
1.  Introduction
The TEX86 (TetraEther indeX of 86 carbons; Schouten et al., 2002), based on glycerol dialkyl glycerol tetrae-
thers (GDGTs), has proven invaluable especially with regard to reconstructing sea water temperatures from deep 
geologic history (e.g., Jenkyns et al., 2004, 2012; Sluijs et al., 2006, 2020; Steinig et al., 2020) where other pale-
othermometers (like 𝐴𝐴 U

K
′

37
 , Mg/Ca, Long-chain Diol Index) become unreliable or proxy carriers are not detected 

(e.g., Bentaleb et al., 2002; de Bar et al., 2019; Pelejero & Grimalt, 1997; Regenberg et al., 2014). The TEX86 
proxy, however has limitations, for example, due to seasonal and depth changes of the source signal, multiple 
source organisms for these GDGT lipids and their different community structure (e.g., Huguet et al., 2007; Jia 
et al., 2012; Lopes Dos Santos et al., 2013; Pitcher, Wuchter, et al., 2011; Weijers et al., 2006). The availability 
of nutrients and oxygen during growth of these organisms could also affect the TEX86 proxy (Elling et al., 2014; 
Hurley et al., 2016; Qin et al., 2015). One of the main topics of debate is the depth of the marine source signal 
of TEX86, in order to use it as a sea surface temperature (SST) or a sub-surface temperature, or even a bottom 
water temperature proxy at different locations (e.g., Hines et al., 2017; Huguet et al., 2007; Hurley et al., 2018; 
Jia et al., 2012; Kim et al., 2015; Tierney & Tingley, 2015). This problem derives from the fact that Thaumar-
chaeota, thought to be the main source of GDGTs in the marine environment (e.g., Besseling et al., 2020; Pitcher, 
Villanueva, et  al.,  2011; Schouten et  al.,  2008; Zeng et  al.,  2019), are known to thrive throughout the water 
column (e.g., Herndl et al., 2005; Karner et al., 2001; Wuchter et al., 2005).

Studies based on 16S rRNA and amoA genes suggest that the Thaumarchaeota often maximize in their abun-
dance in shallow sub-surface waters (e.g., Church et al., 2010; Francis et al., 2005; Hu et al., 2011; Massana 
et al., 1997; Schouten et al., 2012; Sollai et al., 2019). It is speculated that GDGT export mainly occurs through 
sinking fecal pellets of grazing organisms which are mainly derived from the upper water column (Wakeham 
et al., 2003; Wuchter et al., 2005), therefore leading to a predominantly (sub) surface signal. Suspended particu-
late matter (SPM) studies from ocean water columns also indicate the highest concentration of crenarchaeol, the 
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and RI−OH′) from two pairs of proximal (<12 km apart) cores from Chilean and Angola margins, respectively. 
These cores are from steep continental slopes and lower shelves, which leads to a substantial difference in 
water depth between them despite being closely located. Surprisingly, the deep and the shallow 𝐴𝐴 U
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at the Chilean margin show dissimilarities, in contrast to the similar records from the Angola margin, which 
may be due to post-depositional alteration at the former sites. In contrast, the TEX86 records were statistically 
indistinguishable between the sites at both the locations, even though the GDGT [2]/[3] ratio suggests GDGTs 
derived from potentially different archaeal communities residing at different depths. A short-lived difference 
between the TEX86 records is observed during the last glacial period at the Angola margin, possibly due to 
a contribution of Antarctic Intermediate Waters to the deep site. Modelling suggests that the TEX86 source 
signal at our core sites reaches its peak abundance at water depths shallower than 350 m. The RI−OH and 
RI−OH′ records show similar variability as the TEX86 records, although regional differences in their absolute 
temperature estimates exist. Our approach using proximal sediment cores at steep slopes appears useful to 
constrain the export depth of organic proxy signals for paleo-reconstructions.
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biomarker for Thaumarchaeota (Sinninghe Damsté, Schouten, et al., 2002), at sub-surface waters (e.g., Hurley 
et al., 2016, 2018; Schouten et al., 2012; Sollai et al., 2015). A core-top study of compiled TEX86 data from 
the tropical to sub-tropical regions in both the Pacific and the Atlantic Ocean suggests a surface to shallow 
sub-surface origin of its source signal (Zhang & Liu, 2018). In contrast, radiocarbon measured on GDGTs from 
the Santa Monica basin indicates a contribution of sedimentary GDGTs from deep-water dwelling archaea from 
>200 m depths (Pearson et al., 2001; Shah et al., 2008). Studies from other locations have also suggested export 
of GDGTs from the mesopelagic zone (Kim et al., 2015; Taylor et al., 2013), leading to the idea that deeper 
signals from the mesopelagic zone are important (cf. Ho & Laepple, 2016).

Molecular ecological analyses have shown that different Thaumarchaeotal populations reside at different water 
depths (e.g., Besseling et  al.,  2019; Sollai et  al.,  2019; Techtman et  al.,  2017; Villanueva et  al.,  2015), and 
several studies have shown that in certain regions the deep water communities contribute a substantial amount of 
GDGTs to the underlying sediments (Kim et al., 2015; Park et al., 2019). A way to diagnose the contributions of 
different archaeal communities is through the GDGT [2]/[3] ratio, which varies between archaeal communities, 
leading to generally increasing GDGT [2]/[3] ratios with increasing water depth (Taylor et al., 2013; Villanueva 
et al., 2015). A recent study by Rattanasriampaipong et al. (2022) has revealed distinct GDGT [2]/[3] signatures 
and thermal distribution patterns of GDGTs in different archaeal ecotypes. The direct impact of this changing 
GDGT [2]/[3] ratio on the TEX86 is in itself limited, as both GDGTs appear in the numerator as well as the 
denominator of the TEX86 definition.

In addition to isoprenoid GDGTs used in TEX86, another class of lipids, the hydroxy-GDGTs (OH-GDGTs) used 
in RI−OH and RI−OH′ SST proxies, has received recent interest, particularly for polar regions (Fietz et al., 2020; 
Lü et al., 2015). OH-GDGTs are also known to be produced by Thaumarchaeota, as well as some Euryarchae-
ota (Bale et  al., 2019; Elling et  al., 2015; Lipp & Hinrichs, 2009; Liu, Lipp, et  al., 2012; Liu, Summons, & 
Hinrichs, 2012; Schouten et al., 2008; Summons et al., 2002). Liu, Lipp, et al.  (2012) and Liu, Summons, & 
Hinrichs  (2012) have ascribed the difference in ring distribution between non-hydroxylated iGDGTs and 
OH-GDGTs to separate source organisms or production under different environmental stressors. However, the 
high correlation between OH-GDGT-0 and crenarchaeol concentrations, the latter being specific to Thaumar-
chaeota, from water column samples and surface sediments suggests a common source in the marine environment 
(Fietz et al., 2013). Initial applications of these proxies showed promising results where they seem to system-
atically capture temperature variability from the past, consistent with other proxies (e.g., Allaart et al., 2020; 
Davtian et  al., 2019, 2021; Kremer et  al., 2018). Still, differences were observed between OH-GDGT recon-
structed absolute temperatures and those based on TEX86 and 𝐴𝐴 U

K
′

37
 (Davtian et al., 2019; Vorrath et al., 2020), 

which may indicate differences in the depths these proxies reflect.

