups can generate drastically different SST records from a single site (Davtian et al., 2019; Vorrath 
et al., 2020; see also Fietz et al., 2020). It is thus useful to conjointly test UK′37, TEX86, RI-OH, and RI-OH′ as 
SST proxies under several contrasting environmental contexts.

In this study, we present new high-resolution temperature records over the 160–45 ka BP (before pres-
ent = year 1950 CE) period using RI-OH′, RI-OH, TEX86, and UK′37 from three deep sea sediment cores 
located in a north-south transect along the Iberian Margin (Figure 1). We first assess the novel RI-OH′ and 
RI-OH indices as SST proxies by correlating them with UK′37 and TEX86 which are more established SST 
proxies. We also assess OH-GDGT-based SSTs by comparing them with alkenone-based and iGDGT-based 
SSTs as well as SST latitudinal gradients. Then, we perform phase relationship analyses and comparisons 
with inorganic proxies such as the isotopic composition of oxygen (δ18O) of planktic foraminifers to further 
validate the novel RI-OH′ and RI-OH paleothermometers, especially at the millennial scale.

The Iberian Margin is located in an open ocean setting with limited terrigenous inputs, high sedimen-
tation rates, and successful UK′37 and TEX86 paleothermometries (Bard et al., 2000; Darfeuil et al., 2016; 
Martrat et  al.,  2007; Pailler & Bard,  2002). The Iberian Margin thus constitutes a much more favorable 
sedimentary setting to validate the novel RI-OH′ and RI-OH paleothermometers than the Gulf of Lions 
(Davtian et al., 2019). Contrary to Davtian et al. (2019) and similarly to other multiproxy studies (e.g., Fietz 
et al., 2013, 2016, 2020; de Bar et al., 2018, 2019; Jonas et al., 2017; Lattaud et al., 2018; Lopes dos Santos 
et al., 2013; Smith et al., 2020), we studied all organic proxies using a single set of lipid extracts to facili-
tate comparisons between novel and established paleothermometers. The deep sea study sites also offer an 
opportunity to assess whether, in the Iberian Margin, Mediterranean deepwater archeal communities bias 
RI-OH′ and RI-OH to the same extent as TEX86, a bias that is likely insignificant at the shallow sea study 
site of Davtian et al. (2019).

2.  Stratigraphic Sequences as Complements to Modern Samples for Proxy 
Validation
In theory, it would be more appropriate to fully validate the proxy calibration using culture experiments or 
modern sediments before applying the proxy in stratigraphic sequences. In practice, such a scenario rarely 
occurs and both calibration and stratigraphic studies are performed in parallel. This has been the case for 
the TEX86 SST proxy with core top calibrations (e.g., Kim et al., 2008, 2010; Schouten et al., 2002; Tierney 
& Tingley, 2015), mesocosm experiments (Schouten et al., 2007; Wuchter et al., 2004), and stratigraphic 
studies (e.g., Castañeda et al., 2010; Darfeuil et al., 2016; Hollis et al., 2019, and references therein; Huguet, 
Kim, et al., 2006; Schouten et al., 2003; Seki et al., 2009).
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Furthermore, the history of the fields of paleoclimatology and paleoceanography includes many exam-
ples for which geochemical proxies were first or mainly studied in a stratigraphic context, before reaching 
a better understanding with a proper calibration of observed variations versus the climatic parameter of 
interest. This has been the case for δ18O variations measured in foraminifera from deep sea cores (e.g., 
Emiliani, 1957, 1966) as it took many years to realize that these stratigraphic variations were largely due to 
changes in the volume of continental ice sheets and that the SST component was much smaller than initial-
ly thought (e.g., Shackleton, 1967).

A second prominent example is the first study using alkenones as a paleothermometer. It was based on the 
direct comparison of δ18O in foraminifera with alkenone unsaturation measured in a deep sea core (Brassell 
et al., 1986) which complemented very preliminary and scarce comparisons between temperature or lati-
tude and alkenone unsaturation measured in modern samples. The seminal study by Brassell et al. (1986) 
then motivated subsequent calibration studies (e.g., Prahl & Wakeham, 1987; Prahl et al., 1988).

For decades since the 1970s, the δ18O variations measured in Greenland ice cores were shown in their 
stratigraphic context (e.g., Dansgaard et al., 1993; Grootes et al., 1993). It was realized only in the mid-1990s 
that early calibrations based on δ18O in modern precipitation were leading to serious under-estimation 
of the glacial cooling, as implied by the temperature profiles directly measured in the boreholes (Cuffey 
et al., 1995; Johnsen et al., 1995).

These three examples of now recognized paleothermometers illustrate that proxy development and valida-
tion not only rely on modern samples, but also on stratigraphic sequences, notably the direct comparison 
of novel and established proxies in the same archives. These studies are key to foster calibration studies by 
other research groups.

3.  Study Area
The Iberian Margin is presently under the influence of the North Atlantic subtropical gyre via two branch-
es, the Portugal Current and the Azores Current (Figure 1b; Martins et al., 2002; Pérez et al., 2001). The 
Eastern North Atlantic Central Waters bathe the surface and reach a water depth of roughly 500–600 m 
(Fiúza et al., 1998; Jenkins et al., 2015; Kim et al., 2016). The Iberian Margin is part of the Canary Current 
upwelling ecosystem, with higher primary productivity in late spring/summer (late May to late September/
early October) associated with colder temperatures along the coast (Figure 1c; Arístegui et al., 2009; Fiúza 
et al., 1982, 1998; Mazé et al., 1997; Navarro & Ruiz, 2006; Relvas et al., 2007; Sánchez & Relvas, 2003). In 
winter, the Iberian Poleward Current flows along the coast from the eastern branch of the Azores Current 
(Figure 1c; Haynes & Barton, 1990; Peliz et al., 2003, 2005).

Beneath the water masses affected by seasonal contrasts, the Antarctic Intermediate Waters mixed with 
the Mediterranean Outflow Waters flow poleward roughly between 500–600 and 1,500 m water depth (Fig-
ure  1c; Ambar,  1983; Ambar et  al.,  2002; Cabeçadas et  al.,  2002, 2003, 2010; Fiúza et  al.,  1998; Jenkins 
et al., 2015; Kim et al., 2016; Louarn & Morin, 2011; van Aken, 2000b). The Mediterranean Outflow Wa-
ters are saltier and warmer than the surrounding Atlantic water masses (Ambar, 1983; Ambar et al., 2002; 
Baringer & Price, 1997; Fiúza et al., 1998; Kim et al., 2016; Kinder & Parrilla, 1987; Mazé et al., 1997; van 
Aken, 2000b). Between 1,500 and 3,500 m water depth, the North Atlantic Deep Waters flow southward 
(Figure 1c; Fiúza et al., 1998; Kim et al., 2016; van Aken, 2000a) while the underlying Antarctic Bottom 
Waters flow poleward through Discovery Gap (Figure 1c; Jenkins et al., 2015; Saunders, 1987).

During the last glacial cycle, the surface hydrology was generally similar to the modern one, with a stronger 
summer upwelling (e.g., Voelker & de Abreu, 2011, and references therein; Voelker et al., 2009). Howev-
er, during Heinrich events, the Polar Front reached the southern Iberian Margin (Bard, Arnold, Maurice, 
et al., 1987; Eynaud et al., 2009), leading to a potential cessation of the upwelling (Ausín et al., 2020; Incar-
bona et al., 2010; Pailler & Bard, 2002) and hydrological conditions similar to modern winter ones (Eynaud 
et al., 2009).

Several deepwater masses existing today were also present during the last glacial cycle, but occupied differ-
ent water depths. During cold periods such as the Last Glacial Maximum and Heinrich events, the North 
Atlantic Deep Waters reached up to 2,000 m water depth only whereas the underlying Antarctic waters 
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occupied a larger portion of the water column (Lynch-Stieglitz, 2017, and references therein; Lynch-Stieg-
litz et al., 2007; Rahmstorf, 2002). The Mediterranean Outflow Waters were also present during the last 
glacial cycle, but at deeper water depths, between 1,600 and 2,200 m, given their higher density (Kaboth 
et al., 2016; Llave et al., 2006; Schönfeld & Zahn, 2000; Voelker et al., 2006; Zahn et al., 1987). The Antarctic 
Intermediate Waters reached the Gulf of Cadiz during Heinrich events and may have reached the Iberian 
Margin as well during these events (Dubois-Dauphin et al., 2016; Montero-Serrano et al., 2011).

4.  Materials and Methods
4.1.  Sediment Cores

Cores MD99-2331 (42°09′N, 9°41′W, 2,120 m water depth), MD95-2040 (40°35′N, 9°52′W, 2,465 m water 
depth), and MD95-2042 (37°45′N, 10°10′W, 3,146 m water depth) were retrieved from the distal part of 
the Iberian Margin continental talus during the IMAGES I (1995; Bassinot & Labeyrie, 1996) and V (1999; 
Labeyrie, 1999) cruises of R/V Marion Dufresne using a Calypso corer. The three deep sea sediment cores 
mainly consist in calcareous silty clay and follow a north-south transect (Figure  1c), directly below the 
pathways of the Iberian Poleward Current in winter (Peliz et al., 2005) and of the northern branch of the 
Mediterranean Outflow Waters (Mazé et al., 1997). During summer, the three study sites are at the edge of 
the upwelling area where they are fed by upwelling filaments (Figure 1c; Fiúza et al., 1982). Cores MD99-
2331 and MD95-2040 are located roughly 100 km away from the modern coastline whereas core MD95-2042 
is located roughly 150 km away from the modern coastline.

Cores MD99-2331, MD95-2040, and MD95-2042 are 3,720-cm, 3,840-cm, and 3,140-cm long, respectively. 
The three sediment cores cover at least the last 160 kyrs, and thus comprise the last interglacial period and 
the last glacial cycle. In this study, we will focus on the 160-45 ka BP period as well as the 1-0 ka BP period 
for proxy validation.

4.2.  Age Model

We tuned the new Iberian Margin records covering the 160-45 ka BP period to the raw composite Chinese 
speleothem δ18O record provided by Cheng et al. (2016)—herein the SpeleoAge timescale (Figures S2a–S2c 
and S3b–S3e, Table S1) following Darfeuil et al. (2016). For cores MD95-2040 and MD95-2042, we tuned 
the calcium carbonate content derived from X-ray fluorescence (XRF-%CaCO3) records to the reference 
record. Calcium XRF measurements and conversions into XRF-%CaCO3 with measured %CaCO3 (Pailler & 
Bard, 2002; Thomson et al., 1999) are described in Texts S1 and S3 of Darfeuil et al. (2016). For core MD99-
2331, we tuned the %CaCO3 record (Gouzy et al., 2004) to the core MD95-2042 XRF-%CaCO3 record on Spe-
leoAge. We manually tuned the records with the QAnalySeries software version 1.4.2 (Kotov & Pälike, 2018) 
that reimplements the major functionality of the AnalySeries software developed by Paillard et al. (1996). 
In addition to the motivation provided in Text S2 of Darfeuil et al. (2016), the generally synchronous abrupt 
δ18O transitions within dating uncertainties between the Chinese speleothem record by Cheng et al. (2016) 
and the NALPS19 speleothem record from the northern rim of the Alps by Moseley et al. (2020) support 
our synchronization.

