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a b s t r a c t
The use of the TEX86 temperature proxy has thus far come to differing results as to whether
TEX86 temperatures are representative of surface or subsurface conditions. In addition, although
TEX86 temperatures might reﬂect sea surface temperatures based on core-top (Holocene) values, this
relationship might not hold further back in time. Here, we investigate the TEX86 temperature proxy by
comparing TEX86 temperatures to Mg/Ca temperatures of multiple species of planktonic foraminifera
for two sites in the eastern tropical Paciﬁc (on the Cocos and Carnegie Ridges) across the Holocene
and Last Glacial Maximum. Core-top and Holocene TEXH
86 temperatures at both study regions agree
well, within error, with the Mg/Ca temperatures of Globigerinoides ruber, a surface dwelling planktonic
foraminifera. However, during the Last Glacial Maximum, TEXH
86 temperatures are more representative of
upper thermocline temperatures, and are offset from G. ruber Mg/Ca temperatures by 5.8 ◦ C and 2.9 ◦ C
on the Cocos Ridge and Carnegie Ridge, respectively. This offset between proxies cannot be reconciled
by using different TEX86 temperature calibrations, and instead, we suggest that the offset is due to
a deeper export depth of GDGTs at the LGM. We also compare the degree of glacial cooling at both
sites based on both temperature proxies, and ﬁnd that TEXH
86 temperatures greatly overestimate glacial
cooling, especially on the Cocos Ridge. This study has important implications for applying the TEX86
paleothermometer in the eastern tropical Paciﬁc.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Paleothermometers have been developed to enable reconstructions of past sea surface temperature (SST). Foraminifera-based
SSTs have been reconstructed from transfer functions (Imbrie
and Kipp, 1971), and oxygen isotopes (Erez and Luz, 1983) and
Mg/Ca ratios (Nürnberg et al., 1996) of surface dwelling planktonic foraminifera. However, foraminifera-based SST reconstruc-
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tions can be limited by availability of material, and secondary
inﬂuences such as dissolution (Dekens et al., 2002). Additionally,
Mg/Ca reconstructions are temporally limited by the use of modern foraminifera species for which Mg/Ca-SST calibrations exist.
Biomarker-based SST proxies, such as the TEX86 (Schouten et al.,

2002) and alkenone Uk37 (Brassell et al., 1986) indices, can be advantageous due to the ubiquitous appearance of the associated
biomarkers in marine sediments temporally and spatially, especially during times and in regions where calcareous fossils do not

exist. Unfortunately, the alkenone Uk37 index saturates around 28 ◦ C
(Prahl and Wakeham, 1987), thus the TEX86 index holds promise
for reconstructing a wider range of temperatures (Schouten et al.,
2007a).
The TEX86 temperature proxy (TetraEther indeX of 86 carbons)
is based on the degree of cyclization of isoprenoidal archaeal membrane lipids, known as glycerol dialkyl glycerol tetraethers (GDGTs),
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Fig. 1. Locations of previous studies ﬁnding that TEX86 temperatures were representative of surface conditions (black squares) or subsurface conditions (black circles). Numbers
correspond to references as follows: (1) Huget et al., 2007; (2) Seki et al., 2012; (3) Lopes dos Santos et al., 2010; (4) Lee et al., 2008; (5) Wuchter et al., 2006; (6) Chen et
al., 2014; (7) Turich et al., 2013; (8) Rueda et al., 2009; (9) Wei et al., 2011; (10) Zhu et al., 2011; (11) Ho et al., 2011; (12) Wuchter et al., 2006; (13) Richey et al., 2011;
(14) Seki et al., 2014. Note that this is not an exhaustive list of all available TEX86 studies, but rather a sampling of studies to exemplify the distributions of surface and
subsurface ﬁndings. Studies are plotted on a surface map of average annual sea surface temperatures from the World Ocean Atlas 2013 (Locarnini et al., 2013). Inset: Location
of the Cocos Ridge and Carnegie Ridge study areas. 07MC (6◦ 14.037 N, 86◦ 2.613 W; 1995 m depth) and 08JC (6◦ 14.038 N, 86◦ 2.613 W; 1993 m depth) were recovered from
the Cocos Ridge location shown with black star and 09MC (0◦ 41.630 S, 85◦ 19.995 W; 2452 m depth) and 17JC (0◦ 10.832 S, 85◦ 52.004 W; 2867 m depth) were recovered
from the Carnegie Ridge location shown with red star. Note that the temperature scales on the main ﬁgure and inset are not the same. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

produced by marine Thaumarchaeota (formerly Group 1 Crenarchaeota) (Schouten et al., 2002). The TEX86 index was ﬁrst deﬁned
by Schouten et al. (2002) as:

TEX86 =

[GDGT-2] + [GDGT-3] + [Cren ]
[GDGT-1] + [GDGT-2] + [GDGT-3] + [Cren ]

(1)

where GDGTs 1–3 indicate lipids containing 1–3 cyclopentyl moieties, respectively, and Cren’ designates the regioisomer of crenarchaeol, a biomarker for marine Thaumarchaeota (Sinninghe Damsté
et al., 2002a). Lincoln et al. (2014a) recently found that Cren may
also be produced by Euryarchaeota, however, the conclusions of
this study were called into question by Schouten et al. (2014) (see
reply by Lincoln et al., 2014b). The TEX86 temperature proxy is
based on observations from culturing and mesocosm experiments
that the number of cyclopentane rings in GDGTs increases with increasing growth temperature (de Rosa et al., 1980; Schouten et al.,
2007a; Uda et al., 2001; Wuchter et al., 2004). It is thought that
the addition of rings into GDGTs raises the melting point of the
cell membrane and alters membrane packing (Gliozzi et al., 1983;
Uda et al., 2001), enabling archaea to adjust membrane stability in
response to temperature changes (Chong, 2010).
Schouten et al. (2002) ﬁrst noted a relationship between the
degree of cyclization in marine surface sediments and overlying
SST, developing the TEX86 index (Eq. (1)) as the ratio expressing
the degree of cyclization that best correlated with SST. In addition, Schouten et al. (2002) developed the ﬁrst TEX86 temperature
calibration based on 40 sediment core-top samples from 15 locations. This calibration equation and subsequent calibrations involving the addition of hundreds of core-top samples (Kim et al., 2008,
2010) all note the highest correlation between the TEX86 index
and SSTs. However, recent studies have arrived at differing conclusions as to whether the TEX86 index actually reﬂects sea surface
(Ho et al., 2011; Richey et al., 2011; Rueda et al., 2009; Seki et al.,
2014; Turich et al., 2013; Wei et al., 2011; Wuchter et al., 2006;

