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a b s t r a c t

The TEX86 paleotemperature proxy is based on the distribution of archaeal glycerol dibiphytanyl glycerol
tetraether (GDGT) lipids preserved in marine sediments, yet both the influence of different physiological
factors on the structural distribution of GDGTs and the mechanism(s) by which GDGTs is(are) exported to
marine sediments remain(s) unresolved. We investigated the abundance and structural distribution of
GDGTs in the South-west and Equatorial Atlantic Ocean in four water column profiles spanning 48
degrees of latitude. The depth distribution was consistent with production by ammonia-oxidizing
Thaumarchaeota; maximum GDGT concentration occurred at the base of the NO2

� maximum, core
GDGTs dominated the structural distribution in surface waters above the NO2

� maximum, and intact polar
GDGTs – potentially indicating live cells – were more abundant below the NO2

� maximum. Between 0
and1000 m, > 98% of the integrated GDGT inventory was present in waters at and below the NO2

� max-
imum. Depth profiles of TEX86 temperature values displayed local minima at the NO2

� maximum, while
the ratio of GDGT-2:GDGT-3 increased with depth. A model based on the results predicts an average
depth of origin for GDGTs exported to sediments between ca. 80–250 m. In the model, exported TEX86

values are remarkably insensitive to change in the average depth of origin of GDGTs. However, TEX86 val-
ues exported from the water column appear to reflect euphotic zone productivity, possibly due to the cor-
relative intensity of organic matter remineralization providing substrates for ammonia oxidation.
Predicting the influence of these regional controls on sedimentary TEX86 records requires a better under-
standing of the interaction between GDGT production, particle dynamics, and the depth of origin for
exported organic matter.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Archaeal glycerol dibiphytanyl glycerol tetraether (GDGT) lipids
(Supplementary Fig. 1) are ubiquitous in marine sediments and
form the basis of the TEX86 sea surface temperature (SST) proxy
(Schouten et al., 2002). GDGTs in the water column are thought
to be sourced primarily from ammonia-oxidizing archaea (AOA)
affiliated with the phylum Thaumarchaeota (formerly Marine
Group I Crenarchaeota; Brochier-Armanet et al., 2008; Spang
et al., 2010). AOA perform the first and rate-limiting step in nitrifi-
cation, the oxidation of NH4
+ to NO2

�, catalyzed by the archaeal
ammonia monooxygenase enzyme, amoA (Könneke et al., 2005).
Accordingly, maximum Thaumarchaeota cell numbers, as well as
maximum copies of amoA and 16S rRNA genes, occur with the pri-
mary NO2

� maximum near the base of the euphotic zone (Massana
et al., 1997; Murray et al., 1999; Karner et al., 2001; Francis et al.,
2005; Church et al., 2010; Santoro et al., 2010; Smith et al., 2016).
GDGT concentration mirrors the trend in overall thaumarchaeal
abundance, with low concentration in surface waters and a maxi-
mum concentration near the base of the euphotic zone
(Sinninghe Damsté et al., 2002; Turich et al., 2007; Schouten
et al., 2012; Basse et al., 2014; Lincoln et al., 2014; Xie et al.,
2014; Kim et al., 2016).

Thaumarchaeota produce GDGTs containing from zero to four
cyclopentane rings (GDGT-0 to GDGT-4) or four cyclopentane rings
and one additional cyclohexane ring (e.g. in crenarchaeol;
Sinninghe Damsté, 2002; Supplementary Fig. 1). The ratio between
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GDGTs with one to three cyclizations and the crenarchaeol regioi-
somer is the basis of the TEX86 temperature proxy. TEX86 is theo-
retically based on the concept of homeoviscous membrane
adaptation, in which an organism regulates membrane fluidity in
response to physical or chemical perturbations (e.g. by incorpora-
tion of cyclization in response to increasing temperature).
However, TEX86 is empirically calibrated using a correlation
between the distribution of select GDGT structures in marine sed-
iments and sea surface temperature or subsurface (0–200 m) tem-
perature (Schouten et al., 2002; Kim et al., 2010; Tierney and
Tingley, 2015).

Modern TEX86 core-top calibrations generally predict SST to
within ± 3–5 �C (Kim et al., 2010; Tierney and Tingley, 2014).
TEX86 paleoclimate records span temporally and geographically
diverse events in Earth history, including the Last Glacial Maxi-
mum (Huguet et al., 2006b), the Paleocene-Eocene Thermal Maxi-
mum PETM (Zachos et al., 2006) and Cretaceous Ocean Anoxic
Events (Schouten et al., 2003). TEX86 provides an alternative to
proxies that cannot be applied for sediments older than the Paleo-
gene (e.g. Uk0

37), or when dissolution or diagenetic processes have
impacted the preservation of carbonate-based geochemical signa-
tures (Schouten et al., 2013).

The TEX86 proxy rests on the assumptions that temperature is
the dominant factor driving lipid composition in planktonic Thau-
marchaeota, and that this signal is ultimately preserved in marine
sediments. Mesophilic culture and mesocosm studies show that
GDGT cyclization can increase at higher temperature (Wuchter
et al., 2004; Schouten et al., 2007; Elling et al., 2015; Qin et al.,
2015). However, suspended material filtered from the marine
water column has TEX86 values that do not consistently reflect
in situ temperature (Wuchter et al., 2005; Ingalls et al., 2006;
Turich et al., 2007; Schouten et al., 2012; Basse et al., 2014; Hernán
dez-Sánchez et al., 2014; Xie et al., 2014; Zhu et al., 2016). In fact,
calculated TEX86 values often reach a maximum below 200 m,
yielding thermocline and sub-thermocline temperatures greater
than local sea surface temperatures (Schouten et al., 2012; Basse
et al., 2014; Xie et al., 2014; Kim et al., 2016). Therefore, variables
other than surface or shallow subsurface temperatures appear to
be important additional factors in determining water column
TEX86 signals.

Recent culture work reveals that ammonia oxidation rate can be
a temperature-independent influence on GDGT cyclization in the
model thaumarchaeon Nitrosopumilus maritimus SCM1 (Hurley
et al., 2016). This finding reconciles similar culture experiments
with N. maritimus that have identified growth stage (Elling et al.,
2014) and O2 availability (Qin et al., 2015) as variables affecting
TEX86. In cultures of N. maritimus, TEX86 correlated negatively with
ammonia oxidation rate, resulting in warmer TEX86 values at
slower oxidation rates and colder values at faster oxidation rates
(Hurley et al., 2016). This relationship provides an explanation
for why warm upper water columns with lower rates of both pri-
mary production and sub-photic zone nutrient regeneration, i.e.
lower ammonia oxidation rate, have in situ TEX86 temperature val-
ues that are too high (e.g. Wuchter et al., 2005), whereas warm
upper water columns in high-nutrient upwelling zones have
apparent in situ TEX86 temperature values that are too low (e.g.
Xie et al., 2014).

