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Abstract We present a multiproxy (foraminifer Mg/Ca, δ18O, Δ47, and Sr/Ca, and biomarker TEX86
H,

MATmrs) low‐resolution paleotemperature record based on seven sets of high‐resolution time series from
the late Cretaceous to Miocene from the Ocean Drilling Program Bass River site, New Jersey Shelf, North
Atlantic. Along with insight into long‐term climate evolution, this allows testing for internal consistency
between proxies. The bottom water temperatures (BWTs) reconstructed using benthic δ18O and Mg/Ca
values show good agreement in recorded trends with the TEX86

H sea surface and shallow subsurface
temperature record, and with the stacked global benthic oxygen isotope record. The Mg/Ca‐based BWTs
are higher than the δ18O‐based BWTs, likely due to uncertainty in the assumptions associated with the
Mg/Ca calibration to seawater Mg/Ca. Absolute δ18O‐based BWT reconstructions are supported by clumped
isotope paleothermometry. The agreement in main trends of the independent paleotemperature proxies
indicates that the underlying assumed mechanisms for the different proxy relations to temperature stayed
largely intact back to at least 90 Ma. Consistent differences in absolute temperature values highlight,
however, that a better understanding of the individual proxies is required in order to achieve accurate
absolute temperature reconstructions

1. Introduction

Over the last 100 million years, Earth's climate has undergone major changes on long and short time scales
(Friedrich et al., 2012; Zachos et al., 2008). The Late Cretaceous to early Eocene was generally characterized
by warm climates and high CO2 concentrations and is referred to as the “greenhouse world” (e.g.,
Anagnostou et al., 2016; Bijl et al., 2009; Cramwinckel et al., 2018; Foster et al., 2017; O'Brien et al., 2017).
A subsequent long‐term drop in temperature and CO2 during the late Cenozoic resulted in colder, glaciated
conditions often termed the “icehouse” (e.g., Anagnostou et al., 2016; Cramwinckel et al., 2018; Miller et al.,
1991; Zachos et al., 2008). Underlying such conclusions are geochemical and paleontological proxies to
reconstruct individual environmental parameters. Seawater temperature can be reconstructed by a number
of proxies, based on organic compound distributions, elements, and isotopes incorporated in calcitic fossils
and relative abundances of species of specific genera. However, every proxy has limitations, and many have
been shown to depend on other parameters beside seawater temperature (e.g., Elderfield et al., 2002; Norris
et al., 2002). Consequently, it may be uncertain whether recorded patterns solely reflect changes in
temperature or whether they are biased by trends in other environmental or geochemical parameters.

Application of proxies in deep time can be particularly affected by increasing deviation from present‐day
conditions, which potentially compromises calibrations using present‐day relations. For example,
foraminiferal Mg/Ca can be used to reconstruct past temperatures (Nürnberg et al., 1996; Rosenthal
et al., 1997) but is also influenced by seawater Mg/Ca (Mg/Casw; Delaney et al., 1985; Segev & Erez,
2006). Although this method is quite robust for the recent past due to the relatively long residence times
of Ca2+ and Mg2+ in the ocean, Mg/Ca‐based temperatures become increasingly inaccurate in deep time.
A number of low‐resolution geochemical models have estimated past seawater [Mg2+]/[Ca2+] (e.g.,
Berner, 2004; Farkas et al., 2007; Stanley & Hardie, 1998), showing that this ratio varied between ~1
and ~5 mol/mol during the Phanerozoic, with a potentially major impact on Mg/Ca‐based temperature
reconstructions. These models have been crosschecked using fluid inclusions in halite (Horita et al.,
2002; Lowenstein et al., 2001), analysis of ridge flank vein carbonates (Coggon et al., 2010), by comparing
Mg/Ca ratios of fossil and modern echinoderms (Dickson, 2004), Mg/Ca ratios of different foraminiferal
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species (Wit et al., 2017), and by combining Mg/Ca and with clumped isotope analysis in large benthic
foraminifera (Evans et al., 2018).

Similarly, the oxygen isotopic composition of seawater varied globally over geological time, and also, local
variations form a major complication in reconstructing paleotemperatures based on δ18O of foraminiferal
shells. For this reason, clumped isotope (Δ47) thermometry complements δ18O records, as this proxy is
independent of the δ18O of the seawater (Eiler, 2007). The Δ47 thermometer is based on the “clumping,”
that is, ordering, of the 13C and 18O isotopes in a carbonate ion, which is a function of the temperature
at which the calcite precipitated. The disadvantage of the clumped isotope method is its relatively low pre-
cision, which requires a large number of replicate analysis and large sample sizes, making it currently not a
feasible proxy for high‐resolution reconstructions, despite recent progress in analytical techniques
(Fernandez et al., 2017; Meckler et al., 2014; Müller et al., 2017). The Sr/Ca ratio of foraminifera also cor-
relates to seawater temperatures (e.g., Elderfield et al., 2000; Lea et al., 1999; Rathburn & DeDeckker, 1997;
Reichart et al., 2003; Rosenthal et al., 2006), although application of Sr/Ca as a temperature proxy is com-
plicated by the effects of growth rates, salinity, seawater Sr/Ca, and pH (Kisakürek et al., 2008; Lea et al.,
1999), as well as seawater carbonate chemistry (e.g., Dissard et al., 2010; Dueñas‐Bohórquez et al., 2009;
Dueñas‐Bohórquez et al., 2011; Keul et al., 2017; Raitzsch et al., 2010; Russell et al., 2004). In addition to
the foraminifera‐based proxies, organic proxies, based on relative abundances of biomarker molecules,
are regularly applied in paleoclimate studies. Organic proxies are not significantly influenced by the ele-
mental and isotopic composition of seawater. One of the most established sea surface temperature (SST)
proxies is UK′

37, which is based on the degree of unsaturation of alkenones (Brassell et al., 1986).
However, temperature reconstructions based on alkenones are limited to the last ~55 Myrs because triun-
saturated alkenones are absent in older sediments (Brassell, 2014, and references therein). Moreover, the
proxy becomes increasingly unreliable at higher temperatures since the index reaches its upper limit at
28 °C (e.g., Conte et al., 2006). However, recently, Tierney and Tingley (2018) developed a new Bayesian
regression calibration model for the UK′