Zhu et al., 2011) or subsurface temperatures (Chen et al., 2014;
Huguet et al., 2007; Lee et al., 2008; Lopes dos Santos et al., 2010;
Seki et al., 2012; Wuchter et al., 2006). The distribution of these
studies (Fig. 1) would suggest there appears to be no single factor
controlling regions where the TEX86 index reﬂects surface or subsurface temperatures (i.e. within one ocean basin, high versus low
latitude, coastal versus open ocean, etc.).
Water column studies of GDGT lipids and archaeal genetic material suggest that Thaumarchaeota preferentially reside in the
mesopelagic zone, below the surface photic zone (e.g. Huguet et
al., 2007; Karner et al., 2001; Massana et al., 1997; Turich et al.,
2007 (see also Schouten et al., 2008 and Turich et al., 2008);
Wakeham et al., 2003; Wuchter et al., 2005, 2006). Könneke et
al. (2005) found that Thaumarchaeota are aerobic ammonia oxidizers, and would thus dwell in the subsurface nitrite maximum
below the photic zone (Meeder et al., 2012; Wada and Hattori,
1971). While these studies would suggest a subsurface signal for
the TEX86 temperature proxy, sediment calibration studies ﬁnd
the highest correlation between the TEX86 index and SST (Kim et
al., 2008, 2010; Schouten et al., 2002). One explanation for this
disagreement is the ‘surface export hypothesis’ (Tierney, 2014),
which speculates that the absence of grazers (and their fecal pellets) in deeper waters excludes the export and preservation of
GDGTs from these depths in sediments (Wakeham et al., 2003).
Alternatively, subsurface temperatures are highly and signiﬁcantly
correlated with SSTs, and thus, while TEX86 may actually record
subsurface temperatures, a high correlation with SSTs is also noted
(Tierney, 2014). This may be compounded by the fact that SSTs
are known to a higher precision than subsurface temperatures, resulting in artiﬁcially higher correlations between TEX86 and SSTs
(Tierney, 2014).
The recent availability of pure cultures of marine thaumarchaeal
isolates has allowed for the evaluation of a number of other inﬂuences on the TEX86 paleothermometer, including growth phase
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(Elling et al., 2014), pH and salinity (Elling et al., 2015), and dissolved oxygen (Qin et al., 2015). Elling et al. (2014) observed a
dependence of TEX86 on growth phase resulting in an increase in
TEX86 temperature of 6 ◦ C from early growth to stationary phase
(ranging from −4 to +2 ◦ C deviation from incubation temperature). As growth phase corresponds to conditions of higher ammonia availability and stationary phase to ammonia depletion, the
results suggest that nutrient conditions may inﬂuence the TEX86
signal in the environment (Elling et al., 2014). Elling et al. (2015)
investigated the inﬂuence of pH and salinity on TEX86, noting that
while salinity did not signiﬁcantly affect the TEX86 signal, a pH decrease from 7.9 to 7.3 resulted in a 2 ◦ C increase in TEX86 temperature. More importantly, Elling et al. (2015) observed varying responses of the three studied varieties of thaumarchaeal isolates to
incubation temperature, suggesting that community composition
may exert an important control on TEX86 temperatures. Finally,
Qin et al. (2015) explored the response of TEX86 temperatures
to thaumarchaeal isolates grown under varying oxygen concentrations, noting an exponential increase in TEX86 temperatures (by as
much as 20 ◦ C) as oxygen concentrations decreased. This ﬁnding
has signiﬁcant implications for reconstructing TEX86 temperatures
in regions where oxygen concentrations may vary, such as expanding or contracting oxygen minimum zones, or areas with varying
water column ventilation. An additional confounding issue is that
oxygen is less soluble in warm water than cold water, so TEX86
reconstructions during previous warm intervals may overestimate
temperature due to the combined effect of both increased temperature and decreased dissolved oxygen on the TEX86 index (Qin et
al., 2015).
It appears certain that the surface/subsurface issue must be addressed for each region where the TEX86 index will be applied.
The eastern tropical Paciﬁc (ETP) is a key paleoceanographic region, given the importance of the region to global climate and
biogeochemical cycling. Use of the TEX86 temperature proxy in the
ETP is enticing, given its ability to reconstruct temperatures further
back in time than foraminiferal proxies and to a higher tempera
ture than the alkenone Uk37 index. In addition, the preservation of
foraminifera can change signiﬁcantly over time, as can seawater
Mg/Ca ratios, leading to uncertainties in Mg/Ca temperature reconstructions on longer time scales (Medina-Elizalde et al., 2008).
Use of the TEX86 temperature proxy in the ETP has thus far
yielded conﬂicting results as to whether it reﬂects surface or subsurface temperatures. A study of eight core-top sediment samples
along 95◦ W in the ETP from 8◦ N to 8◦ S resulted in TEX86 temperatures ranging from 4.4◦ cooler than mean annual SST to 2.4◦
warmer than mean annual SST (Ho et al., 2011). However, the majority of samples returned TEX86 temperatures that were cooler
than mean annual SST (Ho et al., 2011). Seki et al. (2012) com
pared TEX86 temperatures to alkenone Uk37 temperatures over the
past 10 myr from ODP Site 1241 (5◦ 50 N, 86◦ 26 W), noting that

TEX86 temperatures were consistently cooler than Uk37 temperatures. In addition, TEX86 temperatures were cooler than Mg/Ca
temperatures of the surface dwelling foraminifera Globigerinoides
sacculifer when compared from 2–5 myr (Seki et al., 2012). Further
south at ODP Site 1240 (0◦ 41 S, 82◦ 5 W), bin Shaari et al. (2013)
interpreted a TEX86 temperature record for the past 450 kyr as a
mixed temperature signal from the surface mixed layer and ther
mocline, using the difference between TEX86 and Uk37 temperatures
as an upwelling index. Most recently, Zhang et al. (2014) utilized

TEX86 and Uk37 temperatures to determine long term trends in the
gradient between the western and eastern equatorial Paciﬁc for
the last 12 myr. Although their TEX86 temperatures were consis
tently cooler than Uk37 temperatures, the authors averaged the two
temperature proxies to create a SST record for the eastern equatorial Paciﬁc (Zhang et al., 2014). Interestingly, the results of the
Zhang et al. (2014) study, which partly rest on the ﬁdelity of the

TEX86 temperature proxy, disagree with SST reconstructions across
the same time interval based on foraminiferal Mg/Ca temperatures
(see Ravelo et al., 2014). Zhang et al. (2014) and another study
by O’Brien et al. (2014) pointed to the diﬃculty in interpreting
foraminiferal Mg/Ca ratios beyond 1 myr due to changing seawater Mg/Ca ratios (Medina-Elizalde et al., 2008), and instead suggest
that TEX86 is a more reliable temperature proxy.
Here, we investigate the TEX86 temperature proxy in the ETP
by comparing TEX86 temperatures to Mg/Ca temperatures of multiple species of planktonic foraminifera for two sites in the ETP. The
Carnegie Ridge site (0.5◦ S, 85◦ W) is directly within the cold tongue
upwelling region, and the Cocos Ridge site (6◦ N, 86◦ W) is within
the East Paciﬁc Warm Pool (EPWP) (Fig. 1, inset). These locations
with differing oceanographic conditions are ideal to study the effects of regional hydrography on the TEX86 temperature proxy.
Our multi-proxy approach enables us to determine the depth of
GDGT export given the known depth habitats of the planktonic
foraminifera. The comparison is done for the Holocene and Last
Glacial Maximum (LGM) to further examine the inﬂuence of differing climate forcings and boundary conditions on the TEX86 temperature proxy. This multi-proxy approach is similar to that employed
by Seki et al. (2012), however, we focus on more recent time intervals with no ambiguity in past seawater Mg/Ca ratios.
2. Oceanographic setting
The ETP is a highly dynamic oceanographic region characterized
by strong vertical and meridional gradients. Easterly trade winds
blowing along the equator result in Ekman induced divergence of
surface waters and consequent upwelling along the equator. The
resultant shallow thermocline leads to the upwelling of cool, nutrient rich waters, giving rise to the eastern Paciﬁc equatorial cold
tongue, extending east of 120◦ W to the South American continent
(Fiedler and Talley, 2006). Beneath the surface along the equator
lies the strong, eastward ﬂowing Equatorial Undercurrent (EUC).
The EUC lies at the base of the equatorial thermocline between
30–300 m and is the source of the water that upwells into the
thermocline (Kessler, 2006). The equatorial front at ∼3◦ N separates the cold tongue region to the south from the EPWP to the
north. The EPWP is centered along the coast of southwestern Mexico and Guatemala, results from seasonally large net heat ﬂux and
weak wind mixing (Wang and Enﬁeld, 2001).
At the Cocos Ridge site (6◦ N, 86◦ W), SSTs range annually from
26.9 ◦ C (November) to 29.0 ◦ C (April), with an average annual SST
of 27.8 ◦ C (Locarnini et al., 2013) (Fig. 2a). The surface mixed layer
extends down to ∼20 m, with the thermocline between 20 and
75 m (Locarnini et al., 2013). The thermocline in the EPWP is
stronger than the equatorial upwelling region (Fiedler and Talley,
2006). Due to the stronger thermocline and weaker winds in the
EPWP, the nutricline is deeper than in the equatorial upwelling region, and primary productivity is low (Pennington et al., 2006).
At the Carnegie Ridge site (0.5◦ S, 85◦ W), SSTs range annually
from 23.0 ◦ C (September) to 26.1 ◦ C (March), with an average annual SST of 24.1 ◦ C (Locarnini et al., 2013) (Fig. 2b). The surface
mixed layer extends down to ∼15 m, with the thermocline between 15 and 50 m (Locarnini et al., 2013). The region is characterized by high concentrations of nutrients brought to the surface
from upwelling, which fuels high primary productivity along the
equator (Pennington et al., 2006). As a result, the nutricline in this
area is relatively shallow with high nitrate levels near the surface
(Pennington et al., 2006).
3. Materials and methods
The sediment cores were recovered from the ETP in 2010
aboard the R/V Melville on cruise MV1014. Multi-core 07MC
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erage sedimentation rate of 6.7 cm/kyr across the interval. The
age model for piston core 17JC is based on two calibrated radiocarbon dates bracketing the LGM. Linear interpolation between
these dates yields an average sedimentation rate across the LGM
of 12.7 cm/kyr. The LGM samples analyzed from 08JC range from
20.20–24.55 kyr, and from 20.37–24.73 kyr for 17JC.
3.2. Foraminiferal analyses