In order to better understand the environmental factors influ-
encing TEX86, we have examined GDGT distributions in two parti-
cle size classes, 0.3–0.7 mm and 0.7–53 mm, between 0 and 1000 m
along a transect in the South-west and Equatorial Atlantic Ocean
(ca. 40�S to 10�N). We relate the abundance and structural distri-
bution of GDGTs to water column properties. We then model dif-
ferent scenarios to explore how the depth of GDGT export affects
the proxy ratio exported to marine sediments.
2. Methods

2.1. Sampling and lipid extraction

Samples were collected from aboard the R/V Knorr during
cruise KN210-04 (Fig. 1) in March–May 2013 from 38.0�S 45.0�W
(Station 2), 22.5�S 33.0�W (Station 7), 2.7�S 28.5�W (Station 15)
and 9.7�N 55.3�W (Station 23). Suspended particulate matter sam-
ples were collected between 0 and 1000 m at each station to
increase depth resolution in the upper water column, yet full water
column depth ranged from 3762 m at Station 23 to 5110 m at Sta-
tion 2 (Table 1). Samples for inorganic nutrient analysis were col-
lected in HDPE bottles and frozen (�20 �C) immediately after
sample collection. All nutrient data have been deposited in the Bio-
logical and Chemical Oceanography (BCO) Data System
(Kujawinski and Longnecker, 2013).

The CTD rosette systemwas equipped with a SBE43 oxygen sen-
sor, a Wet Labs FLNTURTD combination fluorometer and turbidity
sensor, and a WetLabs C-star transmissometer (operating at a 660
nm with 25 cm path length). The SBE43 O2 data were calibrated
based on the discrete water samples analyzed during the cruise.
Fluorescence values from the WET Labs ECO-AFL/FL were con-
verted from volts to mg/m3 using calibration values fromWETLabs.
All CTD data are publically accessible in the BCO Data System
(Kujawinski and Longnecker, 2014).

Seawater was sequentially filtered in situ via submersible
pumps (WTS-LV 08 upright: McLane Research Laboratories, Inc),
with total collected volumes between 710 and 10,518 l (mean
3049 l) per depth. Pumps were equipped with three filter tiers,
each 142 mm in diameter. The first tier was fitted with a 53 mm
mesh Nitex screen, the second with two (stacked) pre-combusted
glass fiber filters (Whatman GF/F; 0.7 mm), and the last two
(stacked) pre-combusted glass fiber filters (Sterlitech GF-75; 0.3
mm). Filter size was chosen based on ease of comparison to a typ-
ical suspended class of particulate organic matter (0.7–53 mm),
while the sub-mm class cut off at 0.3 mm represents the smallest
available glass fiber filter extractable with organic solvents. All fil-
ters were wrapped in pre-combusted Al foil and frozen immedi-
ately at �80 �C after recovery.

Filters were extracted in Teflon vessels in 90:10 CH2Cl2:CH3OH
using microwave-assisted extraction with a CEMMars system. This
extraction method was the most efficient way to process all 229 fil-
ter samples and is reported to have good performance for water
column particles (Huguet et al., 2010). Lipid extraction consisted
of two steps: a 30 min ramped heating program to 70 �C with a
20 min hold, after which solvent was decanted and fresh solvent
added, and then a 30 min ramped heating program to 100 �C with
a 20 min hold. The extracts from the successive extraction steps
were combined, concentrated under a stream of ultrapure N2,
and stored at �20 �C until measurement. All lipid data have been
deposited in the Pangaea database under the DOI https://doi.pan-
gaea.de/10.1594/PANGAEA.861376.

2.2. Intact polar and core lipid analysis

Intact polar lipids (IPLs) and core lipids were analyzed from a 2–
10% aliquot of the TLE in MeOH on a Dionex Ultimate 3000RS ultra
high performance liquid chromatography (UHPLC) system con-
nected to an ABSciEX QTRAP4500 Triple Quadrupole/Ion Trap mass
spectrometry (MS) instrument equipped with a TurboIonSpray ion
source operating in positive electrospray (ESI) mode. Separation of
core and intact polar lipids was achieved using reversed phase
HPLC with an ACE3 C18 column (2.1 � 150 mm � 3 mm; Advanced
Chromatography Technologies, Aberdeen, Scotland) maintained
at 45 �C (Zhu et al., 2013). Target compounds were detected using
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Fig. 1. Locations of sampling stations from the DeepDOM cruise (filled circles; KN210-04 on R/V Knorr, March-May 2013) at 38.0�S 45.0�W (Station 2), 22.5�S 33.0�W (Station
7), 2.7�S 28.5�W (Station 15), and 9.7�N 55.3�W (Station 23). Sediment locations nearest to each DeepDOM station (filled diamonds) at 33.5�S 42.5�W (Location 2a), 20.6�S
37.1�W (Location 7a), 4.0�S 25.6�W (Location 15a), and 4.5�N 48.6�W (Location 23a) are from the surface sediment TEX86 database (Tierney and Tingley, 2015). Locations of
published SPM datasets used for TEX86 profile comparisons: 13�N 105�W (Xie et al., 2014), 21.3�N 20.9�W (Basse et al., 2014), 41.1�N 9.4�W and 38.4�N 9.4�W (Kim et al.,
2016).

Table 1
Sediment locations in the surface sediment TEX86 database (Tierney and Tingley, 2015) nearest to each sampling station in the South-west and Equatorial Atlantic. The nearest (N)
sediment location (Location 23a, Location 15a, Location 7a, and Location 2a) and nearest five (N5) sediment locations were determined by distance matching using the Law of
Cosines.