Here we investigate the potential impact of water depth on the organic temperature proxies TEX86, RI−OH and 
RI−OH′ by analyzing a pair of cores from the Chilean margin and a pair of cores from the Angola margin cover-
ing the last ∼40–50 Kyr. From both locations, the cores are retrieved from sites close to each other (<12 km apart) 
and, hence, they are likely receiving the same surface signal, but since they are located at strongly different water 
depths (1,015 m vs. 489 m and 738 vs. 426 m for the Chilean and the Angola margin cores, respectively), they 
accumulate different extents of sub-surface material. By comparing the TEX86 records of the two areas as well 
as comparing them with the 𝐴𝐴 U

K
′

37
 based records, known to reflect surface temperatures, we attempt to constrain 

export depth of the source signal for the GDGT based temperature proxies. Additionally, we try to constrain 
depths represented by GDGT based temperature proxies by modelling different depth distributions of GDGTs in 
the water column based on the modern-day ocean.

2.  Materials and Methods
2.1.  Study Area and Sites

2.1.1.  Chilean Margin

ODP 202 Sites 1234 (36.22°S, 73.68°W) and 1235 (36.16°S, 73.57°W) are proximally located and ∼12 km apart 
from each other in the southeast Pacific Ocean (Mix et al., 2003) (Figure 1a). The sites are located at water depths 
of 1,015 m and 489 m and from here on are referred to as the deep site and the shallow site from the Chilean 
margin, respectively. The present-day annual mean SST in the study area is 13°C with a seasonal amplitude of 
1.4°C (Locarnini et al., 2019). The location is near to the river mouths of the Río Bio-Bio and Río Itata river 
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systems and hence could be influenced by fluvial inputs (Muratli, Chase, 
McManus, & Mix, 2010).

The area is under the influence of the Humboldt Current system, which is 
here mainly expressed by an equatorward flowing northern branch of the 
bifurcating nutrient rich Antarctic Circumpolar Current (ACC), known as 
Peru-Chile Current (PCC) or Humboldt Current (Hebbeln et al., 2000; Strub 
et  al.,  1998). Close to the coast, the Chile Coastal Current (CCC), which 
flows predominantly equatorward, shows a seasonal reversal at our study 
site where it flows poleward during winter (Thiel et al., 2007). Between the 
PCC and the coastal current, the Peru-Chile Countercurrent (PCCC) flows 
poleward. At the coastal margin, underlying the nutrient rich PCC is a pole-
ward flowing Gunther (or Peru-Chile) Undercurrent (GUC), located between 
100–300 m water depths. The water of the GUC consists of nutrient rich, 
oxygen-poor, highly saline water, and is the source of the upwelled water 
close to the coast, where our sites are located (Morales et al., 1996). Under-
lying the GUC, from around 300–1,200 m water depth is the equatorward 
flowing low salinity, oxygen rich Antarctic Intermediate Water (AAIW) 
(Hebbeln et al., 2000; Strub et al., 1998). At present day, the coring-site 1235 
is located at a water depth in the transition zone between GUC and AAIW 
(Tiedemann et al., 2007). Below ∼1,200 m the oxygen poor, sluggish water 
mass of Pacific Deep Water (PDW) flows poleward (Hebbeln et al., 2000).

The 1234 and 1235 sediment cores were sampled with a resolution of one 
sample per ∼2  Kyr (thousand years) and 1  Kyr, respectively, for the last 
40 Kyr. A total of 41 samples from Site 1235 and 20 samples from Site 1234 
were used in this study. The age-depth models of Site 1234 and 1235 for 
the last 40 Kyr are based on radiocarbon ages measured on mixed benthic 
foraminifera (Muratli, Chase, Mix, & McManus, 2010). Additionally, three 
radiocarbon measurements were obtained with the Mini-Carbon-Dating-Sys-
tem (MICADAS) at the Alfred-Wegener-Institute (AWI). With the high 
precision compact accelerator mass spectrometer, gas analyses of small sized 
samples of the benthic foraminifera species Uvigerina from Site 1235 were 
performed. The last tie-point for both cores marks the Laschamp event at 
41.000 years before present (BP), based on correlating magnetic suscepti-
bility between ODP cores 1233, 1234 and 1235 (Mix et al., 2003). Since the 
tie points at 41 Kyr with 27 and 51 m composite depth, for Sites 1234 and 
1235, respectively, are rough estimations (Mix et al., 2003), the data points 
in the record between 30 and 40 Kyr ago likely have an uncertainty of around 
±1 Kyr although the sedimentation rate is assumed to be constant. Radiocar-
bon ages were converted to calendar years using Marine09 data set (Reimer 
et al., 2009) with the reservoir age correction given by Muratli, Chase, Mix 
& McManus (2010). The core chronology was constructed with the statistical 
package Bacon (Blaauw & Christeny, 2011) using a Bayesian approach.

2.1.2.  Angola Margin

Similar to the Chilean margin, two closely located sediment cores (∼10 km 
apart) from the Angola margin were used in this study. ODP 175 Site 1078 

(11.92°S, 13.40°E) and 1079 (11.93°S, 13.31°E) are from water depths of 426 and 738 m (Mix et al., 2003) 
and here on referred to as the shallow site and the deep site from the Angola margin, respectively (Figure 1b). 
The modern seasonal temperature range at this location is 20.9–28.2°C with an annual mean SST of 24.8°C 
(Locarnini et al., 2019).

The main surface current in our study area is the oxygen- and nutrient-poor poleward flowing Angola Current 
(AC), which brings in warm tropical South Atlantic Central Water (SACW) to the continental shelf and slope of 
Angola from surface to water depths of 250–300 m (Moroshkin et al., 1970; Poole & Tomczak, 1999). The AC is 