37 and observed a substantial attenuation of the UK′
37 response

to temperature at temperatures above 24 °C, with the index approaching unity at a SST of around
29.6 °C. Another widely applied SST proxy is the TEX86 index, based on isoprenoidal glyceryl dialkyl gly-
ceryl tetraethers (GDGTs), which in the marine environment are mainly derived from Thaumarchaeota
(Kim et al., 2010; Schouten et al., 2002). However, it has been shown that this proxy might (regionally)
reflect subsurface temperatures rather than SST (Chen et al., 2014; Huguet et al., 2007; Kim et al., 2012;
Kim et al., 2015; Lopes dos Santos et al., 2010; Schouten et al., 2013). Moreover, the proxy may regionally
be biased by changes in seawater ammonia and oxygen concentrations (e.g., Hurley et al., 2016; Qin et al.,
2014, 2015). Culture studies have shown that growth phase may also markedly influence the GDGT com-
position (Elling et al., 2014), whereas salinity and pH changes have a minor impact only on the lipid com-
position (Elling et al., 2015; Wuchter et al., 2004). Finally, there is discussion how to calibrate TEX86 indices
to temperature outside the range of the modern core top calibration; particularly, at the warm end the
assumption of an asymptotic or linear relation between SST and TEX86 leads to a difference of several
degree celsius (e.g., Cramwinckel et al., 2018; Tierney & Tingley, 2014).

Proxies for continental temperature are typically also based on carbonate and organic biogenic sediment
components. Along with δ18O and clumped isotope thermometry (e.g., Snell et al., 2013), Cretaceous and
Paleogene temperature reconstructions are based on leaf assemblages (e.g., Wing et al., 2005) and biomar-
kers (e.g., Sluijs et al., 2014; Weijers et al., 2007). The biomarker‐based proxy, MATmrs, is based on
GDGTs produced by soil bacteria (de Jonge et al., 2014; Peterse et al., 2012; Weijers et al., 2007) and often
applied on nearshore marine deposits. However, in situ production might compromise the proxy regionally
(Liu et al., 2014; Peterse et al., 2009; Sinninghe Damsté, 2016).

Because the uncertainties and biases are proxy specific, reconstructions of absolute SSTs are ideally based on
multiple proxies applied to the same samples, to test for consistency (e.g., Frieling et al., 2017; Lopes dos
Santos et al., 2010). Indeed, the different inherent complications for the individual proxies call for an inte-
grated, multiproxy approach, in which temperature records are intercalibrated. Such an approach addresses
underlying assumptions and may reveal potential limitations and pitfalls of the individual proxies. Also, as
these proxies are primarily based on empirical calibrations, it remains to be established whether the funda-
mental processes underlying the proxy relationships remain intact also in deep time.
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Numerous studies have assessed changes in climate throughout the Cretaceous and Paleogene from sea-
water temperature reconstructions using single‐proxy, twin‐proxy, or multiproxy approaches (e.g., Burgess
et al., 2008; Forster et al., 2007; Frieling et al., 2017; Hollis et al., 2012), particularly comparing TEX86 and
planktonic foraminiferal δ18O and Mg/Ca. These multiproxy reconstructions focus on particular (extreme)
climate events/transitions, where certain assumptions underlying the temperature proxies or preservation
of the proxy carriers in question may not hold true or local climate conditions can be of major influence.
A more general long‐term multiproxy temperature intercomparison on well‐preserved fossils from one sin-
gle site allows validation of the different proxies used and evaluation of the validity of the underlying pre-
sumed proxy relationships. Due to scarcity of sites suited for both organic and inorganic proxies, there are
only a few long‐term (>Myrs) paleotemperature studies from a single site (e.g., Hollis et al., 2012; Pearson
et al., 2007). Hence, past long‐term changes in seawater temperature are currently inferred from the stacked
deep‐sea benthic foraminiferal oxygen isotope record (Friedrich et al., 2012; Zachos et al., 2008), based on
combined records from Deep Sea Drilling Project and Ocean Drilling Program sites. Although this has the
fundamental advantage of best representing a global average, such an approach is not suited for comparing
different proxies.

Here we apply a multiproxy approach using foraminiferal calcite and organic proxies to generate a low‐
resolution, long‐term (90 Myr) paleotemperature record for northeast America, based on the Bass River site
(New Jersey, North Atlantic). Benthic and planktonic foraminiferal oxygen isotopes, clumped isotopes, and
foraminiferal shell Mg/Ca and Sr/Ca values, as well as the TEX86 andMATmrs, were determined onmaterial
from the same core, and all used to independently assess seawater and air temperatures.

2. Materials and Methods
2.1. Site Description

A total of 596.34 m (1,956.5 ft) of sediment section was drilled at the Bass River site (39°36′42″N, 74°26′12″
W) during Ocean Drilling Program Leg 174AX on the New Jersey Coastal Plain (see map in Figure 1; Miller

Figure 1. The reconstructed age model for the Bass River core. The orange dots reflect biostratigraphic ages (Miller,
Sugarman, et al., 1998); the black squares are magnetostratigraphic tie points (Cramer et al., 1999). Sr‐isotope data are
displayed as yellow (Hernandez & Feigenson, 2000) and red diamonds (Miller, Sugarman, et al., 1998). The two pink
triangles reflect the base and top of East Coast Diatom Zone 2 recognized by Miller, Sugarman, et al. (1998). The
other tie points are described in section 2. The transparent gray dots (0–16 Ma) are sequence unconformity (Miller,
Sugarman, et al., 1998) ages reported in van Sickel et al. (2004), tied to the Gradstein et al. (1995) time scale. The sediments
sampled in this study are plotted as white dots with error bars reflecting the maximum age uncertainty, that is, the
“distance” to the nearest age tie points. LO = last occurrence; FO = first occurrence; B = base; T = top; OAE2 = Ocean
Anoxic Event 2; PETM = Paleocene Eocene thermal maximum. In the bottom right corner we show the site location,
as created in Ocean Data View (Schlitzer, 2015).
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et al., 1998). The current‐day average annual air temperature is approximately 12.4 °C, with seasonal max-
ima of around 17.7 °C and minima of around 7.1 °C, as derived from data covering 1981 to 2010 (Atlantic
City, New Jersey; U.S. Climate Data, 2017; https://www.usclimatedata.com/). Castelao et al. (2010) moni-
tored temperature and salinity along multiple hydrographic profiles by means of glider observations over
4 years and showed that during winter months, shelf waters are vertically homogeneous in temperature
(5–10 °C). AroundMay, a shallow thermocline develops, reachingmaximum intensity in August. In this per-
iod, surface temperatures vary between 20 and 25 °C, with a thermocline depth of approximately 10 to 15 m
and coinciding bottom water temperatures (BWTs) of ~10 °C (see Figure 2 in Castelao et al., 2010).