We also used updated Greenland and Antarctic ice core chronologies with the year 1950 CE as the reference 
datum for comparison with Iberian Margin records (Figures S2d and S3e–S3g, Table S2). We first synchro-
nized the 120–60 ka BP period on the SpeleoAge timescale. For the portion after 60 ka BP, we used the 
Antarctic Ice Core Chronology 2012 (AICC2012) × 1.0063 timescale (linear scaling after Buizert et al., 2015 
for alignment with the U/Th dated Chinese speleothem records by Cheng et al., 2016). For the portion be-
fore 120 ka BP, we used the AICC2012 timescale (Bazin et al., 2013; Veres et al., 2013). After synchronizing 
the North Greenland Ice Core Project (NGRIP) δ18O record (NGRIP members,  2004) on the SpeleoAge 
timescale, we established a transfer function from AICC2012 to SpeleoAge for the 120-60 ka BP period 
(Figure S2d). Our transfer function confirms that the linear scalings of AICC2012 (Bazin et al., 2013; Veres 
et al., 2013) and Greenland Ice Core Chronology 05modelext (Wolff et al., 2010) timescales by 1.0063 proposed 
by Buizert et al. (2015) are not applicable for the 120-60 ka BP period.
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4.3.  Sample Preparation and Biomarker Analysis

In this study, we used 149, 90, and 338 sediment samples from cores MD99-2331, MD95-2040, and MD95-2042, 
respectively. We took one sediment sample every 10 cm from cores MD99-2331 and MD95-2040 and one sedi-
ment sample every 5 cm from core MD95-2042. The sampling resolutions correspond to averaged temporal res-
olutions of roughly 830, 1,300, and 360 years over the 160-45 ka BP period for cores MD99-2331, MD95-2040, 
and MD95-2042, respectively. We then freeze dried the sediment samples before grinding and homogenization.

We extracted 2 g of each dried sediment sample with dichloromethane (DCM):methanol (9:1, v:v) using an 
accelerated solvent extractor ASE 200 (Dionex) at 120°C and 80 bars (8 × 106 Pa) at CEREGE. Before ex-
traction, we added known amounts of ethyl-triacontanoate (C32) and C46 glycerol trialkyl glycerol tetraether 
(C46-GTGT) as internal standards. Thereafter, we subdivided the lipid extracts into two identical aliquots for 
alkenone analysis and for subsequent purification before GDGT analysis.

We analyzed alkenones with a Thermo Scientific Trace gas chromatograph equipped with a flame ioni-
zation detector installed at CEREGE, using analytical conditions similar to those described by Sonzogni 
et al.  (1997). We then manually integrated alkenone peaks. We determined summed di-unsaturated and 
tri-unsaturated C37 alkenone concentrations in μg/g of dry weight sediment by relating chromatogram peak 
areas to the concentration of the internal standard C32, assuming the same response factor for analytes as 
for the internal standard.

Prior to GDGT analysis, we operated a Gilson GX-271 ASPEC™ system with the TRILUTION™ LH software 
and used Al2O3 columns to elute apolar and polar fractions with 3.5 mL of hexane:DCM (1:1, v:v) and 5 mL 
of methanol:DCM (1:1, v:v), respectively (Sanchi et al., 2013). We analyzed the polar fractions with an Ag-
ilent 1260 Infinity high performance liquid chromatograph coupled to an Agilent 6120 single quadrupole 
mass spectrometer installed at CEREGE, following Hopmans et al. (2016) and Davtian et al. (2018, 2019) 
with two additional modifications: nebulizer pressure, 60 psi and dwell time, 97  ms. We then extracted 
the mass/charge (m/z) 743.7, 1,022.0, 1,036.0, 1,050.0, 1,292.3, 1,296.3, 1,298.3, 1,300.3, and 1,302.4 scans 
for manual GDGT peak integration. Contrary to Darfeuil et al. (2016), we used an analytical method with 
improved GDGT isomer separation (Hopmans et al., 2016) and mass accuracy for GDGT analyses (Dav-
tian et al., 2018) as well as possible OH-GDGT quantification. Indeed, Hopmans et al. (2016) and Elling 
et al. (2019) found small changes in TEX86 values due to improved GDGT isomer separation. We determined 
individual GDGT concentrations by relating chromatogram peak areas to the concentration of the internal 
standard C46-GTGT (Huguet, Hopmans, et al., 2006). During running time, we regularly determined the 
relative response factor between the synthetic internal standard (C46-GTGT) and natural GDGTs (GDGT-0) 
to correct the calculated individual GDGT concentrations, given in μg/g of dry weight sediment (Huguet, 
Hopmans, et al., 2006).

We identified and integrated OH-GDGT peaks as described by Davtian et al. (2019) and also integrated the 
same peaks in the m/z 1,318.3, 1,316.3, and 1,314.3 scans. We confirm that the late eluting peaks identified 
by Davtian et al. (2019) in the m/z 1,300.3, 1,298.3, and 1,296.3 scans correspond to abundant in-source frag-
mentation products of OH-GDGTs (e.g., Liu et al., 2012). We thus quantified OH-GDGTs as [M + H–18]+ 
ions rather than as [M+H]+ ions (protonated molecular ions) to calculate RI-OH and RI-OH′ values.

4.4.  Alkenone-Based and GDGT-Based Proxies and Temperature Estimates

We calculated UK′37 (Equation 1; Prahl & Wakeham, 1987), RI-OH (Equation 2; Lü et al., 2015), RI-OH′ 
(Equation 3; Lü et al., 2015), and TEX86 values (Equation 4; Schouten et al., 2002). In Equations 1–4, C37:X 
is the C37 alkenone with X unsaturations, OH-GDGT-X is the OH-GDGT with X pentacycles, and GDGT-X 
is the iGDGT with X pentacycles:

  

37:2

37
37:2 37:3

range between 0 and1 ,K CU
C C� (1)

      
 

    
OH GDGT 1 2 OH GDGT 2RI OH range between1and 2 ,

OH GDGT 1 OH GDGT 2
� (2)
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      
 

  


    
OH GDGT 1 2 OH GDGT 2RI OH range between 0 and 2 ,

OH GDGT 0 OH GDGT 1 OH GDGT 2
� (3)

    


     86
GDGT 2 GDGT 3 Crenarchaeol isomer

TEX range between 0 and1 .
GDGT 1 GDGT 2 GDGT 3 Crenarchaeol isomer

� (4)

For biomarker-based SST estimates, we used the linear global calibration by Conte et al. (2006) for UK′37 
(Equation 5), the global calibration by Lü et al. (2015) for RI-OH (Equation 6), the global calibration by Fietz 
et al. (2020) for RI-OH′ (Equation 7), and the regional paleocalibration by Darfeuil et al. (2016) for TEX86

H 
(Equation 8), with TEX86

H = log(TEX86) as defined by Kim et al. (2010):

       2
37SST 29.876 1.334 0.97, 592, standard deviation of residuals 1.1 C ,KU R n� (5)

  
     2RI OH 1.11SST 0.74, 107, 0.01, standard deviation of residuals 6 C ,

0.018
R n p� (6)

 
 

     2RI OH 0.029SST 0.76, 167, 0.01, standard deviation of residuals 6 C ,
0.0422

R n p� (7)

       2
86SST 68.4 TEX 33.0 0.79, 400, standard deviation of residuals 2.5 C .H R n� (8)

For comparison purposes, we also used for UK′37-SST estimates the Bayesian calibration by Tierney and 
Tingley (2018), BAYSPLINE, with a prior standard deviation (SD) set to 10°C. The 1σ uncertainty in BAY-
SPLINE UK′37-SSTs for temperate and polar oceans is 1.4°C (Tierney & Tingley,  2018). For comparison 
with TEX86

H-SST estimates, we used for TEX86-SST estimates the Bayesian, spatially varying calibration by 
Tierney and Tingley (2014, 2015), BAYSPAR, with a prior SD set to 6°C. The 1σ uncertainty in BAYSPAR 
TEX86-SSTs for the Iberian Margin is 2.7°C (Tierney & Tingley, 2014, 2015). We use Bayesian calibrations for 
UK′37 and TEX86 to assess the validity of the non-Bayesian calibrations by Conte et al. (2006) for UK′37 and 
by Darfeuil et al. (2016) for TEX86

H in the Iberian Margin.

We selected the homogenized core catcher sample from core MD95-2042 as an in-house standard sediment 
to check the absence of instrumental drift. For alkenones, the SD of 40 replicates was 0.01 (0.26°C) for UK′37, 
while the uncertainty in total C37 alkenone concentrations was 15%. Our SDs are more precise than the 
repeatability of 1.6°C in UK′37-SSTs and of 24% in total C37 alkenone concentrations obtained from the in-
ternational alkenone intercomparison (Rosell-Melé et al., 2001). For GDGTs, the SD of 17 replicate analyses 
of a single lipid extract was 0.008 (0.5°C) for RI-OH, 0.007 (0.2°C) for RI-OH′, and 0.003 (0.1°C) for TEX86, 
while the uncertainty in total iGDGT and total OH-GDGT concentrations was 4% and 3%, respectively. Our 
SDs in GDGT-based SSTs are either below or within the repeatability range of TEX86–SSTs (0.4–0.9°C) ob-
tained from the latest international GDGT intercomparison (Schouten, Hopmans, Rosell-Melé, et al., 2013). 
We will use the SD and percentage values obtained on the in-house standard sediment as 1σ analytical 
uncertainties.

4.5.  Correlation Tests for Serially Correlated Data and Phase Relationship Analyses

We estimated the significance of correlations between serially correlated data following the same approach 
as Davtian et al. (2019). In short, we used the “surrogateCor” function of the astrochron R package (Mey-
ers,  2014) to compute 10,000 Monte Carlo simulations using phase-randomized surrogates (Baddouh 
et al., 2016; Ebisuzaki, 1997). We considered that correlations were significant if p < 0.05.

For phase relationship analyses, we first resampled the relevant records every 10 years with the “linterp” 
function of the astrochron R package (Meyers,  2014). We then centered the resampled records and ex-
tracted their millennial variability using a fourth-order Butterworth band-pass filter (500–10,000-years 
window). We applied the band-pass filter with the “butterworth.wge” function of the tswge R package 
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(Woodward, 2016; Woodward et al., 2017). Finally, we generated cross-correlograms with the “ccf” R func-
tion (R Core Team, 2020).