Distance (km) TEX86 TEXH
86 T (�C) OISSTavg (�C)a [2/3] Ratio

Station 23 27.8
N (23a) 941 0.65 25.6 27.6 5.73
N5 961 ± 19 0.66 ± 0.05 26.0 ± 2.2 27.7 ± 0.1 5.32 ± 2.17

Station 15 27.2
N (15a) 352 0.57 22.1 26.9 12.37
N5 501 ± 123 0.59 ± 0.01 22.8 ± 0.5 27.1 ± 0.4 10.28 ± 1.25

Station 7 19.5
N (7a) 472 0.67 26.5 25.9 5.20
N5 677 ± 141 0.66 ± 0.01 26.1 ± 0.3 25.4 ± 0.4 6.85 ± 1.13

Station 2 17.6
N (2a) 550 0.54 20.1 19.5 7.38
N5 641 ± 62 0.54 ± 0.01 20.4 ± 0.7 19.5 ± 0.3 6.4 ± 0.98

a Optimum interpolation sea SST for each sediment location and sampling site averaged between 1981 and 2011.

92 S.J. Hurley et al. / Organic Geochemistry 116 (2018) 90–102
scheduled multiple reaction monitoring (sMRM) of diagnostic MS/
MS transitions. Ion source, MRM transitions and other MS param-
eters were optimized by direct infusion or flow injection analysis
of total lipid extracts of N. maritimus. Lipid quantification was
achieved by injecting an internal standard (C46-GTGT; Huguet
et al., 2006a). Lipid abundances were corrected for response factors
of commercially available, as well as purified, standards as
described by Elling et al. (2014).

The TEX86 ratio (Eq. 1), TEX86 derived-temperature (Eq. 2), and
GDGT-2:GDGT-3 ratio ([2/3], Eq. 3) were calculated according to
Schouten et al. (2002), Kim et al. (2010) and Taylor et al. (2013),
respectively.
TEX86 ¼ ½GDGT-2� þ ½GDGT-3� þ ½Cren’�
½GDGT-1� þ ½GDGT-2� þ ½GDGT-3� þ ½Cren’� ð1Þ
SST ¼ 68:4� logðTEX86Þ þ 38:6 ð2Þ
½2=3� ¼ GDGT-2
GDGT-3

ð3Þ

Total GDGT concentration in each size class was calculated as
the sum of GDGTs with hexose- (1G-GDGTs), dihexose- (2G-
GDGTs), and hexose-phosphohexose (HPH-GDGTs) head groups,
and core GDGTs (C-GDGTs) at each sampling depth. The [2/3] ratio
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and TEX86 temperature of total GDGTs in each size class were cal-
culated using a mass-weighted average of C-, 1G-, 2G-, and HPH-
GDGTs at each sampling depth.
2.3. Sedimentary GDGTs and long term SST data

The sediment locations nearest to each sampling site were gath-
ered from the TEX86 surface sediment database (Tierney and
Tingley, 2015) by distance matching using the Law of Cosines
(Fig. 1). The nearest sediment sites (N) were located 941 km from
Station 23 at 4.5�N 48.6�W (Location 23a), 352 km from Station
15 at 4.0�S 25.6�W (Location 15a), 472 km from Station 7 at
20.6�S 37.1�W (Location 7a) and 550 km from Station 2 at 33.5�S
42.5�W (Location 2a) (Table 1; Fig. 1). The five sediment locations
nearest to each sampling site were then determined to assess the
variability in TEX86 and the [2/3] ratio on > 100 km distance scales.
The nearest five sediment sites (N5) were 961 ± 19 km from Sta-
tion 23, 501 ± 123 km from Station 15, 677 ± 141 km from Station
7 and 641 ± 62 km from Station 2 on average. The standard devia-
tion in sedimentary TEX86 derived-temperature from the nearest
five sediment locations was < 3 �C for each sampling station, while
the standard deviation in [2/3] ratio was < 3 (Table 1).

Co-located SST values from sampling and sediment sites were
found in the 0.25��0.25� NOAA daily Optimum Interpolation Sea
Surface Temperature (OISST) based on advanced very-high resolu-
tion radiometer (AVHRR) measurements (Reynolds et al., 2007).
Values for 1981–2011 were averaged (henceforth OISSTavg) in
order to best represent the integrated time period reflected in sed-
iments, and to compare to measured conditions in the water col-
umn during the discrete timepoints sampled (Table 1).
3. Results

3.1. Oceanographic setting

The DeepDOM cruise track (Fig. 1) traversed the equatorial and
subtropical gyre surface regimes and deep water masses of North
Atlantic Deep Water (NADW) and Antarctic Intermediate Water
(AAIW). AAIW is centered at a depth of ca. 800 m and is character-
ized by relatively low salinity and high O2. AAIW mixes gradually
with NADW below and mode water above as it flows northward;
its effects were detected strongly at Station 2 and weakly at Station
7. Surface temperature is generally lower at the higher latitudes
(20 �C at Station 2) and increases towards the equator (27 �C at Sta-
tion 7 and 28-29 �C at Stations 15 and 23). The mixed layer shoals
near the equator, coincident with higher equatorial productivity
and the development of a zone of lower O2 centered at ca. 400 m
depth (between 10�S and 10�N; Supplementary Fig. 2). We ana-
lyzed four sampling stations: Station 23 at the edge of the Amazon
River plume, Station 15 in the equatorial region, Station 7 in the
South Atlantic gyre and Station 2 in the southern subtropical tran-
sition zone. At each station, the NO2

� maximum occurred 5–30 m
below the deep chlorophyll maximum (Fig. 2 a; Table 2). Maximum
nitrification rates were coincident with the NO2

� maximum at Sta-
tion 15 and Station 7 (Hurley et al., 2016; rate data were not avail-
able for the other two stations; Supplementary Fig. 2). At Station
15 the presence of equatorial upwelling was indicated by high
chlorophyll and epipelagic PO4

3� concentrations, as well as a more
prominent zone of lower O2 relative to other sampling stations
(Supplementary Fig. 2). Conversely, in the South Atlantic gyre at
Station 7, chlorophyll concentration and epipelagic PO4

3� concen-
tration were ca. 4- and 10-fold lower, respectively (Supplementary
Fig. 2). Station 23 and Station 2 fell within these productive and
oligotrophic end members (Supplementary Fig. 2).
3.2. Depth distribution of GDGT abundance and structures

The depth distribution of GDGTs was generally consistent
between size classes and across major GDGT groups: concentration
was low in the euphotic zone (< 80 m), reached maximum values
near the NO2

� maximum (75–131 m), decreased between 250 and
350 m, and returned to intermediate values by ca. 500 m
(Fig. 2b). Above the NO2

� maximum, total GDGT concentration ran-
ged from below detection limit to 0.45 ng/l in the small size class
(0.3–0.7 mm) and up to 0.49 ng/l in the large size class (0.7–53
mm; Table 3). In and below the NO2

� maximum, total GDGT concen-
tration ranged from 0.06–2.84 ng/l in the small size class and 0.52–
10.3 ng/l in the large size class. At a given depth, 8–67% (avg. 26%)
of all GDGTs (summed across both size fractions) were in the small
size class, while 33–92% (avg. 76%) were in the large size class. This
size class distribution is consistent with work in Hood Canal, Puget
Sound, where 36% of total GDGTs were in the 0.2–0.7 mm size class,
while 62% were in the 0.7–60 mm size class (Ingalls et al., 2012).
The highest maximum GDGT concentration in the large size class
(10.3 ng/l) occurred at Station 15, characterized by equatorial
upwelling (Table 2), while the lowest was at Station 7 in the South
Atlantic Gyre (3.04 ng/l; Table 2).