Figure 1.  Map of study sites and modern sea surface temperature (Locarnini 
et al., 2019) at the (a) Chilean margin Sites 1234 and 1235; ACC = Antarctic 
Circumpolar Current; CCC = Chile Coastal Current; PCC = Peru-Chile 
Current; PCCC = Peru-Chile Countercurrent; GUC = Gunther Undercurrent; 
(b) Angola margin- Sites 1078 and 1079; AC = Angola Current; 
BC = Benguela Current; ABF = Angola-Benguela Front; BCC = Benguela 
Coastal Current; BOC = Benguela Ocean Current; SECC = South Equatorial 
Countercurrent. Stars indicate the location of the sites. Undercurrents are in 
dashed lines and surface currents are in solid lines.
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mainly fed by the South Equatorial Countercurrent (SECC) and meets the cold, nutrient-rich, northward flowing 
Benguela Current (BC) at ∼16°S, forming the Angola-Benguela Front (ABF). North of the ABF, where our two 
sites are located, is under the influence of the West African monsoon where hardly any coastal upwelling occurs 
(Shannon et al., 1987). Though seasonal oceanic upwelling as a part of the Angola Dome circulation influences 
primary productivity in this region. Our study area is not influenced by riverine input from the Congo plume 
(Wefer et al., 1998), though fluvial transport from the Balombo River is likely to occur (Dupont et al., 2008). 
South of the ABF, south-east trade winds cause coastal upwelling. The temperature gradient across the ABF 
becomes more pronounced when strong trade winds are present and causes enhanced upwelling in the south of 
the ABF and strong intrusion of warm tropical waters by the Angola current north of the ABF (Kim et al., 2003). 
In the Angola basin ∼11°S, the central water layer below the AC is solely composed of SACW, which remains 
stable on seasonal time-scales (Kopte et al., 2017; Mohrholz et al., 2008). Underlying the SACW is the AAIW 
at depths of ∼500–800 m, transitioning into North Atlantic Deep Water (NADW) below ∼1,500 m (Shannon & 
Nelson, 1996; Siegfried et al., 2019).

The average sampling resolution for both the Sites 1078 and 1079 is about one sample per 2.5 Kyr. We analysed a 
total of 28 samples from Site 1078 and 27 samples from Site 1079. The age model for Site 1078 Hole C is based 
on  14C dating of planktonic foraminiferal tests and mollusks as reported by Kim et al. (2003) and Rühlemann 
et al.  (2004) for 0–22 Kyr, and after Dupont et al.  (2008) for 25–42 Kyr. For ages between ∼22 and 25 Kyr 
ago, a linear interpolation was used and for 42–50 Kyr, the age-depth model was extrapolated by assuming a 
constant sedimentation rate based on the last two calibrated ages from Dupont et al. (2008). For Site 1079 Hole 
A, the age-depth model is based on cross-correlating δ 18O values of Globobulimina spp. and age control points 
after Pérez et  al.  (2001). Since the age model was publicly unavailable, a digitizing tool- WebPlotDigitizer, 
version 4 (https://automeris.io/WebPlotDigitizer) was used to retrieve the δ 18O data and sedimentation rates from 
a published figure in Pérez et al. (2001).

2.2.  Lipid Extraction and Analysis

Samples from ODP Sites 1235, 1078 and 1079 were extracted and analyzed as described below, while samples 
from sediment core 1234 were previously extracted and analyzed by de Bar et al. (2018).

All samples were freeze-dried and homogenized with mortar and pestle. Lipids were extracted using accelerated 
solvent extractor (ASE 200, DIONEX) at 100°C and 7–8 × 10 6 Pa pressure with a dichloromethane (DCM): 
methanol (MeOH) (9:1, v/v) mixture. Extracts were dried under a N2 gas flow using a Caliper TurboVap LV and 
passed over a Na2SO4 column, after re-dissolving it in DCM:MeOH (9:1, v/v) to remove remaining water. After 
drying under N2 and weighing, ∼3 mg of the total lipid extract (TLE) was desulphurized with copper turnings 
activated with 2 N HCl overnight and passed over a Na2SO4 column again using DCM:MeOH (9:1, v/v). The 
extracts were dried down under N2 and separated into apolar, ketone and polar fractions using an activated Al2O3 
column with hexane:DCM (9:1, v/v), hexane:DCM (1:1, v/v) and DCM:MeOH (1:1, v/v) mixtures, respectively.

The ketone fractions, containing the alkenones, were dissolved in ethyl acetate and analyzed for alkenones using 
an Agilent 6890N gas chromatograph with flame ionization detection (GC-FID) equipped with a CP Sil-5 fused 
silica capillary column (50 m × 0.32 mm, 0.12 μm thickness). Helium was used as the carrier gas. The GC temper-
ature condition was 70°C initially and increased to 200°C at the rate of 20°C min −1, and then increased to 320°C 
at 3°C min −1 and held there for 45 min. The 𝐴𝐴 U

K
′

37
 values were calculated according to Prahl and Wakeham (1987) 

(Equation 1) from the abundance of di- and tri-unsaturated 𝐴𝐴 C37 alkenones. The global core-top calibration of 
Müller et al. (1998) (Equation 2) was used to calculate 𝐴𝐴 U

K
′

37
 -based SSTs.

U
K
′

37
=

[C37∶2]

[C37∶2] + [C37∶3]
� (1)

SST =
U

K
′

37
− 0.044

0.033

� (2)

The polar fractions, containing the GDGTs and OH-GDGTs, were dried under N2 and dissolved in 
hexane:isopropanol (99:1, v/v) and filtered through 0.45 μm PTFE filter. The filtered polar fractions were 
analyzed for isoprenoid-, branched- and OH-GDGTs by ultra-high performance liquid chromatography/mass 
spectrometry (UHPLC/MS) on an Agilent 1260 Infinity HPLC coupled to Agilent 6130 MSD. GDGT sepa-
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ration was done in normal phase according to Hopmans et al. (2016) using two silica BEH HILIC columns 
(2.1 mm × 150 mm, 1.7 μm thickness) connected in series and maintained at 25°C. A solvent gradient of 
hexane:isopropanol (9:1, v/v) (solvent A) and hexane (solvent B) was used starting with 18% of A and 82% 
of B at a constant flow rate of 0.2 ml min −1 eluted isocratically for 25 min and thereafter increasing A in a 
linear gradient to 30% in 25 min and to 100% A in the following 30 min. GDGTs were detected in Selective 
Ion Monitoring (SIM) mode for protonated GDGT molecules [M+H] +. The TEX86 index was calculated 
according to Schouten et al. (2002) and 𝐴𝐴 TEX

H

86
 according to Kim et al. (2010) (Equations 3 and 4). BAYSPAR 

SST with the default parameters in the Standard Prediction method was used to estimate temperatures after 
Tierney and Tingley (2014, 2015).

TEX86 =
[iGDGT − 2] + [iGDGT − 3] + [Cren’]

[iGDGT − 1] + [iGDGT − 2] + [iGDGT − 3] + [Cren’]
� (3)

TEX
H

86
= log(TEX86)� (4)

The RI−OH and RI−OH′ temperature proxies based on OH-GDGTs were calculated according to Equations 5 
and 6, respectively (Lü et al., 2015). The numbers in Equations 3, 5 and 6 correspond to the number of cyclopen-
tane moieties in the isoprenoid GDGTs (iGDGTs) and OH-GDGTs, respectively. We used the global calibration 
of Lü et al. (2015) (Equation 7) for RI−OH temperature estimates and the global calibration of Fietz et al. (2020) 
(Equation 8) for RI−OH′ for obtaining SST estimates.