5.  Results
5.1.  Organic Paleothermometers and Associated Biomarker Concentrations

Organic paleothermometer results for the 160–45 ka BP period are shown in Figures 2 and S4 (see also 
Data Sets S1–S3). Averaged proxy values for selected periods and climatic modes—see the column “Data 
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Figure 2.  Organic paleothermometer results from Iberian Margin cores MD99-2331, MD95-2040, and MD95-2042 during the 160–45 ka BP period. RI-OH′ 
(ring index of hydroxylated tetraethers; Lü et al., 2015) records are in dark red, TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms; Schouten 
et al., 2002) records are in blue, and UK′37 (C37 ketone unsaturation ratio; Prahl & Wakeham, 1987) records are in red. (a–c) Records from core MD99-2331. (d–f) 
Records from core MD95-2040. (g–i) Records from core MD95-2042. Core MD95-2040 UK′37 data are from Pailler and Bard (2002) and core MD95-2042 UK′37 
data covering the 70–45 ka BP period are from Darfeuil et al. (2016). Open symbols with colored error bars are 1σ analytical uncertainties. Black labels in (i) 
correspond to Dansgaard-Oeschger events. Labeled gray bars correspond to Greenland stadials (GS) and Heinrich events (H). Marine isotope stages (MIS) are 
named according to Railsback et al. (2015) and defined based on the core MD95-2042 benthic foraminifer δ18O record in Figure S3a.
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points for averaged values” in Data Sets S1–S3—are shown in Table S3. Three GDGT-based data points 
from core MD95-2042 during the 162-158 ka BP period were excluded from any subsequent description and 
analysis due to their unexpectedly low TEX86 values (<0.4). Iberian Margin proxy value ranges during the 
160-45 ka BP period are 0.21–0.84 for RI-OH′ (Figures 2a, 2d, and 2g), 1.26–1.47 for RI-OH (Figures S4a, 
S4d, and S4g), 0.43–0.67 for TEX86 (Figures 2b, 2e, and 2h), and 0.25–0.78 for UK′37 (Figures 2c, 2f, and 2i).

All four organic paleothermometers—in particular RI-OH′ and UK′37—respond to the penultimate deglaci-
ation as well as Dansgaard-Oeschger and Heinrich events, with associated amplitudes generally exceeding 
at least twice the 1σ analytical uncertainties: 0.007 for RI-OH′, 0.008 for RI-OH, 0.003 for TEX86, and 0.010 
for UK′37 (Figures 2 and S4). The highest and lowest averaged proxy values for the 160–45 ka BP period occur 
during marine isotope stage (MIS) 5e—defined as the benthic foraminifer δ18O “plateau” related to a sea 
level highstand in this study, see Figure S3a and Shackleton et al. (2002)—and Heinrich events at all three 
Iberian Margin sites, respectively (Table S3). MIS 5e also has higher averaged proxy values than the other 
MIS 5 warm periods, which themselves have higher averaged proxy values than MIS 5 cold periods and 
glacial MIS (MIS 6, 4, and 3). MIS 5e has higher averaged proxy values than the 1-0 ka BP period, except for 
core MD95-2040 GDGT-based proxies (Table S3).

Biomarker concentration results for the 160–45 ka BP period are shown in Figures 3 and S5. Iberian Mar-
gin biomarker concentration ranges during the 160–45 ka BP period are 0.01–1.43  µg/g for OH-GDGTs 
(Figures 3a, 3d, and 3g), 0.20–20.97 µg/g for iGDGTs (Figures 3b, 3e, and 3h), and 0.03–2.06 µg/g for C37 
alkenones (Figures 3c, 3f, and 3i).

Biomarker concentrations generally decrease synchronously in response to cold millennial climatic events 
at the three Iberian Margin sites (Figures 3 and S5). Biomarker concentrations, especially those of OH-
GDGT-0, peak at the three Iberian Margin sites during the end of Heinrich event H11, albeit less clearly for 
core MD95-2040 (Figures 3 and S5).

RI-OH′ and RI-OH versus UK′37 and TEX86 relationships are shown in Figures 4 and S6. To take full advan-
tage of the use of a single set of lipid extracts, we omitted samples with only alkenone-based or GDGT-based 
data. All reported RI-OH′ and RI-OH versus UK′37 and TEX86 relationships are significant, with r values 
between 0.44 and 0.91 during the 160-45 ka BP period (Table S4).

During the 115-55 ka BP period, TEX86 has somewhat contrasting behaviors compared to RI-OH′, RI-OH, 
and UK′37 (Figures 2 and S4). We thus also consider the 115-55 ka BP period separately when quantifying 
RI-OH′ and RI-OH versus UK′37 and TEX86 relationships (Figures 4 and S6). During the 115-55 ka BP pe-
riod, r values vary between 0.50 and 0.92 for all RI-OH′ and RI-OH versus UK′37 and TEX86 relationships 
(Table S4).

During the 160-45 ka BP period, RI-OH′ versus UK′37 relationships have higher r values than RI-OH′ versus 
TEX86 relationships, whereas the opposite occurs for RI-OH (Figure S6). Differences in r values between 
RI-OH′ versus UK′37 and RI-OH′ versus TEX86 relationships are even larger when focusing on the 115-55 ka 
BP period (Figures S6a–S6f). RI-OH versus UK′37 relationships also have higher r values than RI-OH versus 
TEX86 relationships during the 115–55 ka BP period (Figures S6g–S6l), but the differences are not as large 
as for RI-OH′.

5.2.  Biomarker-Based SSTs and SST Latitudinal Gradients

Biomarker-based SSTs for the 160-45 ka BP period are shown in Figures 5 and S7–S9. Averaged biomark-
er-based SSTs for the 1-0 ka BP period are shown in Table 1. For all subsequent biomarker-based SST com-
parisons, we omit samples with only alkenone-based or GDGT-based data to take full advantage of the use 
of a single set of lipid extracts. Given that RI-OH′ and RI-OH do not have any Bayesian calibration to date, 
we describe non-Bayesian SST estimates (Figures 5 and S7). Iberian Margin biomarker-based SST ranges 
during the 160-45 ka BP period are 5.6–20.6°C for RI-OH′-SSTs (Figure  5; after Fietz et  al.,  2020), 8.2–
20.0°C for RI-OH-SSTs (Figure S7; after Lü et al., 2015), 7.9–21.1°C for TEX86

H-SSTs (Figure 5; after Darfeuil 
et al., 2016), and 6.0–21.9°C for UK′37-SSTs (Figure 5; after the linear calibration by Conte et al., 2006).

Biomarker-based SST latitudinal gradients along the Iberian Margin for selected time periods and climatic 
modes are shown in Figures 6, S10, and S11, as well as in Table S5. We allow the number of data points to 
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vary between alkenone-based and GDGT-based paleothermometers, but exclude individual climatic events 
represented by only one point as well as data points within transitions between climatic events—see the 
column “Data points for SST latitudinal gradients” in Data Sets S1–S3. Based on differences between cores 
MD99-2331 and MD95-2042, biomarker-based SST latitudinal gradients per time period and climatic mode 
vary between −1.0 and 0.0°C/°latitude (Table S5).

Averaged differences between BAYSPLINE UK′37-SSTs (after Tierney & Tingley, 2018) and UK′37-SSTs (after 
the linear calibration by Conte et al., 2006) for the 160–45 ka BP period are of roughly −0.4°C with SDs of 
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Figure 3.  Biomarker concentration results from Iberian Margin cores MD99-2331, MD95-2040, and MD95-2042 during the 160-45 ka BP period. Total OH-
GDGT (hydroxylated isoprenoid tetraether) concentration records are in dark red, total iGDGT (nonhydroxylated isoprenoid tetraether) concentration records 
are in blue, and summed di-unsaturated and tri-unsaturated C37 alkenone concentration records are in red. (a–c) Records from core MD99-2331. (d–f) Records 
from core MD95-2040. (g–i) Records from core MD95-2042. Core MD95-2040 C37 alkenone concentration data are from Pailler and Bard (2002) and core MD95-
2042 C37 alkenone concentration data covering the 70-45 ka BP period are from Darfeuil et al. (2016). Open symbols with colored error bars are 1σ analytical 
uncertainties. Black labels in (i) correspond to Dansgaard-Oeschger events. Labeled gray bars correspond to Greenland stadials (GS) and Heinrich events 
(H). Marine isotope stages (MIS) are named according to Railsback et al. (2015) and defined based on the core MD95-2042 benthic foraminifer δ18O record in 
Figure S3a.
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less than 0.1°C for the three Iberian Margin cores (Data Sets S1–S3). The 
BAYSPLINE calibration by Tierney and Tingley (2018) does not change 
UK′37-SST latitudinal gradients (Table S5). Averaged differences between 
BAYSPAR TEX86-SSTs (after Tierney & Tingley, 2014, 2015) and TEX86

H-
SSTs (after Darfeuil et al., 2016) for the 160-45 ka BP period are of −0.5, 
−0.4, and less than 0.1°C for cores MD99-2331 (n = 138, SD of 0.2 °C), 
MD95-2040 (n = 82, SD of 0.1°C), and MD95-2042 (n = 315, SD of 0.2°C), 
respectively (Data  Sets S1–S3). The BAYSPAR calibration by Tierney 
and Tingley (2014, 2015) gives TEX86-SST latitudinal gradients larger by 
up to nearly 0.2°C/°latitude than TEX86

H-SST latitudinal gradients (Ta-
ble  S5). The averaged differences between Bayesian and non-Bayesian 
SST estimates for the 160–45 ka BP period are similar to those for the 1-0 
ka BP period (Table 1). All averaged differences between Bayesian and 
non-Bayesian SST estimates are of the same order of magnitude as 1σ 
analytical uncertainties—0.2, 0.5, 0.1, and 0.3°C in RI-OH′-SSTs, RI-OH-
SSTs, TEX86-SSTs, and UK′37-SSTs, respectively—and are much smaller 
than 1σ standard deviations of regression residuals—1.1°C for UK′37 
after Conte et  al.  (2006), 2.5°C for TEX86

H after Darfeuil et  al.  (2016), 
and roughly 6°C for RI-OH′ and RI-OH after Fietz et al. (2020) and Lü 
et al. (2015).

5.3.  Phase Relationships Between Organic Paleothermometers 
and Between Biomarker Concentrations

The paleothermometric records considered for visual phase relation-
ship analyses and cross-correlograms are shown in Figures  7 and S12. 
The phase relationship analyses focus on core MD95-2042 because we 
obtained the best temporally resolved biomarker-based records from this 
Iberian Margin sediment core. Visually, RI-OH′ and RI-OH are in phase 
with UK′37 but lag TEX86 during several cold climatic events such as GS25, 
GS24, GS22, and H5 (Figures 7a–7c and S12a–S12c).

For cross-correlations between band-pass filtered records 
(500–10,000-years window), we considered phase relationships relative 

to RI-OH′ (Figure 7f), RI-OH (Figure S12f), and OH-GDGT concentrations (Figures 7g and S12g). As for 
proxy-proxy relationships, we not only considered the 156-50 ka BP period, taking into account the edge 
effect, but also the 115-55 ka BP period when TEX86 most clearly disagrees with RI-OH′, RI-OH, and UK′37 
(Data Set S4). The band-pass filtering preserves the stronger RI-OH′ versus UK′37 relationships compared 
to RI-OH′ versus TEX86 and RI-OH versus UK′37 and TEX86 relationships (section 5.1). During the 156-50 
and 115-55 ka BP periods, RI-OH′ and RI-OH lead UK′37 by less than 100 years on average (Figures 7f and 
S12f). During the 156-50 ka BP period, RI-OH′ and RI-OH lag TEX86 by 140 and 70 years on average, respec-
tively. During the 115-55 ka BP period, RI-OH′ and RI-OH averaged lags relative to TEX86 increase to 190 
and 100 years, respectively (Figures 7f and S12f). During the 156-50 and 115-55 ka BP periods, OH-GDGT 
concentrations have phase differences with C37 alkenone and iGDGT concentrations of less than 100 years 
on average (Figures 7g and S12g).