The Bass River site covers strata from the Cenomanian to the Holocene (Miller, Sugarman, et al., 1998). The
recovered siliciclastic sediments (sands, silts, and clays), with some biogenic carbonate and organic matter,
were deposited in a neritic setting. Microfossil and sedimentological data indicate that regional sea level var-
ied across the studied interval so that the setting varied between very shallow marine to outer shelf settings
(e.g., Miller et al., 1998). Sediments were generally deposited below storm wave base and temperature recon-
structions based on mixed layer, and benthic organisms indicate the sustained presence of a thermocline
(e.g., John et al., 2008; Miller, Sugarman, et al., 1998). Detailed description of the core in terms of sedimen-
tary textures, structures, colors, fossil content, lithostratigraphic units, lithological contacts, and sequences is
provided by the site report of Miller, Sugarman, et al. (1998).

We updated the original age model of the entire section (Miller, Sugarman, et al., 1998) using themost recent
tie points based on strontium (Sr) and carbon isotope stratigraphy, biostratigraphy (nannofossils, foramini-
fera, dinoflagellates, and diatoms), and magnetostratigraphy. Among others, analyses at Bass River resulted
in the identification of Oceanic Anoxic Event 2, the Cretaceous‐Paleogene boundary event, and the
Paleocene‐Eocene Thermal Maximum (Cramer et al., 1999; Hernandez & Feigenson, 2000; Olsson et al.,
2002; Sugarman et al., 1999; van Helmond et al., 2016). All biostratigraphic and magnetostratigraphic ages
were assigned an age following the Gradstein et al. (2012) time scale. Also, the Sr‐isotope data from
Miller, Sugarman, et al. (1998) and Hernandez and Feigenson (2000) were updated to the Geological
Timescale 2012 (Gradstein et al., 2012). However, we deduced the ages from Figure 7.2 of Gradstein et al.
(2012; chapter 7), showing the world's ocean 87Sr/86Sr variation through time, and thus, uncertainties are
relatively large (+/−2.5 Myr). Due to sparse chronostratigraphy for the youngest part of the core (last
~15 Ma), we adapted some tie points from van Sickel et al. (2004), which are tied to the Gradstein et al.
(1995) time scale, for which van Sickel et al. (2004) reported a typical age uncertainty of +/−0.5 Myr. The
two pink triangles (Figure 1) reflect the base and top of East Coast Diatom Zone 2 recognized by Miller,
Mountain, et al. (1998). The zonation was developed by Andrews (1988), and by comparing the position
of East Coast Diatom Zone 2 to overlapping Planktonic Foraminifera Zones (following Blow, 1969), we have
assigned absolute ages using the Geological Timescale of Gradstein et al. (2012). Although the uncertainties
are rather large, this is sufficient for the purposes of our study.

2.2. Sample Strategy and Dating

In order to reconstruct past long‐term seawater temperature evolution, we sampled nine sediment intervals
across the Late Cretaceous to the Late Miocene. For every sample interval, we took 10 or 11 subsamples (95
samples in total), spanning depth intervals ranging between ~0.5 and 5.5 m (see Table S1 in the supporting
information for a list of all samples). This approach implies that short‐term variability such as Milankovitch
cyclicity is captured within the high‐resolution data sets underlying the longer‐term low‐resolution data.
Our estimates of SST for the time slices spanning more than 100 kyrs therefore effectively average out most
shorter term variability related to orbital forcing. However, our initial age model was tied to the Gradstein
et al. (1995) time scale, and updating all stratigraphic tie points to the Gradstein et al. (2012) time scale chan-
ged the assigned ages, as well as the time captured within the intervals sampled, which eventually range
between ~30 and 900 kyr.

Individual sample ages were based on linear regressions fitted through nearby age tie points of the updated
age model (Figure 1), with exception of sample interval 9, which was dated based on an exponential fit, as an
exponential function was the best fit for the ages of van Sickel et al. (2004).

The oldest sediments sampled (sample interval 1) were recovered from between ~572‐ and 568‐m depth in
the Bass River Formation. At 518 m, the lowermost constraints based on Sr‐isotopes indicate an age of
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~82 Ma (+/−2.5 Myr). Additionally, two tie points at ~592 m, representing the onset of the carbon isotope
excursion associated with Ocean Anoxic Event 2, indicate an age of 94.64 (+/−0.12 Ma); Bowman &
Bralower, 2005; Eldrett et al., 2015; Sugarman et al., 1999; van Helmond et al., 2014) and the first consistent
presence of the dinocyst morphological complex Cyclonephelium compactum‐membraniphorum during the
Plenus Cold Event (van Helmond et al., 2016), which is ~10 kyr younger. We assumed constant sedimenta-
tion rates between these two oldest age tie points and the oldest Sr‐isotopic age, resulting in an age of
~90.9 Ma for sample interval 1, but with large maximum uncertainty of +/−8.7 Myrs based on the largest
“distance” to the closest age tie points (Figure 1). Interval 1 covers hence a ~700‐kyr time interval (gray
dashed line; Figure 1).