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

[OH − GDGT − 1] + [OH − GDGT − 2]
� (5)

RI − OH
′
=

[OH − GDGT − 1] + 2 × [OH − GDGT − 2]

[OH − GDGT − 0] + [OH − GDGT − 1] + [OH − GDGT − 2]
� (6)

SST =
RI − OH − 1.11

0.018
� (7)

SST =
RI − OH

′
+ 0.029

0.0422
� (8)

For ODP Site 1234, previously analyzed by de Bar et al. (2018), we reintegrated the chromatograms for alkenones 
and GDGTs here, to avoid any discrepancies in data handling between individuals. Additionally, OH-GDGT-based 
proxies, not reported by de Bar et al. (2018), are also evaluated here using these analyses.

Five samples from ODP 1234 and six samples from ODP 1235 showed an unknown compound co-eluting with 
GDGT-2 and hence TEX86 data of these samples were excluded from any subsequent analysis and not reported 
here. The Branched and Isoprenoid Tetraether index (BIT) from branched GDGTs was calculated according to 
Equation 9 (De Jonge et al., 2015; Hopmans et al., 2004).

BIT =
[brGDGT − Ia] + [brGDGT − IIa] +

[

brGDGT − IIa′
]

+ [brGDGT − IIIa] +
[

brGDGT − IIIa′
]

[brGDGT − Ia] + [brGDGT − IIa] + [brGDGT − IIa′] + [brGDGT − IIIa] + [brGDGT − IIIa′] + [Cren]
� (9)

Analytical uncertainty was calculated using an in-house standard from a Drammensfjord sediment extract for 
𝐴𝐴 TEX86 (1σ = 0.015), 𝐴𝐴 RI − OH (1σ = 0.01) and 𝐴𝐴 RI − OH

′ (1σ = 0.011) for 31 replicates. For 𝐴𝐴 U
K
′

37
 , four replicates of 

a sample from ODP core 1079 were used to obtain a 1σ analytical uncertainty of 0.026.

2.3.  Statistical Analysis

Direct comparison of different proxy indices between the deep and the shallow sites would involve large uncer-
tainties arising from errors in the age models and the extrapolation needed. Hence, cross correlation of each 
proxy between the two sites was achieved by binning the data into 2000-year bins. We use bins of 2000 years 
in accordance with the resolution of our data set. Although this results in one data point per bin for some time 
periods, especially for Site 1234, using larger bins would not be ideal since it would average out the temperature 
variability observed in these records. The binned TEX86 record generated this way still reflects the original data 
set. All the statistical t-tests mentioned here were performed on this binned data set. The York regression, which 
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takes into account the bivariate uncertainties (Mahon, 2010; York et al., 2004), was also used to compare proxy 
records between the deep and the shallow sites.

2.4.  Modelling TEX86 Source Signal at Core Sites

To infer the depth the TEX86 proxy is derived from, we modelled the depth distributions of GDGTs in the water 
column at each core location. We also assume that the growth temperature is the only factor controlling the lipid 
composition in the archaeal cells based on homeoviscous adaptation. Though Thaumarchaeota thrive throughout 
the water column, their maximum cell numbers and also GDGT abundance occurs at the sub-surface (e.g., Basse 
et al., 2014; Church et al., 2010; Hurley et al., 2018; Karner et al., 2001; Schouten et al., 2012). We modelled 
this GDGT abundance pattern by various gamma probability density functions with maximal abundances set 
at different depths (50–400 m with steps of 50 m) (see Figure S1, Table S1 in Supporting Information S1) to 
represent possible depth profiles of GDGT abundance in the water column (e.g., Tierney & Tingley, 2015). 
Although we know that sedimentary export may be more efficient in the upper part of the water column due 
to mineral ballasting and fecal pellet packaging (Wakeham et al., 2003; Wuchter et al., 2005), it is difficult to 
constrain this and incorporate it into the model without regional sediment trap studies. We assume here, for the 
sake of simplicity, that there is an equally efficient export of GDGTs at all depths, though we realize that this 
is unlikely to be so. Therefore, the GDGT abundance profile in the water column is considered to reflect the 
respective contribution of each depth to the sedimentary TEX86 signal. The P(d < X < d′) in Equation 10 denotes 
the cumulative distribution function (CDF) of the gamma distribution from depths of d to d′ meters, normalized 
to the total probability from surface to the water depth of each site (dashed lines in Figure S1 in Supporting 
Information S1).

We then obtained depth-weighted temperature signals from modern ocean temperatures (Locarnini et al., 2019) 
and calculated the modelled temperature (Tmodel) according to Equation 10. We also assume constant and contin-
ued settling of particles to the sediment floor throughout the year.

𝑇𝑇model =

∑

𝑑𝑑

[

𝑃𝑃
(

𝑑𝑑 𝑑 𝑑𝑑 𝑑 𝑑𝑑
′
)

×

(

𝑇𝑇𝑑𝑑 + 𝑇𝑇𝑑𝑑′

2

)]

� (10)

The annual mean temperature at a depth of d meter is denoted by Td. The d and d′ are successive depth intervals 
using the depth resolution from World Ocean Atlas 2018 temperature data (Locarnini et al., 2019).

We then converted the Tmodel (the temperature the GDGT distribution at each location should reflect) into TEX86 
values using existing TEX86-temperature calibrations. Ideally, the model would be based on a culture calibration 
since the culture calibration represents the impact of only temperature on GDGT distributions. However, culture 
(Elling et  al., 2015, 2017) and mesocosm (Schouten et  al., 2007; Wuchter et  al., 2004) studies show distinct 
differences with environmental calibrations (e.g., Kim et  al.,  2010) for reasons presently not clear. Since we 
are investigating sub-surface signals, we used the mean sub-surface 𝐴𝐴 TEX

H

86
 calibration (Equations 11 and 12) as 

suggested by Ho and Laepple (2016) to obtain modelled TEX86 values, that is, the TEX86 values of the surface 
sediment reflecting the overall GDGT signal integrated from the overlying water column.

modelled TEX
H

86
=

𝑇𝑇model − 22.3

40.8
� (11)

modelled TEX86 = 10

(

modelled TEX
H

86

)

� (12)

Nonetheless, the exact 𝐴𝐴 TEX86 -temperature calibration used here does not impact the conclusion of this modelling 
study.

3.  Results
TEX86, RI−OH, RI−OH′ and 𝐴𝐴 U

K
′

37
 records from the deep and the shallow sites at the Chilean and the Angola 

margins are shown in Figure 2. The BIT values are <0.05 for all the samples from the Chilean and the Angola 
margins, which implies that no substantial terrestrial input reached these sites and should therefore not impact our 
TEX86 records to represent sea water temperature.

 25724525, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022PA

004533 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [20/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Paleoceanography and Paleoclimatology

VARMA ET AL.

10.1029/2022PA004533

7 of 18

3.1.  Chilean Margin

Between the deep and shallow sites at the Chilean margin, we observe overlapping records for TEX86 and RI−
OH′, respectively (Figure 2a). Intriguingly, the RI−OH values at the shallow site show consistently lower values 
compared to the RI−OH at the deep site. The 𝐴𝐴 U

K
′

37
 proxy from the shallow site shows generally higher values 

between ∼10–40 Kyr compared to the 𝐴𝐴 U
K
′

37
 proxy from the deep site.