6.  Discussion
6.1.  Paleothermometric Potential of OH-GDGTs

6.1.1.  Better Paleothermometric Potential for RI-OH′ than for TEX86 and RI-OH in the Iberian 
Margin

RI-OH′ not only responds to characteristic North Atlantic climatic events but also better resembles UK′37 
(r values of 0.77–0.91 for the 160–45 ka BP period) than TEX86 (r values of 0.70–0.80 for the 160–45 ka BP 
period) at the three Iberian Margin study sites (Figures 2 and S6a–S6f; Section 5.1). While our results are 
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Figure 4.  Correlation between RI-OH′ (ring index of hydroxylated 
tetraethers; Lü et al., 2015) and UK′37 (C37 ketone unsaturation ratio; Prahl 
& Wakeham, 1987) for the Iberian Margin core MD95-2042. Proxy value 
scales are shown with their conversions into sea surface temperature 
(SST) scales based on the following global calibrations: SST = (RI-
OH′ + 0.029)/0.0422 (Fietz et al., 2020) and SST = 29.876 × UK′37 − 1.334 
(Conte et al., 2006). The complete picture is provided in Figures S6, S8, and 
S9. Blue and red symbols refer to the 160–45 and 115–55 ka BP periods, 
respectively. Blue symbols with a yellow star refer to the 133–130 ka BP 
period, which corresponds to the primary productivity peak during the 
end of Heinrich event H11. The statistical significance level of p < 0.001 
(from a nonparametric method that accounts for serial correlation; 
Ebisuzaki, 1997) is coded as ***.
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unsurprising for UK′37 (e.g., Darfeuil et al., 2016; Martrat et al., 2007; Pailler & Bard, 2002), they seem less 
predictable for a GDGT-based paleothermometer such as RI-OH′ in the Iberian Margin. Off this margin, 
surface sediments contain iGDGTs not only from Atlantic surface waters but also from Mediterranean Out-
flow Waters (presently at 500–1,600 m water depth; Kim et al., 2016; Figure 1c). Even if TEX86 resembles 
UK′37 in core MD95-2042 during the last 70 kyrs, Iberian Margin downcore sediments likely contain iGDGTs 
produced by endemic archaea within the Mediterranean Outflow Waters (Darfeuil et al., 2016). A global 
study of the archeal lipidome in suspended particles has found that not only iGDGTs but also OH-GDGTs 
are produced in both surface and deep waters (boundary at 100 m water depth; Zhu et al., 2016), with likely 
variable relative contributions from different water depths through time (e.g., Fietz et al., 2016; Hertzberg 
et  al.,  2016; Huguet et  al.,  2007; Y. Wu et  al.,  2020). However, a study of archeal GDGTs in suspended 
particles from the Yangtze River Estuary found higher OH-GDGT/iGDGT ratios in surface waters than in 
deep waters (boundary at roughly 30 m water depth), suggesting that OH-GDGT production is essentially 
restricted to surface waters (Lü et al., 2019). Given that the novel RI-OH′ paleothermometer best resembles 
the established UK′37 SST proxy, our results tend to support OH-GDGT production restricted to Atlantic sur-
face waters, though with a possible and variable relative contribution from subsurface waters at most 200 m 
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Figure 5.  Same as Figure 2, but with biomarker-based sea surface temperature (SST) results from Iberian Margin cores MD99-2331, MD95-2040, and MD95-
2042 during the 160-45 ka BP period. (a) Records from core MD99-2331. (b) Records from core MD95-2040. (c) Records from core MD95-2042. RI-OH′-SST 
estimates are based on the following global calibration: SST = (RI-OH′ + 0.029)/0.0422 (Fietz et al., 2020). UK′37-SST estimates are based on the following global 
calibration: SST = 29.876 × UK′37 − 1.334 (Conte et al., 2006). TEX86

H-SST estimates are based on the following regional paleocalibration: SST = 68.4 × TEX86
H + 

33.0 (Darfeuil et al., 2016).
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deep (Zhang & Liu, 2018)—an idea further discussed in Sections 6.1.2, 6.2.2, 6.2.3 and 6.3.4. Accordingly, 
we suggest that RI-OH′ records SST better than TEX86 does in the Iberian Margin.

RI-OH does not respond to characteristic North Atlantic climatic events as clearly as does RI-OH′ (Figures 2 
and S4). In particular, RI-OH values do not decrease during H6 for cores MD99-2331 and MD95-2042. RI-
OH versus UK′37 relationships (r values of 0.44–0.66 for the 160–45 ka BP period) are also less linear than 
RI-OH′ versus UK′37 relationships (Figures S6a–S6c and S6g–S6i; Section 5.1). Our results differ with those 
reported by Davtian et al. (2019), as both RI-OH′ and RI-OH systematically and coherently respond to well-
known climatic events in the Gulf of Lions. Following their global core top compilation, Lü et al. (2015) 
found the smallest RI-OH′ and largest RI-OH residuals at the lowest SSTs and recommended to use RI-OH′ 
rather than RI-OH for polar oceans. Consequently, all subsequent validations of the RI-OH′ paleother-
mometer focused on polar oceans (Allaart et al., 2020; Kremer et al., 2018; Liu et al., 2020; Park et al., 2019; 
Vorrath et al., 2020; J. Wu et al., 2020; see also Fietz et al., 2020 for a review). While the Iberian Margin is 
not presently under the influence of (sub)polar waters, it was during Heinrich events when the Polar Front 
reached this margin (Bard, Arnold, Maurice, et al., 1987; Eynaud et al., 2009). We thus suggest that RI-OH′ 
better reflects the influence of (sub)polar waters during Heinrich events than does RI-OH in the Iberian 
Margin.

6.1.2.  Detailed Contrasts in RI-OH′ and UK′37 Behaviors

Despite its general resemblance with UK′37, RI-OH′ better resembles TEX86 than UK′37 during H11 in cores 
MD99-2331 and MD95-2042 (Figures 2a–2c and 2g–2i). UK′37 records from cores MD99-2331 and MD95-
2042 have a “double-u” shaped H11—a structure first described by Martrat et al. (2014) and also visible in 
the lower-resolution MD95-2042 UK′37 record by Pailler and Bard (2002)—and the second H11 cooling is 
synchronous with the biomarker concentration peak at these Iberian Margin study sites (Figures 3a–3c, 
3g–3i, S5a–S5c, and S5g–S5i; Section 5.1). The biomarker concentration peak at the end of H11 is related to 
a peak in primary productivity within the Iberian Margin, interpreted as an enhanced summer upwelling 
(Hodell et al., 2013; Pailler & Bard, 2002; Thomson et al., 2000). Contrary to UK′37, RI-OH′, RI-OH, and 
TEX86 either reach or get close to their lowest values during the end of H11 in cores MD95-2331 and MD95-
2042 (Figures 2 and S4, see also Figure S6). One potential mechanism related to the enhanced summer 
upwelling is a bias toward the warm season for UK′37, though the increase in C37 alkenone concentrations 
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Observed SST (°C)a Biomarker-based SST 1–0 ka BP (°C)b

Core Annual Range RI-OH′ RI-OH TEX86
H BAY-TEX86 UK′37 BAY-UK′37

MD99-2331 16.0 13.5–18.8 15.4 14.1 17.3 16.6 16.2 15.7

(n = 4) (0.6) (0.7) (0.8) (0.8) (0.5) (0.5)

MD95-2040 16.8 14.1–19.9 16.7 16.2 18.9 18.5 17.7 17.2

(n = 4c) (0.5) (0.6) (0.5) (0.6) (1.1) (1.1)

MD95-2042 18.1 15.5–21.1 17.9 17.3 18.9 18.9 19.0 18.6

(n = 7) (0.2) (0.5) (0.2) (0.2) (0.2) (0.2)

Note. TEX86
H = log(TEX86) with TEX86 = TetraEther indeX of tetraethers consisting of 86 carbon atoms (Kim et al., 2010; 

Schouten et al., 2002), UK′37 = C37 ketone unsaturation ratio (Prahl & Wakeham, 1987), and RI-OH and RI-OH′ = ring 
index of hydroxylated tetraethers (Lü et al., 2015).
aPathfinder SST V5 climatologies for the 1982–2010 period (Casey et al., 2010). The SST ranges correspond to February 
(minimum) and August (maximum). bAveraged biomarker-based SST estimates are presented with their standard 
deviations in brackets. RI-OH′-SST estimates are from the following global calibration: SST = (RI-OH′ + 0.029)/0.0422 
(Fietz et al., 2020). RI-OH-SST estimates are from the following global calibration: SST = (RI-OH−1.11)/0.018 (Lü 
et  al.,  2015). TEX86

H-SST estimates are from the following regional paleocalibration: SST  =  68.4 × TEX86
H + 33.0 

(Darfeuil et al., 2016). BAY-TEX86-SST estimates are from the BAYSPAR calibration (Tierney & Tingley, 2014, 2015). 
UK′37-SST estimates are from the following global calibration: SST = 29.876 × UK′37−1.334 (Conte et al., 2006). BAY-
UK′37-SST estimates are from the BAYSPLINE calibration (Tierney & Tingley, 2018). cCore MD95-2040 has two missing 
data points for UK′37.

Table 1 
Comparison of Averaged Biomarker-Based Sea Surface Temperature (SST) Estimates for the Last Millenium With 
Observed SSTs
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Figure 6.  Sea surface temperature (SST) latitudinal gradients for different climatic modes along Iberian Margin 
cores MD99-2331, MD95-2040, and MD95-2042. (a) UK′37-SST estimates from the following global calibration: 
SST = 29.876 × UK′37 − 1.334 (Conte et al., 2006). (b) RI-OH′-SST estimates from the following global calibration: SST 
= (RI-OH′ + 0.029)/0.0422 (Fietz et al., 2020). (c) TEX86

H-SST estimates from the following regional paleocalibration: 
SST = 68.4 × TEX86

H + 33.0 (Darfeuil et al., 2016). Error bars correspond to 2σ standard errors of the mean SSTs per 
core and per climatic mode. For each core, individual climatic events represented by only one point for all proxies 
are excluded as well as data points within transitions between climatic events—see the column “Data points for SST 
latitudinal gradients” in Data Sets S1–S3. SST latitudinal gradients based on differences between cores MD99-2331 and 
MD95-2042 are also shown with their propagated 1σ standard errors in brackets. Observed SSTs are based on Pathfinder 
SST V5 climatologies for the 1982–2010 period (Casey et al., 2010). MIS 5e corresponds to the thermal optimum during 
the 129–121, 130–121, and 129.5–120.3 ka BP periods for cores MD99-2331, MD95-2040, and MD95-2042, respectively. 
MIS 5e is excluded from MIS 5 DO. MIS, marine isotope stage; DO, Dansgaard-Oeschger events; GS, Greenland stadials, 
and H, Heinrich events. TEX86