Sample intervals 2 and 3 are positioned between ~482‐ and 481‐m (Woodbury Formation) and 397‐ and
396‐mdepth (Mont Laurel Formation), respectively, and were dated at ~77.8 (+/−0.6, although surrounding
Sr‐isotope tie points have uncertainties of +/−2.5 Myrs) and ~74.1 (+/−1.9) Ma, covering ~30 and 40 kyrs,
respectively. Interval 4 was sampled at a depth between ~380 and 379 m (Mount Laurel Formation), which is
just above the position of Cretaceous‐Paleogene (K‐Pg) boundary at ~384‐m depth (66.04 [+/−0.05] Ma;
Olsson et al., 2002). The linear interpolation between several biostratigraphic, magnetostratigraphic, and
the K‐Pg age tie point in this part of the core implies an age of ~60.1 (+/− 2.4) Ma, the interval covering
~800 kyrs. Samples for interval 5 were taken in between ~305‐ and 303‐m depth, from the Manasquan
Formation. Age assessment of this interval was established using the first occurrence of Planorotalites pal-
merae at 303.6 m, defining the base of planktonic foraminiferal Zone P9 (Miller, Sugarman, et al., 1998),
and surrounding biostratigraphic tie points. The assumption of constant sedimentation rates between these
tie points results in an age of ~50.2 (+/−2.3) Ma for sample interval 5, covering ~300 kyrs. The sediments of
sample intervals 6 (~265‐ to 264‐m depth, Shark River Formation) and 7 (~180‐ to 174‐mdepth, Atlantic City
Formation) were dated at ~41.2 (+/−2.1) and 33.4 (+/−0.5; although surrounding Sr‐isotope tie points have
uncertainties of +/−2.5 Myrs) Ma, covering ~80 and 900 kyrs, respectively, based on the linear regressions.
Age control for interval 8 (~116‐ to 111‐m depth; Kirkwood Formation) is limited to diatom biostratigraphy
(uncertainty +/−1 Myr) and Sr‐isotopic ages (uncertainty +/− 2.5 Myr) (Figure 1) and leads to an estimated
age of 17.7 (+/−2.5) Ma, the sampled interval covering ~200 kyrs. Age control for the sediments of interval 9
(~24–21 m) is very limited, and therefore, the sequence bounding unconformities were used (originally iden-
tified by Miller, Sugarman, et al., 1998) in combination with assigned ages as reported in van Sickel et al.
(2004) (Figure 1; transparent dots), which are tied to the Gradstein et al. (1995) time scale. We fitted an expo-
nential trend through these tie points, based on which the youngest sediments were dated, resulting in the
age of 10.7 (+/−1.3) Ma, covering ~700 kyrs.

2.3. Foraminiferal Geochemistry

In this study, BWTs were derived from benthic foraminiferal shell geochemistry. Planktonic foraminifera
were generally less abundant throughout the core, due to the shallow paleodepth of the site (e.g., Miller,
Sugarman, et al., 1998). Only the sediment interval of 50 Ma contains relatively high numbers of planktonic
foraminifera, agreeing with the relative high eustatic sea level at this time, resulting in outer neritic condi-
tions at Bass River (e.g., Miller, Sugarman, et al., 1998; Miller et al., 2005; van Sickel et al., 2004). Also, the
age intervals of 60 and 41 Ma contain somewhat more planktonic foraminifera. The sediments of the time
slices of 33, 74, 78, and 91Ma contain few planktonic foraminifera, and the two youngest intervals are barren
of foraminifera. We combined planktonic specimens for the age intervals of 41, 50, and 60 Ma, respectively,
to obtain an average planktonic oxygen isotope value per age interval. For the interval of 41 Ma, we mea-
sured the average δ18O (and δ13C) for the species Acarinina collactea, A. pseudotopilensis, and
Parasubbotina varianta (Figure S2). For the sediments of 50 Ma, we obtained an average δ18O value for
Subbotina spp., and for the time slice of 60 Ma, we analyzed S. velascoensis. For S. velascoensis, we picked
enough specimens for four measurements, whereas for the other species/genera we performed one analysis
only. Because of the limited availability of planktonic foraminifera over the long time scale considered here,
we chose to establish Mg/Ca (or Sr/Ca in case of aragonitic species) and δ18O records for all age intervals
based on benthic foraminifera, as these are abundant throughout the core except near the top.

Themain benthic foraminiferal genera found throughout the core are Bulimina,Osangularia,Gyroidinoides,
Anomalinoides, Gavelinella, Lenticulina, Cibicidoides, and Epistomina. Single specimens of species within
the genera Cibicidoides, Gavelinella, Epistomina (aragonitic), and Lenticulina spp. were handpicked for
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geochemical analysis. Cibicidoides showed highest abundances through-
out the core and is often used in paleoenvironmental studies, as it is con-
sidered a trustworthy recorder of bottom water conditions (e.g., Marchitto
et al., 2007). It has a global occurrence throughout many Paleogene
sequences, and therefore, it has also been analyzed in the intervals of
~33, 41, 50, 60, and 74 Ma. The two youngest intervals (i.e., 11 and
18 Ma) did not contain foraminifer shells, and thus, we were not able to
determine foraminiferal Mg/Ca and δ18O for these ages. The interval at
~78 Ma contained very little foraminiferal specimens and those that were
present belonged almost exclusively to the genus Lenticulina, which
although not often applied in paleo‐studies, were therefore used for this
interval. Samples at ~91 Ma were dominated by Gavelinella spp. and the
aragonitic Epistomina spp., which were picked here for analysis.
Gavelinella specimens were also picked for the ~74‐Ma interval, allowing
intercomparison of the Mg/Ca‐ and δ18O‐based temperature estimates
between Gavelinella and Cibicidoides.