Fig. 2. Temperature proﬁles of the upper 200 m of the water column for the (a)
Cocos Ridge (6.5◦ N, 86.6◦ W) and (b) Carnegie Ridge (0.5◦ S, 85.5◦ W). Average annual temperatures (green) and the month with the highest sea surface temperature
(red) and lowest sea surface temperature (blue) are plotted. Values are from the
World Ocean Atlas 2013 (Locarnini et al., 2013). Also plotted are the core top Globigerinoides ruber Mg/Ca temperature (pink star), and the average Holocene Mg/Ca
temperatures from Globorotalia menardii (yellow star) and Neogloboquadrina dutertrei
(white star). Values are plotted where the temperatures intersect with the average
annual temperature proﬁles for both study areas. Note the different temperature
scales on (a) and (b). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

(6◦ 14.037 N, 86◦ 2.613 W; 1995 m depth) and piston core 08JC
(6◦ 14.038 N, 86◦ 2.613 W; 1993 m depth) were recovered from the
Cocos Ridge, while multi-core 09MC (0◦ 41.630 S, 85◦ 19.995 W;
2452 m depth) and piston core 17JC (0◦ 10.832 S, 85◦ 52.004 W;
2867 m depth) were recovered from the Carnegie Ridge (Fig. 1, inset). Holocene samples were taken from different multi-cores from
the same deployment in both regions to ensure high sampling
resolution with enough material for both foraminiferal and GDGT
analyses. Only samples from the multi-core used for GDGT analyses were freeze dried. Once age models were established for the
piston cores (see below), samples were taken from targeted LGM
sections spanning 20–25 ka. Piston core samples were freeze dried
and split into two separate aliquots for foraminiferal and GDGT
analyses.
3.1. Age model development
Age models for all cores are based on radiocarbon dates determined from the planktonic foraminifera Neogloboquadrina dutertrei.
Radiocarbon ages were converted to calendar age using Calib 7.1
most probable age distributions with a marine reservoir correction
400 years (www.calib.qub.ac.uk) (Table 1). For multicores 07 MC
and 09 MC, radiocarbon dates were measured for the upper and
bottom-most intervals. The multi-core radiocarbon dates were previously published by Marcantonio et al. (2014), but we updated
the dates using the most recent Calib 7.1 program, as they were
originally calibrated using Calib 7.0. Linear interpolation between
radiocarbon dates yields sedimentation rates of 2.8 cm/kyr and
4.1 cm/kyr for 07MC and 09MC, respectively. Holocene sample intervals analyzed in this study span 1.24–3.53 kyr for 07MC, and
2.58–6.94 kyr for 09MC.
The age model for piston core 08JC is based on three radiocarbon-dated intervals spanning the LGM interval of the core. Linear
interpolation between these age control points results in an av-

Sediment from the core intervals designated for foraminiferal analyses were disaggregated in ultra-pure water, wet-sieved
through a 63 μm sieve, and dried in an oven at 50 ◦ C. To minimize intraspeciﬁc variations in the geochemistry of each species,
specimens of Globigerinoides ruber (white, sensu stricto), Globorotalia menardii and N. dutertrei were collected from the 250–350,
600–850, and 315–355 μm size fractions, respectively. These
species were chosen due to their habitat depth preferences, thus
enabling us to reconstruct surface and thermocline temperature
proﬁles. G. ruber is known to live in the upper mixed layer of
tropical and subtropical waters between 0 and 50 m (Bé, 1977;
Fairbanks et al., 1982; Ravelo and Fairbanks, 1992). G. ruber does
not migrate to deeper waters to add a layer of gametogenic calcite
crust at the end of its life cycle (Bé, 1980), so it is ideal for reconstructing tropical surface water conditions in the past (e.g. Lea et
al., 2000; Ravelo and Fairbanks, 1992). G. menardii lives in the upper thermocline between 25 and 85 m and N. dutertrei dwells in
the lower thermocline between 60 and 150 m (Faul et al., 2000;
Spero et al., 2003) (Fig. 2). Spero et al. (2003) found that while
G. ruber maintains an upper mixed layer habitat in the ETP over
the last three glacial cycles, G. menardii and N. dutertrei consistently
record thermocline properties in this region.
Approximately 60, 25, and 10 shells per trace metal analysis
were picked for G. ruber, N. dutertrei, and G. menardii, respectively,
providing enough material to run duplicates (∼600 μg). For intervals where not enough material was available for duplicate analyses, every effort was made to use the greatest number of shells
available for single analysis. Duplicates were run for 44 out of 51
intervals, and it was predominantly the G. menardii samples that
did not have enough shells for duplicate analyses. The foraminifera
from each interval were gently crushed between glass plates, homogenized, and split into aliquots for duplicate analyses (when applicable). To maintain trace metal clean conditions, samples were
then cleaned according to the procedures described by Schmidt
et al. (2012) in a laminar ﬂow clean bench. The cleaning process
included sonication in both ultra clean water and methanol to remove clays, a hot water bath in reducing agents to remove metal
oxides, and a hot water bath in an oxidizing solution to remove
organic matter. Lastly, the samples were transferred to new acidleached micro-centrifuge vials and leached with a dilute ultra-pure
nitric acid solution. The samples were dissolved and analyzed at
Texas A&M University on a Thermo Scientiﬁc Element XR High Resolution ICP-MS using isotope dilution. Samples were monitored for
Al/Ca, Fe/Ca, or Mn/Ca ratios and any anomalously high samples
(>100 μmol/mol) were rejected. High Al/Ca indicates the presence
of detrital clays not removed during the cleaning process, while elevated levels of Fe/Ca or Mn/Ca indicate the presence of diagenetic
coatings not removed during the cleaning process. No samples returned high Al/Ca, Fe/Ca, or Mn/Ca ratios, and thus, none were
rejected.
3.3. GDGT analyses
GDGTs were analyzed at Texas A&M University (a contributing member to the TEX86 interlaboratory study (Schouten et al.,
2013)) according to Schouten et al. (2002) as modiﬁed by Smith
et al. (2010). Approximately 1 to 5 g of freeze-dried sediment
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Table 1
AMS-14 C data.
Core
07MC
07MC
08JC
08JC
08JC
09MC
09MC
17JC
17JC