The most abundant GDGTs in the small and large size classes
were IPL-GDGTs with hexose- (1G-GDGTs), dihexose- (2G-
GDGTs) and hexose-phosphohexose (HPH-GDGTs) head groups,
as well as core GDGTs without polar head groups (Supplementary
Fig. 1). The relative proportion of IPL vs. core GDGTs varied with
depth and between particle size classes. Water depths above the
NO2

� maximum were characterized by a dominance of core GDGTs
and low total GDGT concentration (Fig. 2b–d). Core GDGTs made
up 40–98% of total GDGTs above the NO2

� maximum but only 3–
64% at and below the NO2

� maximum (Table 3). Conversely, IPL-
GDGTs made up 2–60% of total GDGTs above the NO2

� maximum
and 36–97% at and below it. In surface waters the small and large
size classes contained a similar proportion of IPL-GDGTs; however,
at and below the NO2

� maximum the small size class contained 69–
97% IPL-GDGTs while the large class contained only 36–87%. For all
stations, when integrated through the water column (0–1000 m),
> 98% of total GDGTs were found in waters at and below the NO2

�

maximum.

3.3. TEX86 temperature and GDGT [2/3] ratio

TEX86 temperature values calculated separately for each GDGT
head group (HPH-, 1G-, 2G-GDGTs) and core GDGTs, according to
Eq. 2 (Kim et al., 2010), displayed a temperature ordering in which
the TEX86 temperature of HPH- and 1G-GDGTs was consistently
‘‘colder” and more variable than that of core GDGTs (Fig. 2e). In
contrast, TEX86 temperature of 2G-GDGTs was ‘‘warmer” than that
of core GDGTs and showed less variability through the water
column.

Despite these head group differences, nearly all water column
TEX86 temperature profiles displayed a common pattern with
depth in the upper water column (Fig. 2e). At depths above the
NO2

� maximum, in situ TEX86 temperature generally decreased as
in situ temperature decreased. TEX86 temperature reached a local
minimum, or inflection point, at the NO2

� maximum (ca. 75–130m)
at all stations. Below the NO2

� maximum at Stations 2, 7 and 15,
in situ TEX86 values increased between 250 and 350 m (even as
in situ temperature continued to fall), before decreasing again
below 500 m. This pattern of inflection at ca. 100 m was most evi-
dent in the HPH- and 1G-GDGT profiles, but also could be seen to a
lesser degree in the 2G- and core GDGT TEX86 profiles (Fig. 2e).
Thus, the inflection point appeared to be a result of changes in
the TEX86 ratio within each head group class rather than changes
in the proportion of the different IPL classes; no systematic varia-
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tion in the relative distribution of head groups was observed
through the inflection (Fig. 2c and d).

We summed the GDGTs in the small and large size classes to
determine the combined total GDGT concentration, [2/3] ratio,
and TEX86 at each sampling depth (Fig. 3). The [2/3] ratio from total
GDGTs generally increased with depth (Fig. 3e–h, open squares).
TEX86 values from total GDGTs resembled patterns observed in
individual head group classes, with upper water column minima



Table 2
Summary of water column properties and GDGT profile features at each sampling station.

Deep chlorophyll
maximum

SST NO2
� maximum Total GDGT Maximum TEX86

minimum
Export depth
estimatec

Exported
TEX86

c

Station (mg/m3) Depth (m) (�C) (mmol/l) Depth (m) Smalla (ng/l) Depth (m) Largeb (ng/l) Depth (m) Depth (m) (m) (�C)

23 0.32 70 28 0.24 100 1.73 150 7.59 100 150 ca. 100–250 29
15 1.10 60–70 29 0.31 75 2.17 107 10.28 158 107 ca.80–170 23
7 0.27 125 27 0.19 131 0.45 145 3.04 155 145 ca. 135–180 26
2 0.35 50–75 20 0.06 81 2.84 156 6.83 156 75 ca. 90–170 25

a 0.3–0.7 mm size fraction; b 0.7–53 mm size fraction; c from GDGT Export Model 2.

Table 3
Absolute and relative abundances of core GDGTs and intact GDGTs in size-fractionated SPM from each sampling station. Intact GDGTs refers to the sum of 1G-, 2G-, and HPH-
GDGTs (b.d., below detection limit, < 0.01 ng/l).

Station 23 Station 15 Station 7 Station 2 All Stations

Smalla Largeb Smalla Largeb Smalla Largeb Smalla Largeb Smalla Largeb

Absolute Abundance
Total GDGTs, all depths (ng/l) 0.01–1.73 0.03–4.85 b.d.–2.17 0.01–10.3 b.d.–0.45 b.d.–3.04 0.10–2.84 0.22–68.3 b.d.–2.84 b.d.–10.3
Total GDGTs, surface (ng/l)c 0.01–0.13 0.03–0.13 b.d.–0.04 0.01–0.04 b.d.–0.03 b.d.–0.15 0.10–0.45 0.22–0.49 b.d.–0.45 b.d.–0.49
Total GDGTs, sub-surface (ng/l)d 0.26–1.73 1.91–4.85 0.33–2.17 0.94–10.3 0.06–0.45 0.52–3.04 0.12–2.84 0.71–6.83 0.06–2.84 0.52–10.3