Foraminifera were obtained by washing and sieving bulk marine sedi-
ment into two different size fractions (100–250 and >250 μm).
Specimens larger than 250 μm were selected for geochemical analyses,
and only in few cases when insufficient numbers of large specimens were
available, smaller specimens were used. Prior to analyses, all foraminif-
eral tests were cleaned to remove adhering clay and other detrital material
by rinsing with ethanol and ultrasonication, repeatedly pipetting off the
supernatant. Visual examination and scanning electron microscopy indi-
cated that preservation of foraminifers was generally good (Figures S1 and
S2). Moreover, determined calcitic Al, Mn, and Mg concentrations (deter-
mined for the benthics only) were generally low (<65, 1, and
20 mmol/mol, respectively), which would not be the case after diagenetic
alteration. For foraminiferal analyses, each subsample contained gener-
ally 10 benthic specimens. In total, 794 specimens have been analyzed

individually for Mg/Ca by means of laser ablation inductively coupled plasma mass spectrometry
(LA‐ICP‐MS). Specimens were subsequently combined for oxygen isotopes resulting in 61 analyses (in some
intervals foraminiferal assemblages were too sparse), using the same specimens as used for the laser ablation
ICP‐MS Mg/Ca analyses. Sediments have been extracted and analyzed for biomarker‐based proxies for all
95 subsamples.

For the age intervals of 60 and 50 Ma, we combined 23 replicate measurements per time slice (mixed
benthos) for clumped isotope analysis, in order to obtain an average Δ47‐derived BWT for the respective time
intervals. A detailed description of the methods is included in the supplementary material.

2.4. Calculations of Temperatures Based on Proxy Values
2.4.1. Mg/Ca and Sr/Ca Calibrations
A large number of Mg/Ca‐BWT calibrations for Cibicidoides spp. have been proposed (e.g., Billups & Schrag,
2002; Elderfield et al., 2006; Healey et al., 2008; Lear et al., 2002; Marchitto et al., 2007; Martin et al., 2002;
Raitzsch et al., 2008; Rathburn & DeDeckker, 1997; Rosenthal et al., 1997; Tisserand et al., 2013; Yu &
Elderfield, 2008; Figure 2; see Tisserand et al., 2013 for overview). The first Mg/Ca‐T calibration for
Cibicidoides from Rosenthal et al. (1997) spanned a temperature range from 4.5 to 18 °C, which was more
recently extended by calibration studies using specimens collected from the deep sea, reaching somewhat
lower temperatures (0–6 °C; e.g., Healey et al., 2008; Raitsch et al., 2008; Tisserand et al., 2013; Yu &
Elderfield, 2008) and with calibrations covering temperatures up to 18 °C (Elderfield et al., 2006; Lear et al.,
2002; Marchitto et al., 2007; Martin et al., 2002). Whereas the “high temperature” calibrations are based on
multiple species of Cibicidoides (Elderfield et al., 2006; Lear et al., 2002; Martin et al., 2002) or on C. pachy-
derma (Marchitto et al., 2007; Rosenthal et al., 1997), calibrations with temperature ranges between 0 and
6 °C are based on species‐specific analyses, most of which are based on C. wuellerstorfi or C. kullenbergi

Figure 2. Mg/Ca calibrations for species‐specific or multiple species
Cibicidoides spp. The dotted line reflects the distinction between the low
temperature calibrations (6–13) often based on a single species and the
high temperature calibrations based on multiple species or on
C. pachyderma (1–5). For our deep‐time reconstruction we apply the
calibration of Martin et al. (2002) and Lear et al. (2002) (2 and 4).
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(e.g., Billups & Schrag, 2002; Healey et al., 2008; Raitzsch et al., 2008; Yu & Elderfield, 2008). The species‐
specific “low temperature” calibrations show a higher temperature sensitivity (e.g., Healey et al., 2008; Yu
& Elderfield, 2008; lines 10 and 13 in Figure 2) compared to the high temperature calibrations based on
Cibicidoides spp. It has been shown that for temperature <3 °C, changes in Mg/Ca are for a large part caused
by differences in carbonate ion saturation state (Δ[CO3

2−]), resulting in lower Mg/Ca (and hence lower tem-
peratures) compared to “uncorrected” ratios (Elderfield et al., 2006). Therefore, one might argue that the
Mg/Ca‐BWT equations calibrated covering larger temperature ranges are more reliable and also more in line
with the range of temperatures covered here.

In this study, foraminifera were not identified at species level, and it is likely that over the long time span
studied here, different species were measured. As we are investigating long term and relatively large changes
in Mg/Ca and hence temperature, small differences in calibrations within genera will have little impact on
the reconstructed trends. Therefore, a Mg/Ca‐BWT calibration based on different Cibicidoides spp. is used
here to translate the obtained Mg/Ca to past BWTs. We applied both the calibration of Martin et al. (2002)
and Lear et al. (2002). Lear et al. (2002) refined the calibration of Rosenthal et al. (1997) by the analysis of
C. wuellerstorfi, C. pachyderma, C. compressus, and a wuellerstorfi‐like Cibicidoides, from different ocean
basins, and adding Mg/Ca data for BWTs lower than 4 °C. Similarly, Martin et al. (2002) extended the core
top calibration of Rosenthal et al. (1997) to an even lower BWT (−1 °C). The two calibrations have the same
temperature sensitivity (B = 0.109) but, due to different pre‐exponential constants (A), differ 3.1 °C in abso-
lute temperatures. Since our BWTs are likely >4 °C, and the paleodepth of the site remained well above the
calcium carbonate compensation depth (CCD), we do not consider the potential effect of changes in carbo-
nate ion concentration Δ(CO3

2−) on foraminiferal geochemistry.