H = log(TEX86) with TEX86 = TetraEther indeX of tetraethers consisting of 86 carbon 
atoms (Kim et al., 2010; Schouten et al., 2002), UK′37 = C37 ketone unsaturation ratio (Prahl & Wakeham, 1987), and RI-
OH′ = ring index of hydroxylated tetraethers (Lü et al., 2015).
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Figure 7.  Phase relationships between Iberian Margin core MD95-2042 paleothermometric proxies and Greenland 
temperature. (a) RI-OH′ (ring index of hydroxylated tetraethers; Lü et al., 2015). (b) TEX86 (TetraEther indeX of 
tetraethers consisting of 86 carbon atoms; Schouten et al., 2002). (c) UK′37 (C37 ketone unsaturation ratio; Prahl & 
Wakeham, 1987). (d) Isotopic composition of oxygen (δ18O) of G. bulloides tests (planktic foraminifers; Shackleton 
et al., 2000): note the reversed axis. (e) North Greenland Ice Core Project (NGRIP; Kindler et al., 2014) and North 
Greenland Eemian Ice Drilling (NEEM; NEEM community members, 2013) air temperature with 11-point moving 
averages (thick curves): NEEM temperature anomaly values are shifted by −31°C. (f) Cross-correlations between 
RI-OH′ and other paleothermometric proxies in core MD95-2042. (g) Cross-correlations between total OH-GDGT 
concentration and total concentration of other lipid classes in core MD95-2042. (h) Cross-correlations between δ18O of 
G. bulloides tests (planktic foraminifers; Shackleton et al., 2000) and other paleothermometric proxies in core MD95-
2042. Open symbols with colored error bars are 1σ analytical uncertainties, except for the record in (e) where the 
error bar corresponds to temperature amplitude uncertainties. Black labels in (e) correspond to Dansgaard-Oeschger 
events. Labeled gray bars correspond to Greenland stadials (GS) and Heinrich events (H). Marine isotope stages (MIS) 
are named according to Railsback et al. (2015) and defined based on the core MD95-2042 benthic foraminifer δ18O 
record in Figure S3a. Prior to cross-correlation analyses, a fourth-order Butterworth band-pass filter (500–10,000-years 
window) was applied to all evenly resampled (every 10 years) core MD95-2042 records. GDGT, glycerol dialkyl glycerol 
tetraether.
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is relatively modest (Figures 3c, 3f, and 3i), whereas archeal producers may be more competitive for nutri-
ents at the end of the upwelling, which may bias GDGT-based proxies toward the cold season or larger ex-
port depths (Darfeuil et al., 2016). Alternatively, increased ammonia oxidation rates related to stronger up-
welling could generate cold biases for at least TEX86 and TEX86

H (Hurley et al., 2016; Lawrence et al., 2020; 
Lü et al.,  2019). A third possibility is that the particularly pronounced OH-GDGT-0 concentration peak 
compared to other archeal GDGTs (Figures 3 and S5) is partly due to archaea other than Thaumarchaeota 
(Liu et al., 2012; Ma et al., 2020; Yang et al., 2019). Assuming that seasonal biomarker production, larger 
export depths, increased ammonia oxidation rates, and shifts in archeal communities related to stronger 
upwelling generate cold biases for all archeal GDGT-based indices and warm biases for UK′37, we suggest 
that alkenones and archeal GDGTs record somewhat different signals during H11.

Contrary to UK′37, RI-OH′ suggests barely colder Heinrich events (H11, H6, and H5) than MIS 5 stadi-
als (GS25, GS24, and GS22–GS20) in core MD95-2042 (Figures 2g and 2i; Section 5.1). Such a contrast is 
also relevant for RI-OH to a lesser extent (Figures S4g and S4i). During Heinrich events H6-H1, primary 
productivity dropped and the nutricline deepened (e.g., Ausín et al., 2020; Incarbona et al., 2010; Pailler 
& Bard, 2002). Similarly, biomarker concentrations dropped during all MIS 5 stadials (Figures 3 and S5) 
which Eynaud et al. (2000) described as Heinrich-like events. Assuming that the nutricline deepened not 
only during Heinrich events but also during MIS 5 stadials, Atlantic shallow water Thaumarchaeota may 
have migrated toward deeper, colder waters (Hertzberg et al., 2016; Park et al., 2018). Alternatively, shifts 
in Thaumarchaeota communities (Polik et  al.,  2018) may have biased RI-OH′ and RI-OH values. How-
ever, most studies suggesting ecological effects and other nonthermal effects on archeal GDGT distribu-
tions are restricted to iGDGTs and their derived TEX86 paleothermometer (e.g., Elling et al., 2014, 2015; 
Evans et al., 2018; Hurley et al., 2016, 2018; Junium et al., 2018; Lawrence et al., 2020; Lü et al., 2019; Ma 
et al., 2020; Park et al., 2018; Polik et al., 2018; Qin et al., 2015; Wei et al., 2020; Xie et al., 2014). In princi-
ple, bioturbation could also be invoked to explain the contrasts between RI-OH′ and UK′37, notably during 
the Heinrich-like event GS22 which has particularly contrasting relative decreases in OH-GDGT and C37 
alkenone concentrations (Figure S13). However, as shown in Section 6.3.1, it is unlikely that bioturbation is 
the cause of the observed differences. In all cases, more studies involving both OH-GDGTs and iGDGTs are 
needed to assess to what extent biases for TEX86 are also relevant for RI-OH′ and RI-OH.

6.2.  OH-GDGT-Based Temperature Assessments

6.2.1.  Offsets Between OH-GDGT-Based Temperatures and Other Biomarker-Based 
Temperatures

Given the small differences between Bayesian and non-Bayesian SST estimates (Section 5.2), we focus on 
the latter only in order not to mix different types of uncertainties for biomarker-based SST comparisons 
(Table S4). Averaged differences between RI-OH′-SSTs and other biomarker-based SSTs range between −3.1 
and −1.5°C (Figure 5). Averaged differences between RI-OH-SSTs and other biomarker-based SSTs range 
between −1.9 and −0.7°C (Figure S7).

Individual differences between OH-GDGT-based SSTs and SST estimates from UK′37 and TEX86 are smaller 
than the 1σ standard deviations of single pairs based on propagated non-Bayesian regression residuals, 
which range between 6.1 (σ = √[1.12 + 6.02]) and 6.5°C (σ = √[2.52 + 6.02]). However, most individual 
differences are negative and the 1σ standard errors (σ/√n) of the averaged differences range between 0.1°C 
and 0.3°C, which is close to 1σ analytical uncertainties of 0.1°C–0.5°C. We thus consider that the averaged 
differences between OH-GDGT-based SSTs and other biomarker-based SSTs are systematic, especially for 
RI-OH′-UK′37 and RI-OH′-TEX86

H SST offsets.

While RI-OH′-UK′37 and RI-OH′-TEX86
H SST offsets are larger than RI-OH-UK′37 and RI-OH-TEX86

H SST 
offsets, RI-OH′-SSTs and UK′37-SSTs have nearly 1:1 relationships, which is not the case for RI-OH-SST 
versus UK′37-SST relationships (Figures  S8a–8c and S8g–8i). Conversely, RI-OH′-SSTs and RI-OH-SSTs 
both tend to have 1:1 relationships with TEX86

H-SSTs (Figures S8d–8f and S8j–8l). The nearly 1:1 relation-
ships between biomarker-based SSTs reflect similar warmings during the penultimate deglaciation as well 
as similar SST amplitudes during millennial climatic events, especially between RI-OH′-SSTs and UK′37-
SSTs (Figures 5 and S7). Given that RI-OH′-SSTs systematically have 1:1 relationships with UK′37-SSTs and 
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TEX86
H-SSTs and that those relationships are all linear (Section 6.1.1), we consider that RI-OH′-SSTs are 

more plausible than RI-OH-SSTs even though the former look less realistic in absolute values than the lat-
ter, so the remainder of the discussion focuses only on RI-OH′ and RI-OH′-SSTs.

6.2.2.  Imperfect Existing Core Top Calibration as the Most Plausible Reason for OH-GDGT 
Temperature Underestimation in the Iberian Margin

While Davtian et al.  (2019) suggested that the global calibration by Lü et al.  (2015) could be invalid for 
the semi-enclosed Mediterranean Sea, this shortcoming may also apply for the Iberian Margin despite its 
location in an open ocean. One third of the core top sediments compiled by Fietz et al. (2020)—54 out of 
167—are from the Chinese coastal seas, whereas only three and two core top sediments are from the Med-
iterranean Sea and the North Atlantic excluding the Nordic seas, respectively. When the South Atlantic is 
included, the number of Atlantic core top sediments increases to seven and this number further increases 
to 23 when the Fram Strait is added (Fietz et al., 2013; Huguet et al., 2013), which corresponds to only 13.8% 
of the global core top data set compiled by Fietz et al. (2020). The standard deviation of regression residu-
als of roughly 6°C further illustrate the weaknesses of the global RI-OH′ calibration established by Fietz 
et al. (2020) for SST estimates in the Iberian Margin, as well as nonthermal effects to be explored. Given that 
the North Atlantic is poorly represented in the available OH-GDGT core top data set, a North Atlantic core 
top calibration for OH-GDGT-based paleothermometers would be premature at this stage.

We also evaluate systematic biases toward the cold season for OH-GDGT-based paleothermometers and 
their possibility to record sea temperatures at 0- to 200-m rather than SSTs, as previously suggested by Dav-
tian et al. (2019) for the Gulf of Lions. Based on Pathfinder SST V5 climatologies at 4 km resolution for the 
1982–2010 period, winter (January–March) and annual SSTs differ by −2.3°C, −2.5°C, and −2.4°C at the 
MD99-2331, MD95-2040, and MD95-2042 sites, respectively (Casey et al., 2010). Based on World Ocean At-
las 2018 statistical means on 1/4° grids for the 1981–2010 period, sea temperatures at 0- to 200-m and annual 
SSTs differ by −2.0°C, −2.4°C, and −2.4°C at the MD99-2331, MD95-2040, and MD95-2042 sites, respec-
tively (Locarnini et al., 2019). Differences of −2.5°C to −2.0°C represent at least two thirds of RI-OH′-UK′37 
SST offsets at the three Iberian Margin study sites, while RI-OH′-SSTs have smaller averaged differences 
with TEX86-derived sea temperatures at 0- to 200-m (gamma function probability distribution for target 
temperatures with a = 4.5 and b = 15; Tierney & Tingley, 2015) than with TEX86-SSTs and TEX86

H-SSTs 
(Table S4), which seemingly supports the systematic biases suggested by Davtian et al. (2019). However, 
the negative RI-OH′-TEX86

H SST offsets (Figure 5), including during the 1–0 ka BP period (Table 1) do not 
support a systematic bias toward the cold season or signal export from deep waters for all archeal GDGT-
based paleothermometers, even if such biases may occur during specific periods (Section 6.1.2). During the 
1–0 ka BP period, RI-OH′-SSTs are similar to modern annual SSTs at the three Iberian Margin study sites 
(Table 1; Casey et al., 2010), which further suggests an insignificant seasonal bias for RI-OH′, at least during 
the last millenium. In addition, regional simulations by Darfeuil et al. (2016) and Atlantic core top data set 
analyses by Zhang and Liu (2018) suggest that archeal GDGTs record SSTs rather than sea temperatures at 
0- to 200-m when the influence of iGDGTs from the Mediterranean Outflow Waters in the Iberian Margin 
is excluded. Given that we cannot unambiguously attribute the negative RI-OH′-UK′37 and RI-OH′-TEX86

H 
SST offsets to systematic seasonal and export depth biases for OH-GDGTs in the Iberian Margin, such pos-
sibilities should be investigated in a future North Atlantic or Iberian Margin regional core top calibration.