Relative abundance
Core GDGTs, all depths (%) 2.67–90.6 22.5–97.0 2.66–76.3 19.9–89.2 4.13–97.9 12.8–91.4 5.09–61.7 17.3–64.3 2.66–97.9 12.8–97.0
Intact GDGTs, all depths (%) 9.43–97.3 3.01–77.5 23.7–97.3 10.8–80.1 2.08–95.9 8.57–87.2 38.3–94.9 35.7–82.7 2.08–97.3 3.01–87.2
Core GDGTs, surface (%)c 85.6–90.6 88.1–97.0 42.6–76.3 44.9–89.2 64.0–97.9 70.3–91.4 61.7 40.4 42.6–97.9 40.4–97.0
Intact GDGTs, surface (%)c 9.43–14.4 3.01–11.9 23.7–57.4 10.8–55.1 2.08–36.0 8.57–29.7 38.3 59.6 2.08–57.4 3.01–59.6
Core GDGTs, sub-surface (%)d 2.67–31.5 22.5–40.0 2.66–26.5 19.9–39.0 4.13–17.4 12.8–45.6 5.09–23.7 17.3–64.3 2.66–31.5 12.8–64.3
Intact GDGTs, sub-surface (%)d 68.5–97.3 60.1–77.5 73.5–97.3 61.0–80.1 82.6–95.9 54.4–87.2 76.3–94.9 35.7–82.7 68.5–97.3 35.7–87.2
Total GDGTs by size class (%) 9.64–50.2 49.8–90.4 13.2–63.0 37.0–86.8 8.78–46.3 53.7–91.2 7.88–67.1 32.9–92.1 7.88–67.1 32.9–92.1

a 0.3–0.7 mm size fraction; b 0.7–53 mm size fraction; c depth above the NO2
� maximum.; d depth at or below the NO2

� maximum.
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in TEX86 associated with the NO2
� maximum (Fig. 3i–l, open

squares). TEX86 temperature from total GDGTs most closely
approximated the TEX86 temperature from core and 1G-GDGTs,
as these two compound classes accounted for a large portion of
the total GDGT inventory (Fig. 2c and d). At the NO2

�-associated
inflection point, TEX86 temperature generally agreed with in situ
temperature. Below this depth, in situ temperature decreased,
while TEX86 temperature was variable but always greater than
in situ temperature.

Site-specific details of water column properties and GDGT dis-
tributions are provided in the Supplementary material.
4. Discussion

4.1. Patterns in water column GDGT distributions

4.1.1. Correspondence between depth of GDGT production and
physiology of Thaumarchaeota

Most archaeal GDGTs reaching marine sediments are believed
to be produced by planktonic, ammonia-oxidizing Thaumar-
chaeota (Schouten et al., 2013). Remineralization of particulate
matter sinking out of the euphotic zone (Martin et al., 1987) sup-
plies the NH4

+ for this reaction. The supply of NH4
+ decreases expo-

nentially over the upper 1000 m of the water column, which is
reflected in the depth distribution of nitrification rate (e.g. Ward,
1987; Ward and Zafiriou, 1988; Beman et al., 2012; Smith et al.,
2016). The zonation of remineralization intensity is consistent
throughout the global ocean: maximum rates of ammonia oxida-
tion and nitrification occur near the base of the euphotic zone
and are frequently marked by a local maximum in NO2

� concentra-
tion (Beman et al., 2012; Newell et al., 2013; Santoro et al., 2013;
Hurley et al., 2016; Smith et al., 2016).
At all four of our sampling stations, maximum GDGT concentra-
tion occured either coincident with or just below the NO2

� maxi-
mum, between ca. 100 and 200 m (Fig. 2, Table 2). The pattern is
similar to the observed vertical distribution of copies of archaeal
ammonia monooxygenase (amoA) and 16S rRNA genes (Santoro
et al., 2010; Beman et al., 2012; Smith et al., 2016). Small vertical
offsets between maximum NO2

� concentration, ammonia oxidation
rate, and thaumarchaeal gene copies suggest that additional fac-
tors beyond ammonia supply may also regulate the distribution
and metabolism of ammonia-oxidizing Thaumarchaeota; however,
in general, GDGT abundance and nitrogen remineralization pro-
cesses appear to be depth correlated.

The low abundance of GDGTs – and particularly of IPL-GDGTs –
in surface waters may additionally reflect photic inhibition of
Thaumarchaeota (Merbt et al., 2012) or competition with phyto-
plankton for ammonia. In contrast, throughout the remainder of
the sub-photic water column (from the NO2

� maximum through
1000 m), the proportion of IPL-GDGTs remained high, suggesting
that GDGTs may be actively produced throughout the entire upper
mesopelagic. This is consistent with low but non-zero mesopelagic
nitrification rate (e.g. Santoro et al., 2010).
4.1.2. Depth-dependent variation in TEX86

Although the in situ temperature of the water column decreases
with depth, in situ TEX86 temperature values did not consistently
decrease: TEX86 values decreased between surface waters and
the NO2

� maximum, but then increased between the NO2
� maxi-

mum and ca. 250–300 m (Fig. 3i–l). TEX86 values from SPM devi-
ated from in situ temperature by > 10 �C in the deeper water
column. The bidirectional pattern, or NO2

�-associated inflection
point in TEX86, is consistent with our recent findings based on con-
tinuous culture experiments with the model thaumarchaeon
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Fig. 3. Total GDGT concentrations and ratios from SPM at the four sampling stations. A–D: Total GDGT concentration in the combined size fraction. Error bars represent the
concentration range of duplicate filters from the same sampling depth (only available at selected depths). Column E–H, [2/3] ratio of total GDGTs in combined size fraction
(open squares). I–L, TEX86 temperature of total GDGTs in combined size fraction (open squares) and in situ CTD temperatures (blue). Gray horizontal bars represent the depth
of the NO2

� maximum. Filled symbols represent the results of GDGT export Model 1 (orange diamonds) and Model 2 (red squares), as well as nearest sediment values (brown
triangles). Vertical error bars represent the model-estimated export depth range and horizontal error bars correspond to the range of exported [2/3] ratio or TEX86

temperature (see model description in Supplementary Information). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Nitrosopumilus maritimus SCM1 (Hurley et al., 2016). These exper-
iments showed that TEX86 ratios are lower at faster ammonia oxi-
dation rates, resulting in too-cold (‘‘cold-biased”) TEX86

temperature at faster rates and too-warm TEX86 temperature at
slower rates.
A dependence on ammonia oxidation rate may also help explain
why TEX86 ratios sometimes change in the opposite direction of
the thermal gradient, and at some stations reach values in the deep
subsurface that are ‘‘warmer” than the overlying sea surface. In this
case, high (warm) TEX86 values in the deeper mesopelagic water
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column may not reflect sinking, surface-derived SPM, but newly-
synthesized lipids at depths where ammonia oxidation rate is
low. A dominant contribution from deep mesopelagic GDGTs pro-
duced in situ is supported by radiocarbon measurements of GDGTs
(Ingalls et al., 2006), as well as the high proportion of IPL-GDGTs
and variation in head group patterns between different depths
observed here (Fig. 2c and d).