The standard errors associated with the calibrations of Lear et al. (2002) and Martin et al. (2002) are 1.7 and
1.4 °C, respectively. There are noMg/Ca‐temperature calibrations developed forGavelinella and Lenticulina.
In the absence of appropriate calibrations of phylogenetically closely related species, we applied the
Cibicidoides calibrations of Lear et al. (2002) and Martin et al. (2002). For Epistomina, we applied the
Atlantic Mg/Ca‐temperature of Rosenthal et al. (2006), but since Epistomina is a species producing arago-
nite, we also applied the Atlantic Sr/Ca‐temperature calibration of Rosenthal et al. (2006), with a standard
error of 1.1 °C.
2.4.2. Seawater Mg/Ca and Sr/Ca
TheMg/Ca ratio in the seawater has fluctuated on time scales of millions of years, which has been estimated
in numerous models and using proxies over time (e.g., Coggon et al., 2010; Evans et al., 2018; Farkas et al.,
2007; Lowenstein et al., 2001; Stanley & Hardie, 1998; Wilkinson & Algeo, 1989). We here apply the recon-
struction of Farkas et al. (2007). This model overall agrees with older studies (e.g., Demicco et al., 2005;
Stanley & Hardie, 1998), and with proxy data based on fluid inclusions (Horita et al., 2002; Lowenstein
et al., 2001), but starts to deviate from the other models as well as from the data derived from echinoderms
(Dickson, 2004) and mid‐ocean ridge flank carbonate veins (Coggon et al., 2010) toward the Eocene and
Paleocene. The recently published seawater Mg/Ca reconstruction based on coupled foraminiferal clumped
isotope‐Mg/Ca data of Evans et al. (2018) agrees mostly with the model of Stanley and Hardie (1998) for the
Oligocene but approaches the model of Farkas et al. (2007) for the Eocene and Oligocene. Since the recon-
struction of Evans et al. (2018) only spans the Eocene and first part of the Oligocene, we applied the model of
Farkas et al. (2007). However, to illustrate the effect of the uncertainty in seawater Mg/Ca‐values, we apply
different seawater Mg/Ca values based on different model/proxy studies, for the age interval of 50 Ma, and
calculated associated BWTs.

To reconstruct temperature from the Sr/Ca ratio in Epistomina, preserved in the sediments of ~91 Ma, we
also have to assume a seawater Sr/Casw ratio. We apply a value of ~11 mmol/mol as deduced from the
Phanerozoic Sr/Casw trend from Steuber and Veizer (2002), who reconstructed seawater Sr/Ca based on
bivalve and belemnite analysis.

2.5. δ18O and Δ47 Calibration

The temperature equation of Kim and O' Neil, J. R. (1997) was used to translate the benthic oxygen isotope
data into paleo‐BWTs. Bemis et al. (1998) suggested that Cibicidoides precipitates its shell close to predicted
oxygen isotope equilibrium values and that Cibicidoides data derived from core tops from all over the world
showed excellent agreement with the equation of Kim and O' Neil, J. R. (1997). Therefore, no correction
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factor has been applied to the measured Cibicidoides δ18O values. For Epistomina spp., the linear equation
for H. elegans of Marchitto et al. (2014) was used. Wendler et al. (2013) observed a δ18O offset of approxi-
mately 0.5‰ between Lenticulina species and Berthelina berthelini (morphologically closely resembling
Cibicidoides wuellerstorfi) in a Turonian equatorial record from SE Tanzania. Applying the precise correction
requires identification of the exact Lenticulina species, but as we have not distinguished between species
within this genus, we apply the average correction of +0.5‰. As Gavelinella and Cibicidoides spp. overlap
at the age interval of 78 Ma, we correct the Gavelinella‐derived BWTs for the offset with the Cibicidoides‐
derived BWTs for this age. For ages of 50 Ma and older, ice‐free conditions were assumed, with average glo-
bal standard mean ocean water (SMOW) δ18O being approximately −1‰ (Shackleton & Kennett, 1975). For
the ages of ~33 and 41 Ma, δ18OSMOW values of −0.25‰ and −0.75‰ were assumed, respectively, based on
the estimated variation in global average δ18OSMOW calculated by Lear et al. (2000). These values may not
reflect all aspects of Earth's climate and (subtle) changes therein, as for instance there is evidence for
Paleocene glaciation (Hollis et al., 2014), and local factors such as evaporation (Zachos et al., 1994) may
affect the local seawater δ18O. We applied a −0.27‰ correction to translate SMOW to VPDB. For the plank-
tonic foraminifera we also applied the equation of Kim and O' Neil, J. R. (1997) and assumed identical sea-
water δ18O values as for the benthics. To translate Δ47 values to BWTs, we used the temperature calibration
of Kele et al. (2015), based on inorganic calcite precipitation. We used the updated version of the Kele cali-
bration (Δ47 = [0.04451 ± 0.001004 × 106]/T2 + [0.171 ± 0.01081]; Bernasconi et al., 2018), after recalculating
the calibration set with the Brand parameters (Daëron et al., 2016). This calibration is fully consistent with
the recent calibration developed for planktonic and benthic foraminifera of Peral et al. (2018).
2.5.1. TEX86 and MATmrs Calibration
TEX86 values were calculated using the original ratio as defined by Schouten et al. (2002). For the translation
to SSTs, there are multiple global core‐top calibrations available (e.g., Kim et al., 2008; Liu et al., 2009;
Schouten et al., 2002; Tierney & Tingley, 2014, 2015). Two logarithmic equations were proposed by Kim
et al. (2010), that is, TEX86

L and TEX86
H. The first mentioned is the logarithmic TEX86 without the crenarch-

aeol isomer and with GDGT‐3 removed from the numerator, and it was shown to be suitable for subpolar
Southern Ocean sediments. In contrast, the TEX86

H function, a logarithmic function of TEX86, yields the
best correlation with SST, when (sub)polar ocean data were removed. Additionally, core‐top data from the
Red Sea were removed from the TEX86

H calibration, since the TEX86 appeared to behave differently in this
region compared to other oceanic regions due to distinctly different Thaumarchaeotal populations (Eder
et al., 2002; Ionescu et al., 2009; Qian et al., 2011). More recently, Tierney and Tingley (2014, 2015) described
a different approach using Bayesian statistics for the calibration of TEX86, called BAYSPAR. The authors
developed this calibration to address the differences in TEX86 response to temperature across different ocea-
nic regions (Ho et al., 2014; Trommer et al., 2009), spatial trends in the residuals of other calibration models
(Tierney, 2014; Tierney & Tingley, 2014), and the necessity for uncertainty propagation to derive estimates
for uncertainties in reconstructed temperatures (Tierney & Tingley, 2014, 2015). We have applied both cali-
brations, and since the outcomes are similar for most intervals, we have solely plotted the TEX86

H
‐derived

temperatures in Figures 3 and 4 and included BAYSPAR‐derived temperatures in Figures 5 and S5a. The
calibration error of TEX86

H is ±2.5 °C (Kim et al., 2010). We also estimated subsurface temperatures using
TEX86, using both the BAYSPAR calibration and the calibration of Kim et al. (2012), as TEX86 is well known
to contain a subsurface signal. For the BAYPSAR calibrations we assumed a prior temperature of 30 °C for
SST and 20 °C for subsurface temperatures. We applied a prior standard deviation of 20 and a search toler-
ance of 0.2 (default settings).