The 2000-year binned data used to determine the correlation of proxy records between the shallow and the deep 
sites shows a high degree of correlation for TEX86 and RI−OH′ (R 2 > 0.85, p < 0.001), while 𝐴𝐴 U

K
′

37
 and RI−OH 

shows a slightly lower correlation (R 2 = 0.71 and 0.73, respectively; Figure 3a). The York regression trend also 
falls very close to the ordinary least squares fit (Figure 3a). A paired sample t-test was performed using the binned 
data to examine any difference between the same proxy signal carriers from the deep and the shallow sites at a 
significance level of 0.01. This showed that the mean of the differences between the deep and the shallow sites 
for TEX86 is not significantly different from zero, that is, the TEX86 record from deep and shallow sites does 
not statistically differ at the significance level of 0.01 (Table S2 in Supporting Information S1). In contrast, the 
RI−OH′, RI−OH and 𝐴𝐴 U

K
′

37
 showed the mean of the differences between the sites to be significantly different from 

zero (Table S2 in Supporting Information S1).

The GDGT [2]/[3] record was also binned to 2000-year bins and a paired t-test was performed at a significance 
level of 0.01. The mean of the differences observed in the GDGT [2]/[3] ratios between the deep and the shallow 
site was significantly different from zero (Table S2 in Supporting Information S1).

Figure 2.  Paleothermometer results from the (a) Chilean and (b) Angola margins. Records from ODP Site 1234 from water depth of 1,015 m are in orange and ODP 
Site 1235 from water depth of 489 m are in violet. Records from ODP Site 1078 from water depth of 426 m are in purple and ODP Site 1079 from water depth of 738 m 
are in red. (i) TEX86 (ii) 𝐴𝐴 U

K
′

37
 (iii) RI−OH′ and (iv) RI−OH. Gray bars correspond to interglacial periods (Marine Isotope Stages, MIS 1 and 3). Blue bar indicates Last 

Glacial Maximum (LGM), and green bars indicate Heinrich Events. The shaded envelope around each record is the 1σ analytical uncertainty.
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3.2.  Angola Margin

At the Angola margin, similar relationships between proxy values are observed when comparing deep and shal-
low sites, except during an interval from ∼15–25 Kyr (Figure 2b). Interestingly, all the GDGT-based proxies, 
TEX86, RI−OH′ and RI−OH vary in a similar manner during the last deglaciation, with the shallow site showing 
a more gradual increase in proxy values compared to the deep site, which shows an abrupt and larger change in 
proxy values. We also observe an earlier increase in the TEX86, RI−OH′ and RI−OH proxy values indicating a 
deglacial warming trend at the shallow site (from ∼23 Kyr) compared to the deep site where it begins at ∼19 Kyr. 
The 𝐴𝐴 U

K
′

37
 records from the deep and the shallow sites are in good agreement and also agree with previously 

reported 𝐴𝐴 U
K
′

37
 values for ODP 1078 (Kim et al., 2003).

Similar to the Chilean record, binned data was used to determine the correlation of proxy records between the 
shallow and the deep sites. The 𝐴𝐴 U

K
′

37
 proxy shows good correlation (R 2 = 0. 90, p < 0.001) with the data points 

lying close to the 1:1 line (Figure 3b). However, TEX86, RI−OH and RI−OH′ show slightly lower correlations 
because of differences between proxy values during MIS 2. The York regression, which deals with errors in 
both x and y, shows a better fit, close to the 1:1 line (Figure 3b) as it gives small weights to large errors. The 
YR method is less affected by outliers than ordinary least squares (e.g., Mikkonen et al., 2019). A consider-
able improvement in the correlation between the deep and the shallow site records for TEX86, RI−OH and 
RI−OH′ proxies are observed (Figure S5 in Supporting Information S1) after removing the three data points 
in MIS 2 (orange data points corresponding to RI−OH′ values >1 in Figure 3b). A paired sample t-test with 
the same binned data showed that the mean of the differences between the proxy values from the deep and 
the shallow sites is not significantly different from zero for 𝐴𝐴 U

K
′

37
 , TEX86 and RI−OH (Table S2 in Supporting 

Information S1). In contrast, RI−OH′ shows the mean of the differences between the two sites to be signif-
icantly different from zero. The GDGT [2]/[3] ratio shows statistically significantly different records at the 
significance level of 0.01 between the deep and the shallow sites at this location (Table S2 in Supporting 
Information S1).

Figure 3.  Cross-correlation between 2 Kyr-binned organic paleotemperature proxy values from deep versus shallow sites 
in (a) Chilean margin (water depths of 1,015 and 489 m, respectively) (b) Angola margin (water depths of 738 and 426 m, 
respectively). The x-axis denotes proxy values for the deep sites and y-axis for the shallow sites. Data points from Marine 
Isotope Stages, MIS 1, 2, 3 are in blue, orange, and green, respectively. Gray dashed lines are the 1:1 line. Linear regressions 
are indicated by black solid lines along with 95% confidence interval envelope. Brown solid lines denote the York regression 
(YR) trend for all samples. The error bars on the markers denote 1σ uncertainty of measurement.
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4.  Discussion
To constrain the source depths for the various proxies considered, especially for the TEX86, RI−OH and RI−OH′, 
we compared the proxy values from the core pairs with each other, rather than the temperatures inferred from 
them or with 𝐴𝐴 U

K
′

37
 values. This avoids circular arguments associated with using pre-assigned temperature calibra-

tions, which are tuned to specific depths (e.g., SST). We assume that the sedimentary records located close to 
each other with only water depth being different, received the same surface/sub-surface material from the overly-
ing water column. In addition, the proxy records from the two sediment cores may be affected by differences in 
the depositional environment, which also may vary as a function of depth.

4.1. 𝑨𝑨 𝐔𝐔
𝐊𝐊′

𝟑𝟑𝟑𝟑
 Records

The 𝐴𝐴 U
K
′

37
 proxy is widely used to reconstruct SSTs and the depth of origin for alkenones is generally accepted 

to be the photic zone (e.g., Herbert et al., 1998; Müller et al., 1998; Popp et al., 2006; Ternois et al., 1996) 
although not necessarily the surface, as alkenones can be produced at depths up to 150 m (e.g., Ohkouchi 
et al., 1999; Prahl et al., 2005; Wolhowe et al., 2014). Hence, as a proof of concept, the 𝐴𝐴 U

K
′

37
 proxy, which thus 

should not be substantially impacted by differences in water depth above the sediment core, has been analysed 
in this study.