Additional TEX86 variability in the mesopelagic below ca. 300 m
(e.g. general decrease in TEX86 temperature with depth at Station 7
or the TEX86 minimum associated with the AAIW at Station 2) sug-
gests that multiple factors in addition to ammonia oxidation rate,
including temperature, water mass properties, and thaumarchaeal
community composition, may influence TEX86 at different depths
in the water column. The depth window of GDGT export determi-
nes how these various factors affect the TEX86 signal preserved in
marine sediments.

4.1.3. Depth-dependent variation in [2/3]
The ratio of GDGT-2 to GDGT-3 ([2/3] ratio; Taylor et al., 2013)

in SPM generally increases with depth in the water column, poten-
tially providing a unidirectional metric with which to model GDGT
export (Fig. 3e–h, open squares). Increasing [2/3] values with depth
may be globally ubiquitous (Taylor et al., 2013; Hernández-Sánch
ez et al., 2014). The transition from shallow-water to deep-water
thaumarchaeal ecotypes has been invoked to explain differences
in relative GDGT composition through the water column and
may help explain the [2/3] pattern (Villanueva et al., 2015; Kim
½2=3�depth box ¼
½total GDGTs�small � ½2=3�total GDGTsðsmallÞ þ ½total GDGTs�large � ½2=3�total GDGTsðlargeÞ

½total GDGTs�small þ ½total GDGTs�large
ð4Þ

½TEX86�depth box ¼
½total GDGTs�small � ½TEX86�total GDGTsðsmallÞ þ ½total GDGTs�large � ½TEX86�total GDGTsðlargeÞ

½total GDGTs�small þ ½total GDGTs�large
ð5Þ
et al., 2016; Zhu et al., 2016). The average [2/3] value in a global
sediment database compiled by Tierney and Tingley (2015) is
6.9 ± 3.1 across locations with water column depth > 500 m.

We identified the sediment locations in the global database
nearest to the oceanographic stations studied here to compare
water column and sediment GDGT ratios. The sediment locations
are 352–941 km from the sampling stations, at Station 15 and Sta-
tion 23, respectively. The sediments underlie a similar depth of
water column (< 500 m difference) at Station 15 and Station 2.
However, the sediment water column depth at Stations 7 and 23
is ca. 2000–2400 m shallower than the corresponding oceano-
graphic station.

The sediments nearest to the four oceanographic stations have
[2/3] values between 5.2–12.4 (Fig. 3e–h, brown triangles; Table 1).
The values resemble our water column [2/3] values at between ca.
100 and 300 m (Supplementary Table 1) and are potentially incon-
sistent with significant export of GDGTs from deeper in the meso-
pelagic ocean (> 300 m). The similarity between sediment [2/3]
values and the water column [2/3] values in the depth zone of
maximum GDGT concentration, as well as the large depth-
dependent gradient in [2/3] ratio, suggests it may be possible to
use these profiles to better understand GDGT export.

4.2. Modeling GDGT export to sediments

Conceptual explanations for the correlation between sedimen-
tary TEX86 ratios and SST have proposed that GDGTs are primarily
exported from the surface ocean in association with large sinking
aggregates or fecal pellets (Schouten et al., 2002; Wuchter et al.,
2006). With improved knowledge of the water column ecology of
Thaumarchaeota, and the observed similarity between sedimen-
tary [2/3] values and SPM [2/3] values near the depth of maximum
GDGT concentration, we find it natural to explore whether GDGT
export instead originates from the areas of the water column
where organic matter remineralization and ammonia oxidation
rates are highest. We consider two scenarios: one in which GDGTs
throughout the upper 1000 m of the water column contribute to
export in proportion to their in situ concentration (‘‘GDGT Export
Model 1”), and one in which the likelihood of export is weighted
toward the upper water column according to conventional under-
standing of particle aggregation dynamics (‘‘GDGT Export Model
2”). We evaluate these models by comparing the results from our
four Western South Atlantic sites to published sedimentary data
from nearby locations.

4.2.1. GDGT Export Model 1: Integrated 0–1000 m inventory
In this scenario, we assume that GDGT export to sediments

reflects a mass-weighted integral of the upper 1000 m of the water
column, effectively assuming that GDGTs at all depths have equal
likelihood of being exported. The model uses depth boxes defined
by the mid-points between sampling depths and the concentration
of total GDGTs in each box, incorporating both the small and large
size class. We calculate the [2/3] ratio and the TEX86 ratio from
GDGTs in each box according to Eqs. 4 and 5, respectively.
We then integrate through all depth boxes and determine the
[2/3] and TEX86 values for GDGTs exported out of the water column
(exiting the 1000 m bottom boundary; Supplementary Table 2). To
find the average GDGT export depth, we then compare the model-
predicted [2/3] value for the exported material to the original
water column SPM [2/3] profile (Supplementary Table 1). At Sta-
tion 23, Model 1 predicts that the [2/3] ratio exported through
1000 m is 23.2, comparable with an average export depth of ca.
250 m (Fig. 3e, orange diamond). Similarly, Model 1 predicts aver-
age export depth of ca. 160–240 m at Station 15, ca. 350–500 m at
Station 7, and ca. 250–350 m at Station 2 (Fig. 3f–h, respectively,
orange diamonds).

The [2/3] values predicted from Model 1 (13.8–27.1) are sys-
tematically higher than the global average sedimentary [2/3] value
(ca. 6.9 for water columns > 500 m), suggesting that Model 1 may
overestimate the mesopelagic contribution of GDGTs. However, it
is not trivial to assess if (or to what extent) these differences are
significant. SPM represents timescales of weeks or months, while
sediment core tops represent 101 to 103 yr. Lateral transport could
also affect sedimentary GDGT distributions, although previous
work indicates that GDGTs are more labile than alkenones and
are likely to be produced relatively locally (Mollenhauer et al.,
2008; Shah et al., 2008). Moreover, GDGT export could be seasonal
(e.g. Wuchter et al., 2006), and seasonal variability would not have
been captured in our SPM sampling from a single cruise.

Comparison with local sedimentary [2/3] values also suggests
that Model 1 overestimates GDGT export depth. The [2/3] values
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predicted from Model 1 are higher than the values at the nearest
sediment locations (Fig. 3e–h, brown triangles) by more than a fac-
tor of 2. The sediment database values would yield inferred export
depths ca. 50–275 m shallower than the predictions from Model 1
(Supplementary Table 2), suggesting that Model 1 does not accu-
rately capture the processes leading to GDGT export.