To assess secondary effects potentially affecting the TEX86
H index, we applied four GDGT indices: (1) the

branched isoprenoid tetraether (BIT) index, a proxy for soil organic matter input into the marine environ-
ment, as described by Hopmans et al. (2004); (2) the Methane Index, a proxy for dissociation of marine
gas hydrates favoring anaerobic oxidation of methane, as proposed by Zhang et al. (2011); (3) %GDGT‐0, a
ratio reflecting sedimentary methanogenic archaeal GDGT production (Sinninghe Damsté et al., 2012),
(4) and the Ring Index, which indicates nontemperature factors or nonmodern TEX86‐SST relations
(Zhang et al., 2016). TheMATmrs index is used as proxy for mean annual air temperature (MAT), based upon
the distribution of branched GDGT (brGDGT) lipids (de Jonge et al., 2014). The MATmrs is a multiple linear
regression based on the abundance of the major brGDGTs. We chose this calibration over the MATmr (de
Jonge et al., 2014), as this latter calibration includes all 15 brGDGTs. Especially for the youngest age
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interval, that is, 11 Ma, the brGDGT abundances are generally low, complicating the calculation of the
MATmr. The calibration error for the MAT is 5.0 °C (de Jonge et al., 2014).

3. Results
3.1. Foraminiferal Proxy Temperatures

Figure 3 shows the short‐term temperature variability for all proxies, except for those based on clumped iso-
topes, as these were not analyzed on this temporal resolution. For the ages of approximately 18 and 11 Ma
(intervals 8 and 9), there is no stable isotope, nor Mg/Ca data available due to the lack of (sufficient well‐

Figure 3. Short‐term, temperature trends based on the different proxies. The timespans (in kyrs), abbreviated as Δt, are
estimates only, since the age model is of low resolution (million‐year scale). MATmrs is in purple; TEX86

H is in red;
and Mg/Ca, Sr/Ca, and δ18O are in orange, yellow, and blue, respectively. The TEX86

H temperatures for interval 7 are
dashed, since these temperatures are likely affected by contribution of terrestrially derived GDGTs. For Mg/Ca we
solely plotted the temperatures as calculated after Martin et al. (2002). The orange (or yellow) envelopes represent
±1 Mg/Ca (or Sr/Ca) standard error (σ/√n) propagated into the temperature translation. Right from the temperature
trends we plotted the mean, standard errors (σ/√n), and standard deviations (±1σ from mean), as well as the mean
Δ47‐derived BWTs for the intervals of 50 and 60Ma (dark blue dots), and planktonic δ18O‐derived temperatures for 41, 50,
and 60 Ma (purple = Acarinina spp, blue = Subbotina and Parasubbotina spp.). For the time slice of 91 Ma, the
Mg/Ca‐ and δ18O‐BWTs were corrected for the offset between Cibicidoides spp. and Gavelinella spp. at 74 Ma.
MAT = mean annual air temperature; SST = sea surface temperature; BWT = bottom water temperature;
GDGT = glyceryl dialkyl glyceryl tetraether.
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preserved) foraminifera, related to the relatively shallow paleodepth of the core site at these times. The
ranges in benthic δ18O‐derived temperatures within the high‐resolution intervals are between 0.3 and
2.8 °C for the ages of 33 to 78 Ma (intervals 7 and 3). Only interval 1 (91 Ma) contains higher variability
for the Gavelinella spp. δ18O‐derived temperatures with a range of 5.7 °C (Figure 3). In case of insufficient
numbers of foraminifer specimens per sample for δ18O analysis, samples were combined, reflected by the
horizontal gray error bars in Figure 3.

The Mg/Ca values are also relatively constant for the ages of ~41, 50, 60, 74, and 91 Ma (intervals 6, 5, 7, 8,
and 9, respectively), with a maximum variability of 4.1 °C. The reconstructed Mg/Ca‐BWTs at 78 and 33 Ma
show a larger range, that is, 12.3 and 10.9 °C, respectively. However, this is likely due to insufficient numbers
of replicates measured, that is, less than 10 specimens for some subsamples, due to the scarcity of well‐
preserved foraminifera. For the intervals of 33 and 78 Ma, some measurements were based on one specimen
only. At 78Ma (interval 3), the observed large variation is mainly due to the high interspecimen variability in
the Mg/Ca values measured on the Lenticulina spp. specimens.

For the Epistomina spp., the Mg/Ca value (after correction for the Mg/Casw) falls outside the calibration
range (using the Atlantic calibration for H. elegans; Rosenthal et al., 2006), and extrapolating the calibra-
tion results in unrealistically low temperatures (around −5 °C). Therefore, we applied the Sr/Ca‐
temperature calibration, as reported by Rosenthal et al. (2006), which is developed for foraminifera with
aragonite shells. As mentioned in the method section, we applied a Sr/Casw value of ~11 mmol/mol after
Steuber and Veizer (2002). This leads to a BWT of ~15.5 +/− 2.6 °C (yellow diamond, Figure 4). Coggon

Figure 4. Proxy results for the Bass River core: clumped isotopes = dark blue dots; benthic δ18O = light blue dots; benthic
Mg/Ca = orange (Martin et al., 2002) and green (Lear et al., 2002) dots; TEX86 = red (TEX86

H) and pink (subsurface)
dots; MATmrs = purple dots; planktonic δ18O = purple (Acarinina spp.) and blue (Subbotina and Parasubbotina spp.)
crosses. Proxy values based on Epistomina spp. (aragonitic) are displayed as diamonds. The transparent envelopes
represent the short term variation (standard deviations) within the age intervals (not plotted for subsurface TEX86), and
for benthic δ18O, TEX86 and MATmrs propagated with calibration errors of 0.13‰ (Rohling, 2007), 2.5 °C (Kim et al.,
2010) and 5.0 °C (de Jonge et al., 2014), respectively. Temperature reconstructions not based on Cibicidoides spp. are
dashed. The TEX86