As expected, the 𝐴𝐴 U
K
′

37
 records from the Angola margin show good agreement between the deep and the shallow 

sites and are statistically indistinguishable, that is, within the error associated with the proxy analyses and the age 
uncertainty (Figure 2b). The 𝐴𝐴 U

K
′

37
 shows an increasing trend from ∼27 Kyr towards the Last Glacial Maximum 

(LGM), while lower values are observed during Heinrich Events as indicated in Figure 2b. Kim et al.  (2003) 
suggested strong south-east trade winds to the south of the Angola-Benguela Front (ABF) during the LGM, 
which enhanced transport of warm surface waters from the tropics brought in by the Angola Current (AC) to 
our study location. Conversely, during the Heinrich Events, weaker trade winds reduced the transport of warm 
waters by the AC. The observed close correlation between the 𝐴𝐴 U

K
′

37
 records from the deep and the shallow site and 

with the 𝐴𝐴 U
K
′

37
 record from Kim et al. (2003) reaffirms that the source signal of the 𝐴𝐴 U

K
′

37
 most likely comes from the 

surface waters.

Surprisingly, at the Chilean margin, the 𝐴𝐴 U
K
′

37
 at the shallow site reveals higher values compared to the deep site, 

except for the late Holocene and near LGM ∼23 Kyr (Figure 2a). Since the alkenone source signal for 𝐴𝐴 U
K
′

37
 is 

thought to be mostly restricted to the photic zone, difference in water-mass distribution or upwelling would not 
cause a difference in 𝐴𝐴 U

K
′

37
 signal between such proximally (<12 km apart) located cores. A difference caused by 

upwelling waters would likely affect the 𝐴𝐴 U
K
′

37
 signals at both locations similarly. Post- and/or syn-depositional 

alterations of proxy signals could explain the observed difference. Although Site 1235 is a shallow site, contrary 
to our expectation, it has a lower total organic carbon (TOC) content, lower mass accumulation rates of organic 
carbon (average TOC ∼0.6 and 1 wt%, for shallow and deep sites, respectively), and higher dilution by silici-
clastics compared to the deep site (Mix et  al.,  2003; Muratli, Chase, Mix, & McManus,  2010; Prokopenko 
et al., 2006). The reason for elevated input of siliciclastic material in this area might be associated with discharges 
from the Bio-Bio or Itata river systems and also coastal erosion might have affected sediment deposition here 
(Muñoz et al., 2004; Muratli, Chase, McManus, & Mix, 2010). The difference in TOC and mass accumulation 
rates could have affected the biomarker preservation between the sites (Sinninghe Damsté, Rijpstra, et al., 2002). 
Additionally, sediment winnowing, which leads to preferential removal of fine-grained materials, is suggested 
for shallow site 1235 (Prokopenko et  al.,  2006), similar to what has been observed for other sites from the 
margins of Peru and southern Chile (Muñoz et al., 2004). Alkenones are shown to be preferentially associated 
with fine-grained mineral fraction (Ausín et al., 2021) and selective degradation of tri-unsaturated alkenones 
in coarser, low-surface area minerals would also bias 𝐴𝐴 U

K
′

37
 values, skewing this proxy towards warmer signals at 

Site 1235. However, grain-size analysis and more importantly, alkenone association with specific grain fractions 
are required to confirm this hypothesis. Additionally, a study near the Chilean margin shows admixing of older 
alkenones due to lateral transport in this area (Mollenhauer et al., 2005). Based on the observation of reworked 
benthic diatoms at the shallow site (Mix et al., 2003; Muñoz et al., 2004), a similar resuspension and advection 
process might be in play here. The extent to which selective preservation or lateral transport affects the alkenone 
signals at these sites causing an offset needs further investigation, for example, using compound-specific radio-
carbon analysis (Mollenhauer et al., 2008).
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4.2.  TEX86 Records

Comparison of the TEX86 records between the two sites from the Chilean margin shows no major difference 
between them visually (Figure 2a), as well as statistically from the paired t-tests on the binned data. The fact that 
the TEX86 does not show any significant offset between the sites at the Chilean margin, in contrast to the 𝐴𝐴 U

K
′

37
 , 

is in line with observations that the GDGTs are less affected by lateral transport than alkenones (Mollenhauer 
et al., 2007; Shah et al., 2008). Also, selective degradation of GDGTs is less likely to affect TEX86 records (Kim 
et al., 2009).

At the Angola margin, however, the TEX86 record at the shallow site shows higher values compared to the deep site 
during a brief interval ∼15–25 Kyr, and is similar to the trend of the 𝐴𝐴 U

K
′

37
 records here (Figure 2b). In contrast, at the 

deep site, the TEX86 record shows a larger change and a more abrupt deglaciation is observed. The δ 18O values of 
benthic foraminifera at both these sites show a similar trend to the TEX86 record from the deep site (Figure S4 in 
Supporting Information S1). Temperature changes based on ice-core data from the Antarctic shows a similar trend 
(Figure S4 in Supporting Information S1), which suggests a link to Antarctic climate, potentially via AAIW. A major 
contribution of AAIW to the water reaching the deep site during this period (∼15–25 Kyr) could offset local TEX86 
values, provided part of the signal is produced at depths of AAIW. An increase in production of AAIW during the 
LGM has previously been suggested in other studies from the Southern Hemisphere (Martínez-Méndez et al., 2013; 
Muratli, Chase, Mix, & McManus,  2010; Wainer et  al.,  2012). Another mechanism that could contribute to a 
discrepancy between the deep and the shallow site could be a shift in production depth of Thaumarchaeota during 
∼15–25 Kyr. Still, the GDGT [2]/[3] ratios remain consistently high throughout the record at the deep site (Figure 
S4 in Supporting Information S1) which suggests that depth of production of the GDGTs also remained constant.

The GDGT [2]/[3] ratio was generally higher for the deep site compared to the shallow site, (Figures S3, 
S4 in Supporting Information  S1), which is consistent with previous observations from other sites (e.g., 
Hernández-Sánchez et al., 2014; Kim et al., 2015; Taylor et al., 2013). Regardless of the brief interval showing 
an offset at the Angola Margin, for both sites, there is a strong similarity in the TEX86 records between the core 
pairs, suggesting that the source signal is derived from the same water depth ranges. However, the GDGT [2]/[3] 
ratios between the deep and the shallow sites show statistically significant differences at both locations, which 
suggests a GDGT signal of potentially different archaeal communities from different water depths reached the 
underlying sediments. Comparing the TEX86 and GDGT [2]/[3] ratio relationship for the deep and the shallow 
sites, we observe that the data points corresponding to the deep sites at both our study locations lie just at the 
edge of the temperature-dependent trend (data not shown) observed by Rattanasriampaipong et al. (2022). This 
suggests that some deeper water signal might be reaching the deep sites in these locations, but likely not to a great 
extent. Nevertheless, the TEX86 is apparently not reflecting this difference.