4.2.2. GDGT Export Model 2: Weighted export
In Model 2, we use the same depth-integration structure as

Model 1 but refine the model using agreement with [2/3] values
in regional sediments. The shallow boundary of estimated export
depth is defined as the box containing the NO2

� maximum, since
< 2% of the total GDGT inventory occurs in the boxes above this
depth (Supplementary Table 2). Starting at this shallow boundary,
we successively incorporate each depth box down the water col-
umn until the exported [2/3] value from the model agrees with
the sediment [2/3] value (Table 1); the approach predicts an aver-
age export depth of GDGTs reaching sediments. The results from
Model 2 predict an average export depth of ca. 80–250 m across
all stations (Fig. 3e–h, red squares), incorporating only ca. 10–
22% of the total water column GDGT inventory (Supplementary
Table 2). The depth of GDGT export predicted in Model 2 is ca.
80 m shallower than in Model 1 and is coincident with the maxi-
mum in situ GDGT concentration and TEX86 minimum at each sta-
tion (Fig. 3).

The results from Model 2 suggest that export from a layer cen-
tered between ca. 80 and 250 m, i.e. the base of the photic zone, is
compatible with GDGT ratios from nearby sediments. While
GDGTs from this horizon encompass < 25% of the standing stock
of GDGTs, the layer may reflect the depth range at which the pro-
duction of GDGTs best coincides with active aggregation and fecal
packaging. In this way, Model 2 appears to reconcile two facts
seemingly at odds when the mechanisms by which GDGTs are
transported to sediments are considered: Mechanisms that
increase the likelihood of incorporation of prokaryotic biomass
into sinking flux (e.g. higher particle density, protistan grazing rate
and mesoplankton packaging rate) are favored in the surface
ocean, yet maximum GDGT concentration occurs deeper where
aggregation and packaging are predicted to be less frequent (e.g.
McCave, 1984; Jackson and Burd, 1998; Fukuda and Koike, 2004).
The results from Model 2 may reflect the intersection of these
two processes.

Incorporation of prokaryotic biomass into sinking flux has been
addressed extensively, but almost exclusively in the context of sur-
face ocean picoplankton (e.g. Richardson and Jackson, 2007; Close
et al., 2013). However, analogies for the potential export of
archaeal biomass originating from subsurface waters can be found
in low O2 water columns such as the Cariaco Basin and the Arabian
Sea. In these water columns, the rate of chemoautotrophy is very
high in upper mesopelagic waters, and the prokaryotic biomass
from these depths can be detected in sediment traps (Taylor
et al., 2001; Keil et al., 2016). Notably, Wakeham et al. (2003)
implicated grazers in the transport of archaeal lipids originating
from depths � 400 m in the Black Sea to underlying sediments;
the lipids of methane-oxidizing archaea residing at depths� 700m
were not represented in sinking flux (sediment traps) or sedi-
ments, presumably due to the absence of packaging by grazers in
methane-rich deep water. Similarly, zooplankton have been impli-
cated elsewhere as consumers of archaeal or chemoautotrophic
biomass (e.g. Ingalls et al., 2012; Williams et al., 2014). We
suggest that archaeal production occurring in our samples around
80–250 m water depth may be analogously incorporated into sink-
ing flux regardless of the small size of archaeal cells, or may be
entrained by deep grazing activity.

Although we did not characterize the GDGT content of particles
> 53 mm in diameter, GDGT lipid concentration in this larger size
class generally is vanishingly low (Ingalls et al., 2012). It is possible
that a high flux of GDGTs could occur from the surface ocean via
large sinking particles, although physiological expectations are
that thaumarchaeal physiology is not favored in the upper photic
zone (e.g. Merbt et al., 2012).

4.3. Effect of modeled GDGT export depth on TEX86

While comparing the results of the GDGT export models with
the nearest sediment core-top data introduces spatial and tempo-
ral uncertainty, comparison of the two export models provides
insight into the export depth sensitivity of TEX86. The [2/3] ratio
is highly sensitive to changes in export depth: The exported [2/3]
values in Model 1 are on average a factor of 3 higher than the
[2/3] values in Model 2, where Model 2 is optimized to agree with
sedimentary [2/3] values. In contrast, the exported TEX86 signal is
nearly the same for both models at Stations 15 and 7 (Fig. 3j and k),
and has only a ca. 4 �C difference for Stations 2 and 23 (Fig. 3i and
l). The similar TEX86 results from both models occur despite very
different in situ thermal gradients associated with each scenario.
Model 1 integrates depths spanning a gradient of 17 �C on average
(between 0 and 1000 m), while Model 2 integrates depths span-
ning a gradient of 5 �C on average (between the NO2

� maximum
and the optimized base of the export layer). The exported TEX86

signal is almost entirely insensitive to these contrasting thermal
gradients between the two models, even as the [2/3] ratio changes
strongly. Moreover, the ca. 2000–2400 m difference in water col-
umn depth between the sediment locations and Stations 7 and
23 does not appear to bias the model results: the predicted export
depths from Model 2 correspond to the depth of maximum GDGT
concentration across all stations.

Sub-surface export has been invoked to explain bias in TEX86

paleotemperature records (e.g. Ho and Laepple, 2016). Yet, the
two different depth ranges for modeled export of GDGTs here
result in similar values of exported TEX86. We compared the results
of the export models with SST measured during sampling (Fig. 3i–l,
blue line) and the 20 yr average SST (OISSTavg) at each sampling
station (Table 1) to explore the effect of export depth on exported
TEX86-SST agreement. At Stations 7 and 23 the exported TEX86 sig-
nals in the models generally agree (within 1 �C) with measured SST
(Fig. 3i,k; Table 1). At Stations 2 and 15, the offset from SST is
greater; this may be a consequence of high ammonia oxidation rate
at Station 15 (‘‘cold bias”) and low ammonia oxidation rate at Sta-
tion 2 (‘‘warm bias”) (Fig. 3j and l). The largest difference between
the export model predictions and local SST occurs at Station 15, the
location characterized by upwelling, high productivity and intense
remineralization. Here, both models predict an exported TEX86 sig-
nal of ca. 23 �C, 6 �C colder than measured SST (Fig. 3j) and 4 �C
colder than OISSTavg at that site (Table 1). Since GDGTs are
exported from the sub-surface at every station, the ‘‘cold bias” at
Station 15 represents an additional negative anomaly in TEX86,
possibly due to high ammonia oxidation rate. In contrast at Station
2 – where the NO2

� maximum is least pronounced – the exported
TEX86 signal in both models overestimates measured SST and
OISSTavg by ca. 1–7 �C (Fig. 3l; Table 1). The model results suggest
that even after determining and accounting for the export depth
window, both high productivity and intense remineralization
(e.g. Station 15) exert a detectable influence on TEX86 which pre-
sents as a ‘‘cold bias”.