Depth
(cm)
0.25∗
21.0∗
61.0
81.0
101.0
0.25∗
34.0∗
220.0
356.5

14

C age
(yr)

Error −
(yr BP)

Fm

Fm error

OS-88113
OS-94597

0.8369
0.3771

0.0031
0.0023

1430
7830

30
45

970
8300

70
110

80
80

OS-97832
OS-97822
OS-97823

0.1628
0.1098
0.0806

0.0016
0.0015
0.0015

14 600
17 750
20 200

80
110
150

17 300
20 900
23 800

260
310
380

250
350
380

OS-88117
OS-88108

0.7329
0.3072

0.0028
0.0017

2490
9480

30
45

2200
10 300

100
110

130
140

OS-98923
OS-117129

0.1671
0.0516

0.0012
0.0011

14 350
23 800

60
180

16 900
27 600

290
270

230
260

SD
(yr)

Calendar age
(yr BP)

Error +
(yr BP)

Accession #

∗ Previously published by Marcantonio et al. (2014), recalibrated with Calib 7.1.

were extracted (3 times, 5 minutes each) in 9:1 CH2 Cl2 :CH3 OH
using a Dionex accelerated solvent extractor (ASE) at 100 ◦ C and
7.6 × 106 Pa. The extracts were loaded onto an activated (2 h,
150 ◦ C) alumina pipet column. Hexane:CH2 Cl2 (9:1 vol:vol) was
used to elute the apolar fraction and CH2 Cl2 :MeOH (1:1) to elute
the polar fraction, which contained the GDGTs. Polar extracts were
dissolved in hexane/isopropanol (99:1; % vol.:vol.) at a concentration of 2 mg mL−1 , and ﬁltered through a 0.4 μm PTFE syringe-tip
ﬁlter into silanized 150 μL vial inserts. Analysis was performed
with a Shimadzu 2010A Series liquid chromatography–mass spectrometry (LC–MS) instrument with LC-MS solution software. Separation was achieved with a Prevail Cyano column (4.2 × 150 mm,
3 μm; Alltech) maintained at 30 ◦ C. GDGTs were eluted at a ﬂow
rate of 1 mL min−1 , ﬁrst isocratically with hexane/isopropanol
(99:1; %vol.:vol.) for 5 min, then with a linear gradient up to
1.8% isopropanol over 40 min. To clean the column after each
run, the gradient was increased to 75% 2-propanol over a period of three minutes, and held for ten minutes. After cleanup,
the system was re-equilibrated for ﬁve minutes with 99:1 hexane/isopropanol. Analysis was achieved using atmospheric pressure chemical ionization–mass spectrometry (APCI-MS) using the
following conditions: nebulizer pressure 65 psi, vaporizer temperature 400 ◦ C, N2 drying gas ﬂow 2.5 L min−1 , capillary voltage
of 4.5 kV. Single ion monitoring (SIM) was used instead of full
scanning to increase the reproducibility and signal-to-noise ratio
(Schouten et al., 2007b). SIM was set to scan the [M + H]+ parent ions of isoprenoidal GDGTs (m/z 1302, m/z 1300, m/z 1298,
m/z 1296, m/z 1292) with a dwell time of 200 ms for each ion.

In order to calculate calciﬁcation temperatures for G. ruber, the
Paciﬁc Ocean dissolution corrected species-speciﬁc Mg/Ca:SST calibration from Dekens et al. (2002) was used:



Mg/Ca = 0.39 exp 0.09 SST − 0.61 (core depth (km)) − 1.6 ◦ C

(error ±1.2 ◦ C)

(2)

The dissolution correction accounts for the preferential loss of
shell Mg/Ca that increases with increasing seawater carbonate ion
concentration and thus, depth. This calibration has been shown
to work well in the ETP (Lea et al., 2006). To calculate upperthermocline temperatures ( T ) from G. menardii, the species-speciﬁc
calibration from Regenberg et al. (2009) was used:

Mg/Ca = 0.36 exp 0.091( T )







Mg/Ca = 0.36 exp 0.091 T − 0.36 core depth (km) − 2.0 ◦ C

(error ±1.2 ◦ C)


(4)

This depth-based dissolution correction has been applied successfully to reconstructions for the species Globorotalia tumida
(Ford et al., 2012), a species with similar dissolution potential to
G. menardii. The Paciﬁc Ocean dissolution corrected N. dutertrei calibration from Dekens et al. (2002) was used to calculate lower
thermocline temperatures ( T ) from N. dutertrei Mg/Ca ratios:









Mg/Ca = 0.60 exp 0.08 T − 2.8 core depth (km) − 5.4 ◦ C

(error ±1.6 ◦ C)

(5)

Although a study of core-top sediments spanning an Atlantic meridional transect suggested that salinity has a much
stronger control on foraminiferal Mg/Ca ratios than temperature
(Arbuszewski et al., 2010), a new study showed that this conclusion likely resulted from latitudinal differences in foraminiferal
preservation resulting from regional productivity variability in
surface waters and the incorrect application of a single depthcorrected Mg/Ca:SST calibration across the entire Atlantic basin
(Hertzberg and Schmidt, 2013). This was recently conﬁrmed by
Regenberg et al. (2014), who noted the importance of considering
the heterogeneous effects of dissolution across the Atlantic (even
at a single depth horizon) when generating Mg/Ca-SST records.
3.5. TEX86 temperature calculations

3.4. Mg/Ca temperature calculations



added a dissolution correction developed by Dekens et al. (2002)
that was developed for G. sacculifer to Eq. (3):

(3)

However, this calibration equation was developed using core-top
samples from the tropical Atlantic, where foraminiferal tests are
better preserved than those in the tropical Paciﬁc. Therefore, we
employed a method similar to that used by Steph et al. (2010) and

As numerous TEX86 temperature calibrations exist and are continuing to be reﬁned, our choice of calibration can have signiﬁcant
implications on the results of our study. Since the development of
the ﬁrst TEX86 temperature calibration (Schouten et al., 2002), subsequent temperature calibrations have been developed based on
additions to the global core-top database (Kim et al., 2008) and the
separation of calibrations into temperature ranges (TEXL86 for −3◦
H
◦
◦
to 30 ◦ C, TEXH
86 for 5 to 30 C, with recommendation to use TEX86
◦
above 15 C) (Kim et al., 2010). However, Taylor et al. (2013) noted
that the basis for the separation into temperature ranges was primarily the observation that the TEX86 index exhibited the strongest
correlation to SST when core-top data for regions <15 ◦ C were
excluded, and not based on any mechanistic inferences. Recent
studies have suggested parameters such as water depth associated
export differences in GDGT-2 versus GDGT-3 are likely the explaL
nation for the difference in behavior of TEXH
86 versus TEX86 (Taylor
et al., 2013). Most recently, Tierney and Tingley (2014) developed
a temperature calibration using a Bayesian regression model approach that varies spatially (termed BAYSPAR), and utilizes previously published core-top data (Kim et al., 2010) along with the
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Table 2
Comparison of TEX86 calibrations and temperature proxies.