Davtian et al.  (2019) provisionally suggested that their RI-OH-SSTs from the Gulf of Lions could either 
represent winter SSTs or sea temperatures at 0- to 200-m rather than annual SSTs. However, we cannot 
trustfully make similar conclusions for Iberian Margin RI-OH′-SSTs, even though the better agreement of 
RI-OH′-SSTs with TEX86

H-SSTs than with UK′37-SSTs, especially during DO events and MIS 5e (Figure 5) 
may support a contribution from subsurface waters (<200 m water depth), which may have increased dur-
ing H11 (Section 6.1.2). The imperfection of the existing global calibration could thus be the most plausible 
reason for the reported RI-OH′-UK′37 SST offsets in the Iberian Margin.

6.2.3.  No Evidence of OH-GDGTs From the Mediterranean Outflow Waters in the Iberian 
Margin

Putting our study and that of Davtian et al. (2019) into perspective allows to tentatively assess the influence 
of OH-GDGTs from the Mediterranean Outflow Waters in the Iberian Margin (Figure 1c). Mediterranean 
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deepwater Thaumarchaeota (presently 500–1,600 m water depth in the Iberian Margin and > 100 m water 
depth in the Mediterranean Sea) generates a warm bias by roughly 5°C–6°C in TEX86

H-SSTs from Mediter-
ranean Sea and Iberian Margin sediments (Besseling et al., 2019; Darfeuil et al., 2016; Kim et al., 2015, 2016) 
and a similar bias could also occur for RI-OH′ (Zhu et al., 2016). The warm biases in GDGT-based SSTs 
generated by Mediterranean deepwater Thaumarchaeota are attributable to different GDGT-temperature 
relationships between shallow water and deepwater Thaumarchaeota (Zhu et al., 2016). However, when 
considering Bayesian UK′37-SST estimates after Tierney and Tingley (2018) for the Gulf of Lions and the Ibe-
rian Margin, RI-OH′-UK′37 SST offsets are more negative at the deep sea Iberian Margin (averages between 
−2.7°C and −2.2°C; Figure S9) than at the shallow sea Gulf of Lions (−0.8°C on average during the 160–45 
ka BP period, SD of 1.7°C, n = 216; Davtian et al., 2019). The larger negative RI-OH′-UK′37 SSTs offsets at 
deep sea sites compared to a shallow sea site do not support a warm bias in OH-GDGT-based SSTs due to 
Mediterranean deepwater Thaumarchaeota off Portugal. In addition, we used a regional paleocalibration 
for TEX86

H (Darfeuil et al., 2016) and a spatially varying calibration for TEX86 (Tierney & Tingley, 2014, 
2015) that both address the influence of iGDGTs from the Mediterranean Outflow Waters in the Iberian 
Margin. For RI-OH′, we used the latest global calibration available to date (Fietz et al., 2020) and do not ex-
pect this calibration to address local influences of OH-GDGTs from the Mediterranean Outflow Waters. The 
more negative RI-OH′-UK′37 offsets at three deep sea sites compared to a shallow sea site do not support a 
similar bias on iGDGT-based and OH-GDGT-based SSTs due to Mediterranean deepwater Thaumarchaeota 
in the Iberian Margin, which further suggests different origins for both archeal GDGT groups.

6.2.4.  Plausible and Coherent Temperature Latitudinal Gradients Between Novel and 
Established Organic Paleothermometers

As was the case for absolute biomarker-based SSTs, we also focus on non-Bayesian SST latitudinal gradients 
(Figure 6, Table S5), but the discussion varies little when Bayesian SST latitudinal gradients are considered 
instead (Section 5.2). For the 1–0 ka BP period, organic paleothermometers give SST latitudinal gradients 
between −0.7°C and −0.4  °C/°latitude, which is reasonably consistent with the modern SST latitudinal 
gradient of −0.5°C/°latitude (Table 1; Casey et al., 2010) and with foraminifer-based SST latitudinal gra-
dients (Martins et al., 2015; Salgueiro et al., 2010, 2014). With SST latitudinal gradients between −0.6°C 
and −0.3°C/°latitude, all organic paleothermometers support a past hydrology during Dansgaard-Oeschger 
interstadials which is similar to the modern one (Salgueiro et al., 2010; Voelker & Abreude, 2011, and refer-
ences therein; Voelker et al., 2009). All biomarker-based SST latitudinal gradients tend to flatten during MIS 
5 Greenland stadials and Heinrich events compared to Dansgaard-Oeschger interstadials, whereas those 
gradients either steepen (RI-OH′-SSTs and UK′37-SSTs) or flatten (TEX86

H-SSTs) during glacial Greenland 
stadials. In general, RI-OH′ gives SST latitudinal gradients consistent with those from independent paleo-
thermometers, which validates this novel proxy.

The only clear disagreement between alkenone-based and GDGT-based SST latitudinal gradients occurs 
during MIS 5e, as UK′37-SSTs depict a latitudinal gradient of 0.0  °C/°latitude whereas RI-OH′-SSTs and 
TEX86

H-SSTs depict latitudinal gradients of −0.7°C and −0.4°C/°latitude, respectively (Figure 6). MIS 5e 
thus seems to have a different hydrology compared to the modern one. Strengthened Iberian Poleward Cur-
rent influence at the MD99-2331 site may have occurred during MIS 5e (Figure 1c), a possibility to be fur-
ther investigated with more sediment core records, as was undertaken by Salgueiro et al. (2014) and Martins 
et al. (2015) for the last 40 kyrs. Alternatively, lateral advection may have occurred during MIS 5e and affect-
ed more severely alkenones than archeal GDGTs, assuming that iGDGTs and OH-GDGTs behave similarly 
(Ausín et al., 2019; Mollenhauer et al., 2008; Shah et al., 2008). However, the lack of a clear phase difference 
between C37 alkenone and archeal GDGT concentrations as well as between their derived paleothermome-
ters during MIS 5e (Figures 2 and 3) detracts from the idea of a differential lateral advection between these 
lipid classes. Whatever the hydrographic mechanism(s), a better understanding of OH-GDGT-based proxies 
is necessary for further discussion.

Our averaged SST latitudinal gradients of between −0.4°C and −0.1°C/°latitude for Heinrich events best 
agree with those of H2a (−0.2°C/°latitude), H1 (−0.6°C/°latitude), and H3 (−0.7°C/°latitude) from Sal-
gueiro et al.  (2014) when considering the same three Iberian Margin sediment cores (Figure 6). During 
H1 and H3, which were the coldest Heinrich events in the Iberian Margin during the last 35 kyrs (Salgue-
iro et al., 2014), (sub)polar waters reached all three study sites (Eynaud et al., 2009; Salgueiro et al., 2010, 
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2014) while a paleo-Iberian Poleward Current seems to have influenced the MD99-2331 site during H2a 
(Figure 1c; Salgueiro et al., 2014). Given that we considered particularly cold Heinrich events such as H6, 
the scenario that best applies to our data appears to be the influence of (sub)polar waters, although this 
possibility requires further investigation with more sediment cores covering a longer period than the last 
35–40 kyrs.

6.3.  Within-Site, Hemispheric, and Inter-Hemispheric Phase Relationships Between 
Paleothermometric Proxies

6.3.1.  No Evidence of a Differential Bioturbation Effect on Paleothermometric Proxies

The measurements of the very same lipid extracts for the three cores strengthen our investigation of phase 
relationships between biomarker-based proxies. The phase relationships were assessed visually and quan-
tified with cross-correlograms calculated after resampling on an even grid (every 10 years) prior to band-
pass filtering. Our analysis supports nearly synchronous RI-OH′ and UK′37 responses to millennial climatic 
events, given the phase differences of less than one century (Figures  7a, 7c, and 7f). Conversely, TEX86 
seems to lead RI-OH′ and UK′37 by roughly one century, especially during the 115–55 ka BP period (Fig-
ure 7f). Such phase relationships are apparent at all three Iberian Margin study sites, despite this being 
difficult to evaluate for cores MD99-2331 and MD95-2040, given their lower temporal resolutions (Figure 2).

Bioturbation may generate attenuation and phase differences between paleothermometric proxies, especial-
ly when relative changes in proxy-carrier abundances are contrasting (Bard, Arnold, Duprat, et al., 1987). 
We thus investigated the bioturbation effect on RI-OH′ and UK′37 during GS22 as an extreme case (Fig-
ure S13), given that C37 alkenone concentrations almost reach zero only during this Heinrich-like event for 
the 115–55 ka BP period (Figures 3c, 3f, and 3i). Using the bioturbation model by Bard, Arnold, Duprat, 
et al. (1987) and assuming a bioturbation depth of 10 cm, we were able to mimic the contrasting decreases 
between RI-OH′-SSTs and UK′37-SSTs from a single initial decrease in biomarker-based SSTs (Figures S13b 
and S13d; Section 6.1.2). However, the same bioturbation model makes RI-OH′ clearly lead UK′37 during 
GS22 (Figures S13c and S13d), a prominent phase difference which is absent in the real data (Figures S13a 
and S13b). A bioturbation depth of 3 cm or less would drastically reduce the RI-OH′ versus UK′37 asyn-
chrony (Figures S13c and S13d). However, in that case, the simulated SST amplitude would be the same for 
RI-OH′ and UK′37 (Figure S13d). This shows that bioturbation coupled to carrier-abundance changes is not 
responsible for the observed difference in SST amplitude even for the extreme case of GS22 (Figure S13b). 
Similarly, the absence of a clear systematic phase difference between RI-OH′ and UK′37 during any of the 
Heinrich-like events, notably during GS22 characterized with the lowest alkenone concentrations, indicates 
that bioturbation coupled to proxy-carrier changes only has a small effect on paleothermometric proxies, at 
least for the Iberian Margin core MD95-2042.

Another possibility is that grain-size dependent bioturbation makes biomarker-based proxies lead fo-
raminifer-based proxies (Bard, 2001). We thus also considered the core MD95-2042 planktic foraminifer 
δ18O record for phase relationship analyses (Figure 7d; Shackleton et al., 2000). While planktic foraminifer 
δ18O not only depends on SST but also on global seawater δ18O and on local salinity, among other factors 
(see Malevich et al., 2019, and references therein for further details), we can reasonably assume that the mil-
lennial planktic foraminifer δ18O variability reflects millennial SST changes. Visually, planktic foraminifer 
δ18O responds almost synchronously with RI-OH′ and UK′37 to millennial climatic events (Figures 7a, 7c, 
and 7d). During the 146-50 and 115-55 ka BP periods, the RI-OH′ phase difference with planktic foraminifer 
δ18O is of less than 100 years on average (Figures 7f and 7h), which we consider to be insignificant. In 
addition, planktic foraminifer δ18O leads UK′37 by roughly 100–150 years on average (Figure 7h), a phase 
difference opposite to the theoretical effect of grain-size dependent bioturbation (Bard, 2001). The nearly 
synchronous biomarker-based and foraminifer-based proxy responses to millennial climatic events detract 
from the idea of grain-size dependent bioturbation for core MD95-2042 sediments.