To constrain the depth of the TEX86 source signal, we modelled TEX86 values as expected to be registered at 
our core sites using modern temperature-depth distributions and assuming different depth profiles of GDGT 
concentrations, based on modern ecology of Thaumarchaeota, with peak abundances set at different depths (see 
Methods and Supporting Information S1 for more detailed explanation). Furthermore, in order to keep the model 
simple, we assumed equal transport efficiency of GDGTs across all depths, although they may likely be biased 
towards the upper part of the water column (Wakeham et al., 2003; Wuchter et al., 2005). The modelled TEX86 
values calculated from abundance depth profiles of GDGTs with different peak abundance depths were compared 
between the pairs of cores (Figure 4). This comparison shows that, not surprisingly, if the TEX86 is derived from 
shallow waters (e.g., maximum GDGT abundance at 50 m water depth), then predicted TEX86 values are the same 
(on the 1:1 line) for shallow and deep sites. Values start to deviate from the 1:1 line when the maximum GDGT 
abundance is around 300–350 m (Figure 4), which means that if the TEX86 source signal is from depths deeper 
than this, then we expect an offset in TEX86 values between deep and shallow sites.

When we plot measured TEX86 values (binned data points from Figure  3) from MIS 1, representing similar 
conditions as present against the modelled values, we see that they fall very close to the same 1:1 line (Figure 4), 
especially for the data points from the most recent time periods. This supports the notion that the source signal of 
TEX86 must be derived from depths shallower than 350 m at both locations.

Our conclusions are in line with previous SPM studies from the South Atlantic, which show that the major-
ity of the sedimentary GDGT signal comes from sub-surface waters of 80–250 m depths (Hernández-Sánchez 
et al., 2014; Hurley et al., 2016, 2018). However, regional differences are suggested from several studies from 
various locations. Basse et al.  (2014) observed that the major contribution of GDGTs to the sediments in the 
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upwelling region in the NW Africa is coming from surface waters and the contribution from the oxygen mini-
mum zone (300–600 m) is probably only minor. Surface sediment and SPM studies from the East China Sea 
suggest 𝐴𝐴 TEX

H

86
 reflects bottom water (<100 m depth) temperatures (Guo et al., 2021; Wang et al., 2019). GDGT 

contributions from >500 m from deep water Thaumarchaeotal communities are observed in the Mediterranean 
and near the Portugal margin influenced by deep Mediterranean Outflow Waters (Besseling et al., 2019; Kim 
et al., 2015, 2016). For the Southern Ocean, it has been suggested that a significant amount of GDGTs from 
depths of >1,400 m might be reaching the underlying sediments (Spencer-Jones et al., 2021). Hence, regional 
studies are required to constrain the source depth of the TEX86 signal at different locations. Our approach of using 
closely located cores from different water depths may provide a solution to this problem, potentially also for older 
sedimentary records.

4.3.  OH-GDGT Based Proxies

At both locations, TEX86 and RI−OH′ mostly vary synchronously (Figure 2). The RI−OH and RI−OH′ records 
from the Angola margin show similar trends to the TEX86 records at this location, even during the brief interval 
∼15–25 Kyr, where a deviation between the deep and the shallow site is observed in the TEX86 signal (Figure 2b). 
This suggests a common source, and thus a common export depth for iGDGTs and OH-GDGTs. Indeed, several 
studies suggested the same source organisms for iGDGTs and OH-GDGTs, namely Group I.1a Thaumarchaeota 
(Elling et al., 2014, 2015, 2017; Sinninghe Damsté et al., 2012, 2022).

Interestingly, a systematic offset between the RI−OH records in the deep and the shallow site is observed for the 
Chilean margin which is not observed in the corresponding RI−OH′ records (Figure 2a). The most likely expla-
nation for the offset seen in the RI−OH proxy record is that the RI−OH does not fully incorporate the temperature 
changes at this location. The dominant OH-GDGT in moderate and low temperature regions is OH-GDGT-0 (C. 
Huguet et al., 2013) which is also the case here with an average relative abundance of around 74%. The average 
contribution from OH-GDGT-1 and -2 is 20% and 7%, respectively, which means that the RI−OH proxy (which 
does not have OH-GDGT-0 in its definition- Equation 5) is mainly controlled by the abundance of OH-GDGT-1 
here. OH-GDGT-1 is known to behave differently compared to other OH-GDGTs in the Chinese coastal seas (Lü 
et al., 2015) where its relative abundance decreases going from coastal to offshore sites. This could suggest that 
the OH-GDGT-1 is impacted by factors other than temperature. Hence, our results suggest that the RI−OH′ might 
be better suited to derive a temperature signal with OH-GDGTs than RI−OH.

Figure 4.  Comparison of measured and modelled TEX86 (or modelled temperature) values at deep versus shallow sites for (a) Chilean margin (water depths of 1,015 
and 489 m, respectively) and (b) Angola margin (water depths of 738 and 426 m, respectively). Open triangles in brown represent the modelled TEX86 (or modelled 
temperature) values with its corresponding water depth maxima of GDGT abundance. Gray dashed line indicates the 1:1 line. Data points from MIS 1 are in blue. The 
error bars on the markers denote 1σ uncertainty of measurement.
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4.4.  Temperature Reconstructions

Now that we have constrained the different source depths, we can convert our proxy records into temperature 
estimates. Clearly, for the 𝐴𝐴 U

K
′

37
 we can use a calibration against SST (Equation 2 according to Müller et al., 1998). 

For the TEX86, different surface and sub-surface temperature calibrations exist, that is, the BAYSPAR SST cali-
bration (Tierney & Tingley, 2014, 2015), 𝐴𝐴 TEX

H

86
 calibration with SST (Kim et al., 2010), and regional calibrations 

(e.g., Kaiser et al. (2015) for Chilean records) and the mean of the ensemble 𝐴𝐴 TEX
H

86
 sub-surface reformulation 

suggested by Ho and Laepple  (2016) (Figure S2 in Supporting Information S1). Although our results do not 
exclude a sub-surface origin of the signal, we used the BAYSPAR SST calibration for TEX86 to examine whether 
our TEX86 signal could reflect SST, assuming that a strong correlation between surface and sub-surface temper-
atures exists in our study locations over time. Similarly, for OH-GDGT based proxies, we used the latest SST 
calibration according to Lü et al. (2015) and Fietz et al. (2020) (Equations 7 and 8).