Original TEX86 calibration
Schouten et al. (2002)
TEX86 linear calibration
Kim et al. (2008)
TEXH
86
Kim et al. (2010)
BAYSPAR∗
Tierney and Tingley (2014)
G. ruber Mg/Ca SST
Dekens et al. (2002)
World Ocean Atlas 13 SST
(0 m, annual average)

Multi-core core-top

Holocene average

LGM average

Cocos ridge

Carnegie ridge

Cocos ridge

Carnegie ridge

Cocos ridge

Carnegie ridge

LGM  T

29.0

21.6

26.9

21.3

16.1

17.7

29.4

23.2

27.6

22.9

18.5

19.9

28.7

23.6

27.3

23.4

19.8

20.6

34.8

25.5

32.1

25.0

18.6

20.6

28.6

24.3

26.9

24.0

25.6

23.5

27.8

24.1

Cocos ridge

Carnegie ridge

−8.9

−3.0

−3.0

−0.9

All values in ◦ C. Note that this table does not include all available TEX86 temperature calibrations.
∗ Determined in standard prediction mode with default settings on web interface in April, 2015.

addition of 155 core-top sites. We compare results from four calibration equations in Table 2. Using each calibration equation, we
compare temperatures for three time intervals at both study sites:
the multicore core-top values, the average Holocene value, and the
average LGM value (Table 2). Also shown are the World Ocean
Atlas 13 (WOA13) average annual SST (0 m) at both study regions (Locarnini et al., 2013), and the corresponding G. ruber Mg/Ca
SSTs for the same three intervals. For calculating BAYSPAR temperatures, we employed the Tierney and Tingley (2014) model in
standard prediction mode with default settings using the web interface.
Here we discuss differences between the calibrations for modern/core-top intervals and the reasoning behind our preferred calibration choice. We discuss the differences between calibrations in
terms of Holocene versus LGM temperatures in Section 5.1. Overall,
the TEXH
86 calibration (Kim et al., 2010) results in the best agreement between core-top temperatures and average annual SSTs at
both sites, although there are only slight differences with the linear TEX86 calibration (Kim et al., 2008) and original TEX86 calibration (Schouten et al., 2002) as well. However, when applying
the BAYSPAR calibration (Tierney and Tingley, 2014), there is a
signiﬁcant warm bias at the Cocos Ridge study area for the coretop value (7.0 ◦ C, 6.2 ◦ C, and 6.1 ◦ C warmer than average annual
SST, G. ruber Mg/Ca SST, and TEXH
86 temperature, respectively). The
core-top BAYSPAR value of 34.8 ◦ C is well above even the maximum seasonal SST at the Cocos Ridge site of 29.0 ◦ C (Fig. 2a, April).
The BAYSPAR calibration also yields core-top temperatures warmer
than annual average and G. ruber Mg/Ca SSTs on the Carnegie
Ridge, although the differences are not nearly as great as on the
Cocos Ridge.
Based on this, and the fact that TEXH
86 core-top temperatures
agree best with both G. ruber Mg/Ca temperatures and modern average annual temperatures at both study sites, we utilize TEXH
86
temperatures for the remainder of our discussion. It is also worth
L
noting that TEX86 temperatures are in close agreement with TEXH
86
temperatures for the Holocene. Average TEXL86 temperatures for
the Cocos and Carnegie Ridges are 26.8 ◦ C and 23.7 ◦ C, compared
to 27.3 ◦ C and 23.4 ◦ C TEXH
86 , respectively (Table S1). The larger
◦
calibration error on TEXL86 (±4.0 ◦ C) than TEXH
86 (±2.5 C) (Kim
L
et al., 2010), and the fact that TEX86 temperatures may be biased by changes in the [GDGT-2]/[GDGT-3] ratio (Taylor et al.,
2013) are the reasons we have chosen to focus on TEXH
86 temperatures.
The procedure for calculating TEXH
86 temperatures follows. The
TEX86 index described in Eq. (1) was calculated based on the
GDGTs analyzed in the sediment samples. From this, we calculated
the TEXH
86 index that was developed by Kim et al. (2010):

TEXH
86 = log(TEX86 )

(6)

Lastly, TEXH
86 values were converted to temperature ( T ) using
the core-top calibration developed by Kim et al. (2010):





◦
T = 38.6 + 68.4 TEXH
86 (error ± 2.5 C)

(7)

In addition to calculating TEXH
86 temperatures, we also investigated the Branched and Isoprenoid Tetraether (BIT) index
(Hopmans et al., 2004), Methane Index (MI) (Zhang et al., 2011),
and %GDGT-0 (Inglis et al., 2015). Elevated BIT index values (the
ratio of branched GDGTs to crenarchaeol) indicate the presence
of terrestrial input to samples, and it has been suggested that
samples with BIT values >0.3 should not be used for SST reconstruction due to the potential inﬂuence of soil-derived GDGTs on
temperature estimates (Weijers et al., 2006). The MI can be used
to distinguish relative inputs of methanotrophic Euryarchaeota versus ammonia-oxidizing Thaumarchaeota in samples (Zhang et al.,
2011). MI values >0.5 reﬂect high rates of gas-hydrate related
anaerobic oxidation of methane, whereas values <0.3 suggest normal sedimentary conditions (Zhang et al., 2011). Thus, TEX86 values should not be used for samples with MI values >0.5. Finally,
%GDGT-0 is an indicator of sedimentary archaeal methanogens,
which can produce small amounts of the same GDGTs used to
calculate the TEX86 index (Blaga et al., 2009; Sinninghe Damsté
et al., 2012). As thaumarchaeal cultures have %GDGT-0 values
<67%, values above this threshold may indicate the presence of
a methanogenic source of GDGTs, and associated samples should
not be used for TEX86 temperature reconstructions (Inglis et al.,
2015).
4. Results
All results are summarized in Fig. 3 along with the standard
deviations of replicate analyses, when available. Results are also
tabulated in the Supplementary Material (Table S1).
4.1. Holocene results
For 07MC (Cocos Ridge), the measured core-top G. ruber Mg/Ca
◦
temperature of 28.6 ◦ C and core-top TEXH
86 temperature of 28.7 C
both agree well with the modern average annual SST of 27.8 ◦ C
(Fig. 3a). Similarly, for 09MC (Carnegie Ridge), the measured core◦
◦
top G. ruber Mg/Ca and TEXH
86 temperatures of 24.3 C and 23.6 C,
respectively, are both in good agreement with the modern average
annual SST of 24.1 ◦ C (Fig. 3b). Note that some of the uppermost
intervals of the multicores do not have both TEXH
86 and Mg/Ca temperatures on the same intervals due to the high-resolution shipboard sampling scheme of the uppermost layers of the multicores,
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Fig. 3. Reconstructed TEXH
86 and multi species planktonic foraminiferal Mg/Ca temperatures for the (a) Cocos Ridge and (b) Carnegie Ridge. For the (a) Cocos Ridge, Holocene
and Last Glacial Maximum values are from 07MC and 08JC. For the (b) Carnegie Ridge, Holocene and Last Glacial Maximum values are from 09MC and 17JC, respectively.
Plotted are Globigerinoides ruber Mg/Ca temperatures (blue squares), Globorotalia menardii Mg/Ca temperatures (pink diamonds), Neogloboquadrina dutertrei Mg/Ca temperatures
(green circles), and TEXH
86 temperatures (purple triangles). Also plotted are the 1-sigma standard deviations on replicate analyses (for samples containing enough material for
replicate analyses). Observational modern average annual sea surface temperatures (based on WOA13) for both study sites are plotted on the temperature axes with yellow
stars. Note the x-axis breaks between Holocene and Last Glacial Maximum temperatures, and the differing temperature scales between the Cocos and Carnegie Ridges. See
the text for the calibration equations used to compute all Mg/Ca and TEXH
86 temperatures. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