Darfeuil et al. (2016) concluded that there is no clear evidence of biomarker lateral advection at the MD95-
2042. However, one could also hypothesize a grain-size dependent bioturbation effect between organic 
paleothermometers (Bard, 2001). Indeed, Magill et al.  (2018) hypothesized that organic carbon-rich fine 
particles (<6  µm) would carry alkenones (Pedrosa-Pàmies et  al.,  2015) while different, coarser particles 
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(6–32 µm) would carry archeal GDGTs (Mollenhauer et al., 2015; Park et al., 2014). Bard (2001) has shown 
that grain-size dependent bioturbation could make the fine fraction lead the coarse fraction and thus make 
alkenones lead archaeal GDGTs. However, this effect heavily depends on the sedimentation rate, which, in 
the case of core MD95-2042, shows a mean of 15 cm/kyr (n = 320, SD of 4 cm/kyr) during the 160-45 ka 
BP period. In addition, there is no quantification of the hypothetical difference in bioturbation parameters 
between alkenones and GDGTs. Assuming a ratio of two between bioturbation depths for alkenones and 
GDGTs, UK′37 would lead RI-OH′ and TEX86 by 72 years for events of roughly three millennia of duration in 
a section with the mean sedimentation rate of 15 cm/kyr (Bard, 2001). This theoretical phase difference is 
as small as the observed ones. Indeed, all biomarker concentrations as well as RI-OH′ and UK′37 have phase 
differences of less than one century (Figure 7g). Nevertheless, TEX86 slightly leads RI-OH′ and UK′37 by 
140 years on average (Figure 7f), which is opposite to the hypothetical effect of bioturbation (Bard, 2001). 
Given the nearly synchronous biomarker concentration responses to millennial climatic events, there is no 
evidence that grain-size dependent bioturbation contributes to the observed phase relationships between 
core MD95-2042 organic paleothermometers.

Another effect of grain-size dependent bioturbation is differential smoothing, an issue that Bard  (2001) 
found to be more serious than differential phase shift, especially for millennial events. With the mean sedi-
mentation rate of 15 cm/kyr and an hypothetical ratio of two between bioturbation depths for the fractions 
carrying alkenones and GDGTs, a differential signal attenuation by roughly 13% would occur for UK′37 
versus RI-OH′ and TEX86 for events of roughly three millennia of duration (Bard, 2001). However, the im-
perfect existing proxy-SST calibrations, especially for the novel RI-OH′ paleothermometer (Section 6.2.3) 
prevent us from properly evaluating grain-size dependent smoothing. A thorough assessment of grain-size 
dependent bioturbation with data on bioturbation parameters for the different biomarkers and with model 
simulations is beyond the scope of our study.

6.3.2.  Relationship Between Iberian Margin SST Proxies and Greenland δ18O and Temperature

Given their responses to Dansgaard-Oeschger events (Sections 5.1 and 6.1.1), RI-OH′ and UK′37 support 
a relationship between Iberian Margin SST and Greenland temperature (Figures 7a, 7c, and 7e; Kindler 
et al., 2014). Shackleton et al. (2000) were the first to demonstrate a relationship between core MD95-2042 
and Greenland δ18O ice core records using their planktic foraminifer δ18O record (Figure 7d). However, 
raw δ18O of ice does not only reflect local temperature, but also δ18O of moisture source and sea water, 
local elevation, and upstream origin among other factors (e.g., Kindler et al., 2014; Stenni et al., 2010). The 
Greenland temperature record proposed by Kindler et al. (2014) and shown in Figure 7e thus relies on both 
δ18O of ice and nitrogen isotopes entrapped in air bubbles. Our consideration of temperature rather than 
δ18O of ice for Greenland and the nearly synchronous millennial variability between biomarker-based and 
foraminifer-based proxies (Section 6.3.1) strengthen the hemispheric relationship. The near synchronicity 
with UK′37 and planktic foraminifer δ18O and hemispheric relationships further support the use of RI-OH′ 
as an organic paleothermometer in the Iberian Margin.

6.3.3.  Phase Relationships During Four Heinrich-Like Events

We make a multiproxy analysis for core MD95-2042 focusing on four Heinrich-like events (GS25, GS24, 
GS22, and H5; Figure 8), when TEX86 most clearly leads RI-OH′ and UK′37 (Figures 7a–7c). We assume that 
δ18O of planktic foraminifers (Figure 8b; Shackleton et al., 2000), RI-OH′ (Figure 8c), UK′37 (Figure 8d), and 
relative abundance of B. tepikiense dinocysts (Figure 8k; Eynaud et al., 2000) record SST changes. We follow 
the hypothesis of Shackleton et al. (2000) that their benthic foraminifer δ18O record (Figure 8o) reflects bot-
tom water temperature and ice volume changes. We consider XRF-%CaCO3 (Figure 8f; Darfeuil et al., 2016), 
biomarker concentrations (Figures 8g–8i), and total organic carbon content (Figure 8j; Pailler & Bard, 2002) 
for primary productivity changes. For coarse grain occurrences and decreases in themohaline circulation 
speed related to Heinrich-like events, we use magnetic susceptibility (Figure 8m; Thouveny et al., 2000) 
and isotopic composition of carbon (δ13C) of benthic foraminifers (Figure 8n; Shackleton et al., 2000), re-
spectively. We also complement the core MD95-2042 multiproxy analysis with air temperature records from 
Greenland (Figure 8a; Kindler et al., 2014) and Antarctica (Figure 8p; Jouzel et al., 2007) on our new chro-
nology (Section 4.2).
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Figure 8.  Phase relationships between Iberian Margin core MD95-2042 records and Greenland and Antarctic 
temperatures during H5, GS22, GS24, and GS25. (a) North Greenland Ice Core Project (NGRIP) air temperature 
(Kindler et al., 2014). (b) Isotopic composition of oxygen (δ18O) of G. bulloides tests (planktic foraminifers; Shackleton 
et al., 2000). (c) RI-OH′ (ring index of hydroxylated tetraethers; introduced by Lü et al., 2015; this study). (d) UK′37 
(C37 ketone unsaturation ratio; introduced by Prahl & Wakeham, 1987; this study; Darfeuil et al., 2016). (e) TEX86 
(TetraEther indeX of tetraethers consisting of 86 carbon atoms; introduced by Schouten et al., 2002; this study). (f) 
XRF-derived calcium carbonate (CaCO3) content (Darfeuil et al., 2016). (g) Total OH-GDGT concentration (this 
study). (h) Total iGDGT concentration (this study). (i) Summed di-unsaturated and tri-unsaturated C37 alkenone 
concentration (this study; Darfeuil et al., 2016). (j) Total organic carbon content (Pailler & Bard, 2002). (k) Relative 
abundance of cold species B. tepikense dinocysts (Eynaud et al., 2000). (l) GDGT-2/GDGT-3 ([2]/[3]) ratio (introduced 
by Taylor et al., 2013; this study), with higher values reflecting increased deepwater Thaumarchaeota contributions to 
iGDGT signals (e.g., Besseling et al., 2019; Kim et al., 2015, 2016). (m) Specific susceptibility (Thouveny et al., 2000). 
(n) Isotopic composition of carbon (δ13C) of C. wuellerstorfi tests (benthic foraminifers; Shackleton et al., 2000) as an 
indicator of deep North Atlantic circulation intensity. (o) δ18O of benthic foraminifers (Shackleton et al., 2000) as a 
surrogate of Antarctic temperature. (p) European Project for Ice Coring in Antarctica Dome C (EDC) air temperature 
anomaly (Jouzel et al., 2007). Note the reversed axes in (b), (k–m), and (o). Dashed red and blue lines indicate the 
timings of UK′37 and TEX86 minimum values, respectively. Gray bars indicate the timings of TEX86 increases during cold 
events. GDGT, glycerol dialkyl glycerol tetraether.
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The constrasting TEX86 behaviors compared to other SST proxies during Heinrich-like events (Figures 8b–
8e) suggest that TEX86 does not only reflect SST changes. Following several previous studies (e.g., Huguet 
et al., 2007; Kim et al., 2012; Lee et al., 2008; Lopes dos Santos et al., 2010; McClymont et al., 2012; Wang 
et al., 2019; Xing et al., 2015), we also consider the hypothesis that TEX86 records subsurface to deepwa-
ter temperature rather than SST changes during Heinrich-like events, which we further discuss in Sec-
tion 6.3.4. Under the working hypotheses introduced above, we can describe the following scenario for each 
studied Heinrich-like event.

Heinrich-like events are characterized by peaks in coarse grain abundance (Figure 8m) and drastic decreas-
es in thermohaline circulation strength (Figure 8n) and Greenland temperatures, Iberian Margin SSTs, and 
primary productivity (Figures 8a–8d and 8f–8k). When Heinrich-like events end, thermohaline circulation 
strength (Figure 8n) and Greenland temperatures, Iberian Margin SSTs, and primary productivity increase 
drastically (Figures 8a–8d and 8f–8k). Conversely, Antarctic and Iberian Margin subsurface to deepwater 
temperatures tend to decrease before Heinrich-like events, then increase progressively during Heinrich-like 
events before decreasing smoothly again when Heinrich-like events end (Figures 8e, 8o, and 8p).

Based on time offsets between organic proxy minima (time offsets between blue and red dashed lines in Fig-
ure 8), TEX86 leads RI-OH′ and UK′37 by roughly 500 years during GS25 and H5 and by roughly 1,000 years 
during GS24 and GS22. These time offsets are larger than the averaged temporal resolution of biomark-
er-based core MD95-2042 records (360 years).

6.3.4.  Different Export Depths for iGDGTs and OH-GDGTs in the Iberian Margin?

The scenario depicted in Section  6.3.3 suggests a warming of North Atlantic subsurface to deep wa-
ters—broadly defined as being between 150 and 3,000  m water depth in this section—during Heinrich 
events, which would further support the idea that GS25, GS24, and GS22 are Heinrich-like events (Ey-
naud et al., 2000). Indeed, several modeling studies simulated a warming of North Atlantic subsurface to 
deep waters during cold climatic events with or without freshwater forcing, with different latitude domains 
and contrasting depth boundaries between surface and deep waters (e.g., Brady & Otto-Bliesner, 2011; Liu 
et al., 2009; Mignot et al., 2007; Pedro et al., 2018; Shaffer et al., 2004; Vettoretti & Peltier, 2015). Similar-
ly, several foraminifer-based and biomarker-based records suggest a warming of North Atlantic subsur-
face to deep waters (Hernández-Almeida et al., 2015; Kim et al., 2012; Marcott et al., 2011; Rasmussen & 
Thomsen,  2004; Schmidt et  al.,  2012). Previous sediment core studies followed the working hypothesis 
that TEX86

H, as well as TEX86, records subsurface temperature rather than SST changes (Kim et al., 2012; 
Lopes dos Santos et al., 2010; McClymont et al., 2012), which seems reasonable for the Iberian Margin as 
well during Heinrich-like events, given the occurrence of Mediterranean deepwater Thaumarchaeota (Kim 
et al., 2016). Despite the Mediterranean deepwater Thaumarchaeota contributions to iGDGT signals, Kim 
et al. (2015) and Darfeuil et al. (2016) found good correlations between TEX86

H and modern SST in Mediter-
ranean Sea surface sediments at water depths >1,000 m and between TEX86 and UK′37 in core MD95-2042 
sediments, respectively. However, the reasons for such SST-like TEX86 and TEX86

H signals remain unclear. 
Indeed, we found better correlations between RI-OH′ and UK′37 than between RI-OH′ and TEX86 (Sec-
tion 6.1.1) without clear evidence of OH-GDGTs from the Mediterranean Outflow Waters in Iberian Margin 
downcore sediments (Section 6.2.3).