4.4. Comparison with other marine water columns

Our modeling results are consistent with the idea that change in
water column TEX86 temperature can be explained by the depth-
dependent pattern of ammonia oxidation rate, resulting in low
TEX86 temperature at the NO2

�-maximum and a return to higher
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apparent TEX86 temperature in deeper waters. Whether this is
solely due to changes in archaeal growth rate (Elling et al., 2014;
Hurley et al., 2016), or to a succession of specific archaeal taxa opti-
mized to different growth conditions (Sintes et al., 2013; Kim et al.,
2016; Smith et al., 2016), remains to be determined. Regardless,
the sub-surface in situ TEX86 inflection point, i.e. a TEX86 minimum
followed by deeper TEX86 increase, is a feature common to almost
all SPM water column profiles measured (e.g. Basse et al., 2014;
Kim et al., 2016; Turich et al., 2007; Xie et al., 2014; Fig. 4). The
occasional absence of this pattern in data sets may be due to lack
of sampling in the zone of maximum nitrification (e.g. Schouten
et al., 2012) or to other unknown processes (Station 23).

In the Eastern Tropical North Pacific Ocean (ETNP), Xie et al.
(2014) observed that water column TEX86 temperature for both
core and IPL-GDGTs decreased between surface waters and the
NO2

� maximum, and then increased again with depth into the O2

minimum zone (Fig. 4a). The magnitude of this TEX86-calculated
temperature increase is ca. 25 �C for IPL-GDGTs and ca. 13 �C for
core GDGTs. Over this same depth range, in situ water column tem-
perature decreased by > 15 �C.

Similarly, in a 4 yr time series off Cape Blanc, NW Africa, Basse
et al. (2014) observed TEX86 profiles of core GDGTs showing nega-
tive inflection points in the upper water column (Fig. 4, B). TEX86
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temperature decreased with in situ temperature between the sur-
face and depths of ca. 50 m and then increased by up to 10 �C to ca.
200 m, although in situ temperature continued to decrease. In this
study, the TEX86 profile and the magnitude of the inflection vary
between sampling years (2009, 2011 and 2012) despite < 2 �C of
in situ temperature change over the same time period. This implies
that change in thermal regime cannot be responsible for the
change in the TEX86 temperature profiles (Fig. 4b).

Finally, along transects off the Portuguese continental margin,
Kim et al. (2016) observed TEX86 inflection points coincident with
the depth of the NO2

� maximum (Fig. 4c and d). The pattern is
apparent in both core and intact polar GDGTs and in both the off-
shore and more coastal settings (Fig. 4c and d). At the offshore sta-
tions, GDGT concentrations are highest at or near the TEX86

minimum.
Our model results imply that most sedimentary GDGTs origi-

nate from an export layer centered around ca. 80–250 m, the same
water column region where TEX86 temperature and in situ temper-
ature diverge. The magnitude of the divergence sometimes
exceeded 10 �C in the cruise stations reported here, and can be
as much as 25 �C across analogous export zones in other regions
(e.g. Xie et al., 2014). Therefore, the non-temperature-associated
component of TEX86 can be much larger than the TEX86 calibration
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core (black squares) and intact polar (red diamonds) GDGTs from published studies.
c (Xie et al., 2014). B, Cape Blanc, North Atlantic sampled in 2009, 2011, and 2012
respectively; Kim et al., 2016. (For interpretation of the references to colour in this
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error. Sedimentary TEX86 values underlying high productivity, high
flux regions appear to be influenced disproportionately by such a
non-temperature-associated component. At Station 15, sediment
[2/3] and TEX86 values agree well with our model of GDGT export
from the zone of maximum GDGT concentration. Yet, both
exported and sedimentary TEX86 ratios under-predict local SST –
potentially due to high archaeal ammonia oxidation rate and
growth rate. A similar pattern is observed in TEX86 temperature
for sediments from other nutrient-rich, near shore and upwelling
environments (Huguet et al., 2007; Lee et al., 2008; Leider et al.,
2010; Rommerskirchen et al., 2011; Wei et al., 2011), supporting
a causal link between low TEX86 values and increased export pro-
ductivity and remineralization intensity. Congruently, TEX86 tem-
perature in sinking particle studies often shows an inverse
relationship with the flux of GDGTs, i.e. high-flux environments
show ‘‘cold” temperatures (Wuchter et al., 2006; Huguet et al.,
2007; Woltering et al., 2012; Yamamoto et al., 2012; Turich
et al., 2013; Mollenhauer et al., 2015).
5. Conclusions

At four stations in the Equatorial and Western South Atlantic,
the depth distribution of GDGT lipids is consistent with
ammonia-oxidizing Thaumarchaeota as the primary source. Maxi-
mum GDGT concentration occurs coincident with, or at the base of,
the NO2

� maximum, and > 98% of the integrated GDGT inventory is
located below this water column feature. Modeling results suggest
that GDGT export from a layer nominally associated with the
NO2

� maximum and just below (80–250 m) is consistent with
TEX86 and [2/3] values in regional sediments. In this depth zone,
TEX86 patterns exhibit a complicated relationship with in situ tem-
perature, both correlating and diverging; yet, our models suggest
TEX86 is uniquely insensitive to the apparent export depth win-
dow. Whether integrated down to 1000 m or over a narrower
depth window around the NO2

� maximum, models for exported
TEX86 still result in proxy values that more closely resemble the
surface ocean, rather than in situ temperature. Many water column
locations appear to be influenced by the dynamics of organic
matter export and remineralization. It is therefore likely that the
TEX86 values from GDGTs reaching sediments represent a complex
interplay between oceanographic variables including – at a mini-
mum – the ocean’s thermal properties, nutrient budgets, and
archaeal communities. Further research on covariance between
TEX86, SST and other oceanographic properties (e.g. global controls
on remineralization rate and ammonia oxidation rate) is necessary
for better understanding the application of the proxy.
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