resulting in some contiguous samples needing to be combined to
allow for enough material for analyses. Slight discrepancies between the core-top values and modern SSTs may result from age
deviations of the core-top samples from modern (1.24 and 2.58 kyr
for 07MC and 09MC, respectively). The close agreement between
proxies continues down-core for the Holocene, with G. ruber Mg/Ca
and TEXH
86 temperatures at both sites matching well, within error.
For 07MC, average Holocene Mg/Ca and TEXH
86 temperatures are
26.9 ◦ C and 27.3 ◦ C, respectively (Fig. 3a), and 24.0 ◦ C and 23.4 ◦ C,
respectively for 09MC (Fig. 3b). While TEXH
86 temperatures are
slightly warmer than Mg/Ca temperatures on the Cocos Ridge, they
are slightly cooler on the Carnegie Ridge. Thus, there does not appear to be a consistent offset to warmer or cooler temperatures
between the two proxies during the Holocene.
Mg/Ca temperatures of G. menardii and N. dutertrei were obtained for two intervals from each multi-core to compare the modern depth habitats with the depth habitats inferred from Mg/Ca

temperatures. The selected intervals were those with the greatest
number of shells available for analysis. For 07MC (Cocos Ridge),
G. menardii Mg/Ca temperatures averaged 20.1 ◦ C and N. dutertrei
Mg/Ca temperatures averaged 18.6 ◦ C (Fig. 3a). Based on the modern thermocline at the study area, these temperatures would correspond to a depth habitat for G. menardii and N. dutertrei of 50 m
and 60 m (based on annual average temperature proﬁles), respectively, well in line with previous studies (Fairbanks et al., 1982;
Faul et al., 2000) (Fig. 2a). For 09MC (Carnegie Ridge), Mg/Ca temperatures for G. menardii and N. dutertrei averaged 18.3 ◦ C and
17.0 ◦ C, respectively (Fig. 3b), corresponding to depths of 45 m and
55 m, respectively (Fig. 2b). These results also agree well with previous studies (Fairbanks et al., 1982; Faul et al., 2000), giving us
conﬁdence that the Mg/Ca calibration equations used for each of
these species can be used to determine thermocline temperatures
during the LGM.
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4.2. Last Glacial Maximum results
Unlike the close agreement between Holocene Mg/Ca and TEXH
86
temperatures for both study regions, results suggest LGM TEXH
86
temperatures are representative of subsurface, upper thermocline
temperatures. For piston core 08JC on the Cocos Ridge, G. ruber Mg/Ca temperatures average 25.6 ◦ C during the LGM from
◦
20–25 kyr, while TEXH
86 temperatures yield an average of 19.8 C
over the same time interval (Fig. 3a). The average difference between G. ruber Mg/Ca temperatures and TEXH
86 temperatures is
5.8 ◦ C, ranging from 5.0 ◦ C to 6.3 ◦ C over the time interval. The average G. menardii and N. dutertrei Mg/Ca temperatures during the
LGM are 17.4 ◦ C and 16.8 ◦ C, respectively (Fig. 3a), indicating that
the TEXH
86 temperatures are more representative of thermocline
temperatures than upper mixed layer temperatures, suggesting a
deeper GDGT export depth during the LGM.
On the Carnegie Ridge, we also ﬁnd an offset between G. ruber
Mg/Ca and TEXH
86 temperatures during the LGM, although not as
large as the offset on the Cocos Ridge. For piston core 17JC, G. ruber Mg/Ca temperatures average 23.5 ◦ C, while TEXH
86 temperatures
yield an average of 20.6 ◦ C from 20–25 kyr (Fig. 3b). TEXH
86 temperatures are cooler than G. ruber Mg/Ca temperatures by an average
of 2.9 ◦ C, although this offset ranges from 2.0 ◦ C to 3.2 ◦ C over
the time period. Average G. menardii and N. dutertrei Mg/Ca temperatures on the Carnegie Ridge during the LGM are 16.6 ◦ C and
16.2 ◦ C, respectively (Fig. 3b). TEXH
86 and G. menardii temperatures
display similar trends of cooling and warming over the interval,
indicating that both may be inﬂuenced by changes in thermocline
properties, as G. ruber temperatures do not display the same trend.
Therefore, it appears that TEXH
86 temperatures are also representative of subsurface temperatures during the LGM on the Carnegie
Ridge as well.
4.3. Secondary inﬂuences on TEX86
Values obtained for the BIT Index, MI, and %GDGT-0 are available in the Supplementary Material (Table S1). The values for the
BIT index that were measured are all <0.3, indicating that there
are no soil-derived GDGTs in the samples. Unfortunately, BIT values
were only measured for the Holocene portion of 09MC. However,
as these values were all very low, we assume that the remainder of our samples do not contain soil-derived GDGTs. Although
there are four sample intervals with MI values >0.3, all values are
<0.5, suggesting that our samples are not inﬂuenced by methanotrophic Euryarchaeota. Finally, all %GDGT-0 are <67%, indicating no
methanogenic sources of GDGTs to our samples.
5. Discussion
5.1. Implications for the use of the TEX86 temperature proxy
As discussed in Section 3.5, there are numerous TEX86 temperature calibrations available, and a logical step would be to determine if our results are merely a function of our preferred calibration choice. We ﬁnd that the use of different TEX86 temperature
calibrations does not improve the offset between TEX86 temperatures and G. ruber Mg/Ca temperatures at the LGM (Table 2). In
fact, the TEXH
86 temperature calibration shows the most conservative offset with G. ruber Mg/Ca temperatures. Interestingly, the
BAYSPAR calibration model (Tierney and Tingley, 2014) is in better
agreement with the other TEX86 temperature calibrations at the
LGM (in comparison to the warm bias in the Holocene), returning
the same average LGM temperature as the Kim et al. (2010) TEXH
86
calibration for the Carnegie Ridge.
We also do not believe the offset between proxies at the LGM is
due to differences in GDGT preservation between the Holocene and
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LGM. Although GDGTs are relatively refractory compounds, they do
degrade over time (Huguet et al., 2008). However, studies have
shown that diagenetic degradation does not affect the TEX86 index within analytical error (Huguet et al., 2009; Kim et al., 2009a;
Schouten et al., 2004; Sinninghe Damsté et al., 2002b). Similarly,
studies have shown that GDGTs are minimally impacted by lateral
transport, and are primarily inﬂuenced by local conditions (Kim et
al., 2009b; Mollenhauer et al., 2008).
If our ﬁrst order assumption is that TEXH
86 temperatures should
reﬂect SSTs based on studies ﬁnding higher correlations between
core-top TEX86 indices and temperatures at 0 m (r 2 = 0.94) than
depth averaged temperatures from 0–200 m (r 2 = 0.87) (Kim et
al., 2008), then our core-top and Holocene results would suggest
that the TEX86 proxy could be used reliably to reconstruct SSTs
in the ETP. However, the assumption that TEXH
86 temperatures reﬂect SSTs, may not hold further back in time. As we do not have
observational SST data for the LGM, we must rely on the G. ruber Mg/Ca SSTs to assess the reliability of TEXH
86 temperatures to
reﬂect SSTs at the LGM. G. ruber has a well-established depth habitat in the upper mixed layer (Bé, 1977; Fairbanks et al., 1982;
Ravelo and Fairbanks, 1992) and is thus well suited for this purpose. Based on our ﬁndings that TEXH
86 temperatures were on
average 5.8 ◦ C and 2.9 ◦ C cooler than G. ruber Mg/Ca SSTs at the
LGM for the Cocos and Carnegie Ridges, respectively, it is evident
that the assumption that TEXH
86 temperatures reﬂect SSTs does not
hold with time. Therefore, caution should be taken when interpreting TEX86 records based solely on the relationship between
core-top/Holocene TEX86 temperatures and modern observational
temperatures. It is also unlikely that the differing LGM temperatures among proxies reﬂect a change in the season of production. Core-top G. ruber temperatures predominantly reﬂect annual
average temperatures at both study sites (Fig. 2) and LGM G. ruber Mg/Ca temperatures from the Cocos and Carnegie Ridges of
25.6 ◦ C and 23.5 ◦ C are well within the temperature tolerance
range for G. ruber of 16–31 ◦ C (Hemleben et al., 1989), so there
is no reason to believe that there would be a seasonal bias on
◦
G. ruber Mg/Ca temperatures. LGM TEXH
86 temperatures of 19.3 C
and 20.6 ◦ C for the Cocos Ridge and Carnegie Ridge, respectively,
are signiﬁcantly cooler than LGM temperature estimates based on