Under the subsurface to deepwater warming hypothesis, we can tentatively explain why TEX86 leads RI-OH′ 
and UK′37 during Heinrich-like events. TEX86 (Figure 8e) and benthic foraminifer δ18O (Figure 8o; Shack-
leton et al., 2000) resemble Antarctic temperatures (Figure 8p; Jouzel et al., 2007). Shackleton et al. (2000) 
proposed an inter-hemispheric relationship between their benthic foraminifer δ18O record and Antarctic ice 
core records by suggesting that their isotopic record is a surrogate of Antarctic temperatures as a function 
of ice volume. Given that TEX86 also resembles benthic foraminifer δ18O (Figures 8e, 8o, and 8p), these 
proxies suggest a relationship between core MD95-2042 subsurface and bottom water temperature records 
and Antarctic ice core records.

To assess deepwater Thaumarchaeota contributions to iGDGT signals, we use the GDGT-2/GDGT-3—
herein (2)/(3)—ratio (Figure 8l, see also Data Set S3) following several previous studies (Dong et al., 2019; 
Hernández-Sánchez et al., 2014; Hertzberg et al., 2016; Jia et al., 2017; Kim et al., 2015; Taylor et al., 2013; 
Villanueva et al., 2015; Wei et al., 2020; Y. Wu et al., 2020). Indeed, we observe weak correlations between 
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(2)/(3) ratios and TEX86 values (r values between −0.33 and 0.13, with p values between 0.04 and 0.35 
when taking serial correlation into account following Ebisuzaki, 1997) for the three Iberian Margin sedi-
ment cores (Figures S14a and S14b). In addition, the correlation between the (2)/(3) ratio and water depth 
(r = 0.96, n = 31, p < 0.001; Kim et al., 2016) is stronger than the one between the (2)/(3) ratio and annual 
SST (r = 0.60, n = 31, p < 0.001; Kim et al., 2016) for Iberian Margin surface sediments (Figures S14c and 
S14d). The correlation between the (2)/(3) ratio and water depth is linked to the occurrence of two Thaumar-
chaeota ecotypes, the “shallow water” one (roughly 200–500 m water depth) with low (2)/(3) ratios and the 
“deepwater” one (>1,000 m water depth) with high (2)/(3) ratios (Kim et al., 2016; Villanueva et al., 2015). 
During Heinrich-like events, (2)/(3) ratios increase from 7–8 to 10–11 (Figure 8l) synchronously with de-
creases in Iberian Margin SSTs (Figures 8b–8d) and in primary productivity (Figures 8f–8j), the (2)/(3) ratio 
increases being roughly 10 times larger than the 1σ analytical uncertainty of 0.263 determined as described 
in section 4.4. Higher (2)/(3) ratios are attributable to increased relative contributions of deepwater Thau-
marchaeota to iGDGT signals (Dong et al., 2019; Hernández-Sánchez et al., 2014; Hertzberg et al., 2016; Jia 
et al., 2017; Taylor et al., 2013; Villanueva et al., 2015; Wei et al., 2020; Y. Wu et al., 2020), including iGDGT 
production by endemic archaea within the Mediterranean Outflow Waters and the deep Mediterranean 
Sea (Besseling et al., 2019; Kim et al., 2015, 2016). Before Heinrich-like events, our (2)/(3) ratios are close 
to those measured from core lipids in Iberian Margin surface sediments at water depths >1,800 m (mean 
of 8.6, SD of 0.8, n = 4; Kim et al., 2016). During Heinrich-like events, our (2)/(3) ratios get closer to those 
measured from intact polar lipids in Iberian Margin suspended matter between 500 and 1,600  m water 
depth (mean of 13.0, SD of 2.2, n = 6; Kim et al., 2016), which carries iGDGTs within the Mediterranean 
Outflow Waters. Therefore, our (2)/(3) ratios further suggest that TEX86 records subsurface to deepwater 
temperature rather than SST changes in the Iberian Margin, especially during Heinrich-like events.

Assuming subsurface to deepwater warming and primary productivity reduction during Heinrich-like 
events, one hypothetical mechanism behind TEX86 signals could be a superposition of two fluxes from 
different water depths with two contrasting temperature signals (Figure 9). On one hand, a background 
flux from deep waters would generate Antarctic-like temperature signals (horizontal line and sinusoidal 
curve in Figure 9) for TEX86 but not RI-OH′ and UK′37. On the other hand, primary productivity dependent 
fluxes from surface waters would generate Greenland-like temperature signals (on-off curves in Figure 9) 
for all organic paleothermometers, notably RI-OH′ and UK′37. During Heinrich-like events, the background 
flux from deep waters would have an increased contribution to TEX86 signals, in relative terms, so that they 
better resemble Antarctic temperatures (Figure 9). Several studies support our idealized phase relationship 
between Greenland and Antarctic temperatures at the millennial scale (e.g., Barker et al., 2011; Schmittner 
et al., 2003). Higher (2)/(3) ratios related to increased deepwater Thaumarchaeota contributions to TEX86 
signals during Heinrich-like events (Figure 8l) strengthen our hypothetical model, which should be further 
supported with regional model simulations in the future.

One shortcoming for the subsurface to deepwater warming scenario is that TEX86 does not lead RI-OH′ 
and UK′37 during all Heinrich-like events in the Iberian Margin, which suggests complicated TEX86 signals 
(Figures 7a–7c). Indeed, TEX86 seems to lead UK′37 during only a few MIS 3 Heinrich events at the Iberian 
Margin MD95-2042 site (Darfeuil et al., 2016). Conversely, Kim et al. (2012) observed an anti-phase rela-
tionship between Greenland δ18O ice core records and their TEX86

H-derived subsurface temperature record 
in the tropical Northeast Atlantic during MIS 3. Such contrasting results have several possible explanations. 
First, subsurface to deepwater warming concerns waters deeper than roughly 400–1,000 m at latitudes be-
tween 20°N and 40°N and waters deeper than roughly 100–400 m at latitudes >40°N in the North Atlantic 
(Brady & Otto-Bliesner, 2011; Liu et al., 2009; Vettoretti & Peltier, 2015). Based on the cited studies, subsur-
face to deepwater warming would not systematically affect TEX86 in the southern Iberian Margin, where 
core MD95-2042 is located. Second, climatic responses to freshwater forcing depend on climatic background 
(Dome Fuji Ice Core Project Members, 2017; Kageyama et  al.,  2010; Swingedouw et  al.,  2009; Zhang & 
Prange,  2020), which is warmer for MIS 5 than for MIS 3 (e.g., Jouzel et  al.,  2007; Kindler et  al.,  2014; 
Martrat et al., 2007; Pailler & Bard, 2002). Third, decreased duration of non-Heinrich stadials during MIS 
3 compared to MIS 5 (Buizert & Schmittner, 2015) is associated with increased fluxes and sedimentation 
rates (Pailler & Bard, 2002), and thus weakened bioturbation effects (Bard, Arnold, Duprat, et al., 1987; 
Bard, 2001). The shorter non-Heinrich stadials may thus complicate the detection of any phase difference 
between UK′37 and TEX86 during MIS 3 at the MD95-2042 site. Whatever the reason(s) for the variable phase 
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relationships, we cannot exclude the hypothesis that TEX86 reflects subsurface to deepwater temperature 
during Heinrich-like events, as millennial decreases in TEX86

H-SSTs are limited compared to those in RI-
OH′-SSTs and UK′37-SSTs (Figure 5).

Alternatively, TEX86 would resemble Antarctic temperatures only when Mediterranean waters containing 
iGDGTs mix with Antarctic waters, which is the case for the present time (Cabeçadas et al., 2002, 2003, 
2010; Louarn & Morin, 2011). The Antarctic Intermediate Waters (presently between 500–600 and 1,500 m 
water depth; Figure 1c) advanced into the Gulf of Cadiz, and thus potentially into the Iberian Margin as 
well, during MIS 3 Heinrich events (Dubois-Dauphin et al., 2016; Montero-Serrano et al., 2011). In addition, 
the upper Mediterranean Outflow Waters (presently at 500–700 m water depth) had the strongest influence 
during MIS 5e and MIS 1, strengthened during MIS 5 Heinrich-like events but either weakened or disap-
peared during MIS 3 in the Gulf of Cadiz (Kaboth et al., 2016). However, the findings of Montero-Serrano 
et al. (2011) and Dubois-Dauphin et al. (2016) for MIS 3 Heinrich events are not necessarily generalizable 
to MIS 5 Heinrich-like events. In addition, relationships between TEX86 and Antarctic signals could be for-
tuitous despite transit times at water depths of 2–3 km of roughly 200–400 years (Gebbie & Huybers, 2012; 
Holzer & Primeau, 2010), which is similar to the averaged temporal resolutions of foraminifer-based and bi-
omarker-based core MD95-2042 records. Despite the complicated TEX86 signals, all the most parsimonious 
scenarios rely on different export depths for iGDGTs and OH-GDGTs in the Iberian Margin.
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Figure 9.  Hypothetic schematic of TEX86 signals generated with background fluxes from deep waters associated with 
primary productivity dependent fluxes from surface waters. TEX86 signals (blue curve) are simulated with a convolution 
of Greenland (dark red on-off curve) and Antarctic temperature (dark blue sinusoidal curve) with fluxes from surface 
(orange on-off curve) and deep waters (purple horizontal line). Observations of positive correlations for a lead of 
Antarctic over Greenland temperatures by roughly 1,000 years at the millennial scale support the assumed phase 
relationships between synthetic temperature records (e.g., Barker et al., 2011; Schmittner et al., 2003).
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7.  Conclusions and Perspectives
Our new high-resolution temperature records over the 160-45 ka BP period from three deep sea sediment 
cores located in a north-south transect along the Iberian Margin validate the novel RI-OH′ paleothermom-
eter based on several arguments. First, RI-OH′ records characteristic North Atlantic climatic events in the 
same way as does the established UK′37 SST proxy, whereas TEX86 leads RI-OH′ and UK′37 during four Hein-
rich-like events. Second, RI-OH′ gives realistic SSTs and latitudinal gradients consistent with those from in-
dependent paleothermometers. Third, relationships with Greenland temperatures and the hypothesis that 
background subsurface fluxes drive TEX86 but not RI-OH′ and UK′37 during Heinrich-like events further 
validate the use of RI-OH′ as an SST proxy. Overall, our study suggests that RI-OH′ may nicely complement 
UK′37 to investigate North Atlantic paleoclimates.

While our findings are promising for RI-OH′, they also highlight the need for a more extensive RI-OH′-SST 
core top calibration for the North Atlantic. To better explain why RI-OH′ better resembles UK′37 than TEX86 
and why Mediterranean deep water-derived OH-GDGTs seem absent in the Iberian Margin, one possibility 
could be to extend previous lipidomic and genetic investigations in the Iberian Margin and the Mediterra-
nean Sea to OH-GDGTs. Our findings thus support further scrutiny of OH-GDGT-based paleothermometry 
with multiproxy core top, downcore, and sediment trap studies, source to sink investigations, culture exper-
iments, and further constraints on OH-GDGT biological producers.

Data Availability Statement
Cores MD99–2331, MD95–2040, and MD95–2042 biomarker data generated for this study (Data Sets S1–S3) 
are available at Zenodo (https://doi.org/10.5281/zenodo.4279890; Davtian et al., 2020) and in the public 
repository PANGAEA® (https://doi.pangaea.de/10.1594/PANGAEA.927657). Core MD95-2042 cross-corre-
lation results are provided in Data Set S4.
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