The modern mean annual SST recorded of the Chilean margin sites is 13°C (Locarnini et al., 2019), which is 
close to the most recent temperature values as indicated by the TEX86 values (15.4 and 14.6°C for deep and 
shallow sites, respectively) and the 𝐴𝐴 U

K
′

37
 values (14.7 and 14.5°C for the deep and the shallow sites, respec-

tively), that is, within the proxy uncertainty of ∼3 and 1.5°C, respectively (Figure 5a). Comparing temperature 
estimates for the LGM, the average 𝐴𝐴 U

K
′

37
 SST estimates are around 12 and 12.9°C for the deep and the shallow 

site, respectively, which is close to the TEX86 SST values of 11.7 and 11.6°C for the deep and the shallow 
site, respectively, also well within the proxy error limits. This suggests that the TEX86-SST relationship is also 
applicable for the LGM at this location. In contrast, the uppermost samples give much lower temperature esti-
mates based on OH-GDGT proxies compared to the actual modern annual mean SST, that is, estimates of 10.9 
and 10.3°C for deep and shallow sites, respectively, from RI−OH′ and 9 and 7.1°C for deep and shallow sites, 
respectively, from RI−OH. Similarly, during the LGM, the RI−OH′ (with 7.5 and 6.9°C for deep and shallow 
sites, respectively) and RI−OH (with 7.7 and 5.9°C for deep and shallow sites, respectively) based tempera-
ture estimates indicate much lower temperatures compared to the 𝐴𝐴 U

K
′

37
 based SST estimates. A seasonal bias to 

Figure 5.  Organic proxy temperature reconstruction from the (a) Chilean and (b) Angola margins based on 𝐴𝐴 U
K
′

37
 , TEX86, RI−OH and RI−OH′. The red symbols with 

bars denote the modern mean annual temperature with the seasonal range at this location (Locarnini et al., 2019). The shaded envelopes around TEX86 records denotes 
1σ uncertainty in BAYSPAR TEX86-SST for each location (∼3°C) (Tierney & Tingley, 2014, 2015) and around 𝐴𝐴 U

K
′

37
 records (Müller et al., 1998) (1.5°C uncertainty). 

For RI−OH and RI−OH′, the standard deviation for residuals is ∼6°C (Lü et al., 2015) (not shaded here).

 25724525, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022PA

004533 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [20/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Paleoceanography and Paleoclimatology

VARMA ET AL.

10.1029/2022PA004533

13 of 18

winter with deep convective mixing which happens consistently throughout the record for OH-GDGT based 
proxies compared to other paleothermometers is unlikely since the reconstructed temperature is much below 
the modern austral winter SST of around 12°C (Locarnini et al., 2019) at this location. A systematic depth bias 
of OH-GDGT contribution from deeper depths to reflect colder temperatures at both the locations may be an 
alternative explanation, though this would be contrary to the idea that OH-GDGTs are derived from similar 
depths as non-hydroxylated iGDGTs (e.g., Fietz et al., 2013; Sinninghe Damsté et al., 2012, 2022). Further-
more, as discussed in Section 4.3, a similar export depth of GDGTs and OH-GDGTs was concluded based upon 
concurrent records of TEX86 and OH-GDGT based proxies. Although the calibration uncertainties for RI−OH 
and RI−OH′ are large (∼6°C) (Fietz et al., 2020; Lü et al., 2015), they show a clear glacial-interglacial temper-
ature variability like other proxies, which suggest a need for better global or regional temperature calibrations 
for OH-GDGT based proxies.

At the Angola margin, all temperature proxies measured in the uppermost sample at both the deep and the shallow 
sites are within the proxy error of annual mean SST of 24.8°C (Locarnini et al., 2019) (Figure 5). The TEX86 
values for the deep and the shallow sites, respectively, are 25.5 and 25.8°C. The RI−OH′ gives similar tempera-
ture values of 25.2 and 25.7°C for deep and shallow sites, respectively. The 𝐴𝐴 U

K
′

37
 gives much closer values of 24.6 

and 24.7°C and so does RI−OH with 24.7 and 24.5°C for deep and shallow sites, respectively. The average 𝐴𝐴 U
K
′

37
 

SST estimates during LGM for the deep and the shallow sites are around 22.9 and 23°C, respectively, which are 
close to the temperature estimates from other proxies from the shallow site (TEX86 SST of 24.1°C, RI−OH′ SST 
of 25.1°C and RI−OH SST of 24°C). In contrast, the deep site gives much lower SST estimates at the LGM for 
TEX86, RI−OH′ and RI−OH (19.8, 18.1 and 19°C, respectively), which is probably due to the influence of colder 
intermediate waters at this site as discussed above.

The general agreement between TEX86 and 𝐴𝐴 U
K
′

37
 records suggest that the TEX86 could still reasonably predict 

SST at these locations, as long as there are no changes in water mass characteristics at depth (like possibly at the 
Angola margin during ∼15–25 Kyr, see above). It should be noted though that alkenone production is known to 
occur in deeper thermocline waters in certain locations (e.g., Ohkouchi et al., 1999; Popp et al., 2006) and thus 
the 𝐴𝐴 U

K
′

37
 reflects a temperature signal from a depth range rather than sea surface (0 m), albeit a narrower range 

than what TEX86 reflects. In contrast to the TEX86 and 𝐴𝐴 U
K
′

37
 , the reconstructed temperatures from RI−OH′ and 

RI−OH proxies largely disagree with the temperature range indicated by other proxy records, especially at the 
Chilean margin. The RI−OH′ and RI−OH have been shown to be promising temperature proxies in several 
regions, for example, at the Iberian margin, the Chinese coastal seas, the Mediterranean Sea, the Southern Ocean 
(e.g., Davtian et al., 2019, 2021; Lamping et al., 2021; Lü et al., 2015; Yang et al., 2018). However, in the global 
calibration (Fietz et al., 2020; Lü et al., 2015), the large scatter in data points likely indicates regional differences 
in the response of the OH-GDGT signal to temperature or an impact of non-thermal factors. More regional 
studies from different locations and a comprehensive examination of the global data set need to be done to better 
constrain the applicability of OH-GDGT based proxies.

5.  Conclusions
Two marine sediment cores in close proximity, but retrieved from different water depths, from the Chilean 
and the Angola margin were studied to constrain the depth origin of organic paleothermometers in sedimen-
tary archives. As expected, the 𝐴𝐴 U

K
′

37
 reflects sea surface temperature, but the proxy signal may be impacted by 

post-depositional changes or lateral transport even for closely located cores. The statistically indistinguishable 
TEX86 records at each of these locations as well as modelling results suggest that the source signal of the TEX86 
proxy is derived from depths <350 m at our study locations. Though the TEX86 source signal is likely coming 
from sub-surface depths, a good correlation between surface and sub-surface temperature variations would still 
allow us to use TEX86 for SST reconstructions (cf. Huber,  2010; J. E. Tierney,  2013). However, changes in 
ocean dynamics and sea-level changes, especially during glacial periods might lead to variations in intensity 
and/or contribution of different water masses to a particular location, which could affect the agreement between 
surface and sub-surface temperatures and hence, the TEX86 SST estimates. Although similar trends in TEX86 
and OH-GDGT based proxies point towards similar source depths for these proxies, further studies are required 
to constrain OH-GDGT based proxies to obtain better absolute temperature estimations from them. Our results 
show that proximally located cores from different water depths can be used to potentially constrain the export 
depth of organic proxies.

 25724525, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022PA

004533 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [20/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Paleoceanography and Paleoclimatology

VARMA ET AL.

10.1029/2022PA004533

14 of 18

Data Availability Statement
All data is available online at PANGAEA repository (Hättig et al., 2023; Varma et al., 2023).
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