Alkenone Uk37 (Ho and Laepple, 2015) which are thought to reﬂect winter temperatures in the EEP (Timmermann et al., 2014).
Additionally, TEXH
86 temperatures more closely reﬂect the temperatures of G. menardii and N. dutertrei on the Cocos Ridge during the
LGM, and show similar patterns of variability as the thermocline
species on the Carnegie Ridge during the LGM (Fig. 3). All of these
lines of evidence support the inference that TEXH
86 temperatures
are tracking subsurface temperatures during the LGM, as opposed
to seasonal variability.
We hypothesize that the differing depth that TEXH
86 temperatures reﬂect is due to variability in GDGT export depth with time.
Studies have suggested that Thaumarchaeota are aerobic ammonia oxidizers (Könneke et al., 2005), and thus their position in the
water column should coincide with the subsurface primary nitrite
maximum, located toward the base of the euphotic zone. Water
column nitrite data collected during the WOCE P19C survey can be
used to explore the modern distribution of nitrite in the surface
waters of the ETP, which may help explain the agreement between
temperature proxies during the Holocene (Fig. 4). Under modern
conditions in the ETP, the subsurface nitrite maximum is centered
around ∼40 m depth (Fig. 4), however, values elevated above 0
can be found as shallow as ∼10 m, well within the depths of the
surface mixed layer. The shallow depth of the nitrite maximum is
likely due to high concentrations of degradable organic material in
the upper water column where oxygen levels are still high enough
for aerobic ammonia oxidation. The high concentrations of organic
matter reﬂect enhanced nutrient delivery to the surface waters of
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Fig. 4. Nitrite concentrations in the Eastern Tropical Paciﬁc along the WOCE P19C survey line (inset). Shown are the bottle data from 10◦ N to 10◦ S in gridded section plotted
with Ocean Data View. Stars along 0 m depth show approximate locations of the Cocos Ridge study area at 6◦ N (orange star) and the Carnegie Ridge study area at 0.5◦ S (red
star). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the eastern paciﬁc via upwelling, that fuels high productivity. The
shallow nitrite maximum likely explains the close match between
TEXH
86 , G. ruber Mg/Ca, and modern SSTs at both of our study sites
in the ETP, as the depth of the nitrite maximum overlaps with the
depth habitat of G. ruber. However, in modern oligotrophic regions
with signiﬁcantly reduced nutrient availability and export production, such as the Sargasso Sea, the subsurface nitrite maximum
typically occurs much deeper, around 120–150 m depth and is
decoupled from the thermocline (e.g. Brzezinski, 1988). A water
column study by Turich et al. (2007) found maximum concentrations of GDGTs in the upper water column of the equatorial Paciﬁc,
but noted that GDGTs were not detected in the surface waters of
the Bermuda Time Series located in the Sargasso Sea, and instead
increased below 200 m (note that the results of Turich et al., 2007,
were disputed by Schouten et al., 2008 (see reply by Turich et al.,
2008)). Thus, the colder TEXH
86 temperatures at the LGM in the ETP
may reﬂect a deepening of the nitrite maximum under differing
nutrient availability, and by association, a deeper export depth for
the GDGTs produced by Thaumarchaeota.
Loubere and Fariduddin (2008) used benthic foraminiferal
abundances from ETP sediment cores to reconstruct productivity,
based on transfer functions between abundances and surface ocean
biological productivity. Their results, along with measurements
of the δ 13 C of the thermocline dwelling planktonic foraminifera
N. dutertrei, suggest reduced export production during the LGM
likely driven by a reduction in thermocline nutrient concentrations (Loubere and Fariduddin, 2008). Robinson et al. (2009) used
bulk sediment δ 15 N and total nitrogen concentration data to also
show that the LGM was a period of reduced nutrient supply in
the ETP thought to be due to a reduction in nutrients of the EUC
supplied by Subantarctic Mode Water and Antarctic Intermediate
Water (Spero et al., 2003). In addition, the nitriﬁcation of ammonium to nitrite requires oxygen, and a reduction in surface water
productivity during the LGM may have increased the availability
of oxygen at deeper depths in the water column. Support for this
idea comes from a study by Cartapanis et al. (2011) who measured redox-sensitive trace metal concentrations in a sediment
core from the Northeastern Paciﬁc. Although further north from
our study sites, the study suggested that the LGM was a period of
reduced strength of the regional oxygen minimum zone as a result
of either decreased export productivity or enhanced delivery of
oxygenated subsurface waters to the area (Cartapanis et al., 2011).
Interestingly, the recent discovery that increased levels of dissolved
oxygen can act to decrease GDGT cyclization, and thus decrease
the TEX86 index (and TEX86 temperatures), may complicate the interpretation of TEX86 temperatures in terms of temperature alone
(Qin et al., 2015). If indeed northern tropical Paciﬁc waters were

more oxygenated at the LGM (due to decreased export productivity or increased ventilation), the effect of increased dissolved
oxygen would also be a decrease in temperature (due to the effect
of a decrease in GDGT cyclization). Furthermore, a decrease in surface water temperatures during the LGM would also increase the
solubility of oxygen, leading to higher dissolved oxygen and decreased calculated TEX86 temperatures. Although the results of the
Qin et al. (2015) study require replication involving different thaumarchaeal isolates, the potential confounding effect of dissolved
oxygen on the TEX86 signature must be considered. If TEXH
86 temperatures in this region can track vertical changes in the depth
of nitriﬁcation with time, the TEX86 index might have a use as a
productivity and nutrient proxy.
The interpretation of a decrease in LGM export productivity
would be at odds with studies that have suggested that the LGM
was a period of increased export productivity (e.g. Lyle et al., 1988;
Pedersen, 1983; Pedersen et al., 1991). It is interesting to note
that these studies predominantly ﬁnd that export production was
greater in the equatorial Paciﬁc during the LGM, while studies further to the north suggest the LGM was less productive (e.g. Dean
et al., 1997; Ganeshram and Pedersen, 1998). Based on the differing cold biases between the Cocos Ridge and the Carnegie Ridge
at the LGM, it is possible that while the Cocos Ridge was experiencing a decrease in export productivity, the Carnegie Ridge was
not experiencing the same conditions. This suggests that there may
have been large spatial differences in productivity during the LGM,
with sites north of the equatorial cold tongue upwelling area experiencing a decrease in productivity, and the equatorial region
experiencing a smaller magnitude of change in productivity.
In addition to interpreting TEX86 temperatures, we also examined changes in the [GDGT-2]/[GDGT-3] ([2]/[3] herein) ratio
between the Holocene and LGM at both sites (Table S1). A recent study by Taylor et al. (2013) suggested that increases in
the [2]/[3] ratio are indicative of deeper-dwelling Thaumarchaeotal communities with higher [2]/[3] ratios. This was later conﬁrmed by Hernández-Sánchez et al. (2014) who measured GDGTs
of Thaumarchaeota at varying depths of the South Atlantic water column, and found markedly elevated [2]/[3] ratios between
200–1000 m. While we do not ﬁnd a signiﬁcant change in the
[2]/[3] ratio between the Holocene and LGM on the Carnegie Ridge
(8.03 versus 7.05, respectively), we do ﬁnd a large increase on the
Cocos Ridge (6.37 versus 10.17, respectively). However, as noted by
Hernández-Sánchez et al. (2014), an increase in the [2]/[3] ratio
will affect TEXL86 temperatures and not TEXH
86 temperatures, leading to elevated TEXL86 temperatures. Indeed, TEXL86 temperatures
overestimate Cocos Ridge LGM TEXH
86 temperatures by an average
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of 2.3 ◦ C (19.8 ◦ C versus 22.1 ◦ C). In comparison, the difference beL
tween TEXH
86 and TEX86 temperatures during the Holocene on the
Cocos Ridge and for both time intervals on the Carnegie Ridge is
negligible.
The increase in Cocos Ridge LGM [2]/[3] ratios may further support the notion of decreased export productivity and a deeper
thaumarchaeotal export depth during the LGM. Yamamoto et al.
(2012) observed that TEX86 SST estimates from sediment trap material from the western North Paciﬁc appear to overestimate SSTs
during periods of high primary productivity, which may reﬂect a
shift towards a stronger shallow water GDGT export when surface export production is most effective. On the other hand, TEX86
tended to underestimate SST at times of low primary productivity,
suggesting a predominantly deeper thaumarchaeotal GDGT signal
(and associated increase in [2]/[3] ratio) when export production is
at a minimum (Yamamoto et al., 2012). Interestingly, the average
Carnegie Ridge LGM [2]/[3] ratio (7.05) was slightly lower than the
average Holocene value (8.03), which may provide further support
that productivity on the Carnegie Ridge did not decrease during
the LGM.
Alternatively, if our ﬁrst order assumption is incorrect, and
the agreement between TEXH
86 core-top temperatures and G. ruber Mg/Ca temperatures and modern average annual temperatures
at both study sites is merely a function of issues stemming from
the TEX86 temperature calibration (Ho and Laepple, 2015), it is
possible that TEXH
86 temperatures should always represent subsurface temperatures. If in fact GDGT production depths did not
vary temporally and TEXH
86 temperatures are always representative of subsurface temperature, then changes in TEXH
86 between
the LGM and Holocene may solely reﬂect changes in subsurface temperature conditions. Although more research needs to be
done to fully understand the environmental controls on Thaumarchaeota depth habitats, based on the currently available research on Thaumarchaeota as aerobic ammonia oxidizers (Könneke
et al., 2005), we favor our ﬁrst scenario of changing GDGT export depths due to varying nutrient levels between the Holocene
and LGM.
5.2. Implications for calculating the magnitude of LGM cooling
Understanding the magnitude of LGM SST cooling is a key
question for paleoceanographers, as it provides constraints on climate sensitivity under different forcings and boundary conditions
(Schmittner et al., 2011). In turn, climate modelers can use these
constraints on climate sensitivity to better predict future climate
change. The earliest estimations of LGM cooling were compiled
by the CLIMAP project (CLIMAP Project Members, 1976) based on
temperature transfer functions of planktonic foraminiferal abundances. More recently, the MARGO project (MARGO Project Members, 2009) took a multi-proxy approach, integrating microfossil
and geochemical reconstructions of SST to understand the magnitude of LGM SST cooling. Unfortunately, the distribution of records
used by the MARGO project does not cover large areas of the Paciﬁc Ocean, likely due to the absence of calcareous microfossils in

sediments and areas approaching the upper limit of the Uk37 SST
proxy. The MARGO project did not include estimates of cooling
based on TEX86 temperatures, as the proxy was still in the early
stages of its uses during that time. The TEX86 proxy would be enticing to use, as it overcomes many of the shortfalls of other SST
proxies, and could potentially be used to ﬁll large spatial gaps in
the MARGO data set (e.g. in the Paciﬁc Ocean).
By deﬁning the degree of LGM cooling (LGM  T ) as the average LGM (20–25 kyr) temperature minus the multi-core core-top
temperature (1.24 and 2.58 kyr for 07MC and 09MC, respectively),
we can compare the magnitude of LGM cooling based on both
TEXH
86 and G. ruber Mg/Ca temperatures at both of our study sites.
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LGM  T values based on G. ruber Mg/Ca temperatures are −3.0 ◦ C
and −0.9 ◦ C for the Cocos Ridge and Carnegie Ridge, respectively,
◦
while LGM  T values based on TEXH
86 temperatures are −8.9 C
and −3.0 ◦ C, respectively. The LGM  T values based on G. ruber
Mg/Ca temperatures are in line with other studies from the ETP
(e.g. Lea et al., 2000), averaging no more than 3.0 ◦ C of LGM cooling. Although the LGM  T value based on TEXH
86 temperatures for
the Carnegie Ridge is within this range, there is a marked offset
between the LGM  T values between the two proxies (2.1 ◦ C).
On the Cocos Ridge, the LGM  T value based on TEXH
86 temperatures is nearly three times greater than that based on G. ruber
Mg/Ca temperatures, and is well outside of any LGM  T reported
for the ETP (MARGO Project Members, 2009). Our ﬁndings agree

well with a recent compilation of LGM TEX86 and Uk37 records by
Ho and Laepple (2015). The study calculated LGM  T values based

on TEX86 and Uk37 proxies for a number of tropical and subtropical sites, and found that TEXH
86 based LGM  T values consistently


averaged ∼two times greater than those values based on Uk37 values (Ho and Laepple, 2015). Based on our ﬁndings and the results
of the Ho and Laepple (2015) study, we would not recommend
including TEXH
86 based LGM  T values in global compilation studies.
6. Conclusions

We have compared TEX86 temperatures and Mg/Ca temperatures of three species of planktonic foraminifera that inhabit the
upper mixed layer and thermocline for two regions of the ETP
over the Holocene and LGM. While TEXH
86 temperatures agree well,
within error, with G. ruber Mg/Ca temperatures for the Holocene,
there is a signiﬁcant cold bias in TEXH
86 temperatures at the LGM
for both study regions with TEXH
temperatures
more represen86
tative of upper thermocline temperatures than SSTs. The offset
between G. ruber Mg/Ca temperatures and TEXH
86 temperatures cannot be reconciled with the use of different TEX86 temperature
calibrations.
Our favored explanation for the offset between proxies is a decrease in nutrient availability in the ETP during the LGM, especially
for the Cocos Ridge study region, where the offset between proxies
was greatest. This interpretation is further supported by changes
in [2]/[3] ratios between the Holocene and LGM at both study
locations. This ﬁnding suggests that caution should be applied
when interpreting TEX86 records based solely on the relationship
between core-top/Holocene TEX86 temperatures and modern observational temperatures, as TEX86 temperatures may be tied to
nutrient and productivity variability. Lastly, comparison of glacial
cooling based on both temperature proxies yields estimates based
on TEXH
86 temperatures to be too high (greater degree of cooling)
in comparison with other regional records, especially on the Cocos Ridge, suggesting TEXH
86 temperatures should not be used for
computing glacial cooling, especially in the ETP.
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