H temperature for 33 Ma is dashed, since this temperature is likely affected by contribution of
terrestrially derived GDGTs. Additionally, we plotted the pre‐PETM δ18O and TEX86

H temperatures (~56.5 Ma) for the
Bass River site (John et al., 2008; Sluijs et al., 2007; diamond symbols). The error bars plotted for all proxies represent the
standard errors. The middle panel shows the global benthic δ18O compilation (modified after Friedrich et al., 2012),
overlain by the δ18O data of this study (blue dots). The right panel shows the BIT (dark green) indicated events:
MECO =middle Eocene climatic optimum; EECO = early Eocene climate optimum; PETM = Paleocene Eocene thermal
maximum; MAT = mean annual air temperature; SST = sea surface temperature; BWT = bottom water temperature;
GDGT = glyceryl dialkyl glyceryl tetraether; BIT = branched isoprenoid tetraether.

10.1029/2018PA003453Paleoceanography and Paleoclimatology

DE BAR ET AL. 464



et al. (2010) also estimated seawater Sr/Ca (based on calcium carbonate
veins), but they suggest a value between 2 and 3 mmol/mol, which in
combination with our results leads to unrealistic temperature estimates
(around 155 °C).

Averaging the short‐term Mg/Ca, Sr/Ca, and benthic δ18O temperatures
results in the long‐term low‐resolution temperature trend (Figure 4).
Over the record, benthic foraminiferal δ18O gradually increases over time,
ranging from approximately −2.4‰ to 1.0‰, corresponding with a cool-
ing of around 12.6 °C (Figure 4). The isotopic offsets between the different
benthic genera are relatively small (between Cibicidoides spp. and
Gavelinella spp. at 74 Ma: 0.16‰; between Gavelinella spp. and
Epistomina spp. at 91 Ma: 0.21‰). Around 50 Ma (interval 5), the oxygen
isotope ratios reveal a negative excursion of around 1.5‰. The clumped
isotope (Δ47) derived BWTs are 15.4 +/− 2.1 °C and 10.1 +/− 2.2 °C.
The error indicates analytical uncertainty (1 standard error on the mean
of 18 to 23 replicate analysis). The Mg/Ca values of the calcitic shells of
Cibicidoides, Gavelinella, and Lenticulina spp. vary between approxi-
mately 3 and 14 mmol/mol over time, where Sr/Ca of the aragonitic
Epistomina spp. reveals values of approximately 3 mmol/mol (~91 Ma;
interval 1).

Overall, the Mg/Ca‐based temperature gradient shows a similar cooling
trend as the δ18O‐based BWT reconstruction, with exception of the recon-
structed temperatures between 91 and 74 Ma, which are similar, whereas
the δ18O‐BWTs decrease between 91 and 74 Ma (Figure 4). Also, the over-
all cooling from ~91 to 33 Ma inferred fromMg/Ca is smaller compared to
that based on stable oxygen isotopes, that is, app. 9.7 °C versus 12.6 °C (not
taking the Epistomina spp. temperatures into account), but this difference
is probably not appreciable in view of the calibration and measurement

errors associated with the proxies. The overall long‐term BWT variability as reconstructed by Mg/Ca and
benthic δ18O is in general larger (~10 to 13 °C) compared to the short‐term variations (except for the
Mg/Ca BWTs at 33 and 78 Ma; intervals 7 and 3), as well as the calibration errors: 1.4 and 1.7 °C for the
Mg/Ca calibrations (Lear et al., 2002; Martin et al., 2002) and ~0.5 °C for δ18O‐BWT translation
(Rohling, 2007).

The planktonic δ18O‐derived temperatures for age interval 6 (41 Ma) are 22.4 °C for A. collactea, 20.5 °C for
A. pseudotopilensis, and 19.1 °C for P. varianta. For the age interval of 50 Ma (interval 5), the Subbotina spp.‐
derived temperature is 25.0 °C, and the average temperature for 60Ma (interval 4) is 14.8 ± 0.5 °C based on S.
velascoensis. The latter temperature is based on four measurements, whereas the other temperatures reflect
one analysis only.

3.2. Organic Proxies

Wewere not able to calculate the UK′
37 index, since no triunsaturated C37 (and C38) long‐chain ketones were

detected; that is, the UK′
37 index was always 1, something previously observed for sediments older than

~55 Ma (Brassell, 2014 and references cited therein). Diunsaturated alkenones were detected in the sedi-
ments of 33, 41, 50, 78, and 91 Ma (intervals 7, 6, 5, 3, and 1, respectively). Isoprenoid (for TEX86) and
branched GDGTs (for BIT and MATmrs) were always present above quantification limit, with exception of
three sediments of the two youngest intervals 9 and 8 (11 and 18 Ma). The two youngest sediment intervals
reveal high BIT indices of 0.82 and 0.85, respectively. Consequently, the MATmrs index, a proxy for air tem-
perature, was determined for these age intervals. This revealed MATs of 15.5 and 16.7 °C for 11 and 18 Ma,
respectively, revealing stable short‐term trends (maximal variability of 3.5 °C, respectively; Figure 3). For all
sediments older than 33 Ma, the BIT index was smaller than 0.34, suggesting that the TEX86

H was not sub-
stantially affected by soil organic matter input (Weijers et al., 2006), consistent with previous results for spe-
cific intervals at Bass River (Sluijs et al., 2007; van Helmond et al., 2014) or nearby sites (Vellekoop et al.,

Figure 5. Cross‐correlation between TEX86 values and benthic δ18O (blue
circles and diamonds), planktonic δ18O (blue crosses), Mg/Ca (orange cir-
cles; calibration of Martin et al., 2002), and clumped isotope (dark blue cir-
cles) temperatures and temperatures of different TEX86 calibrations (Kim
et al., 2010, 2012; red and yellow crosses; Tierney & Tingley, 2014, 2015; light
and dark purple crosses). The lowest TEX86 values for 33 Ma are dashed
(circle symbols for δ18O and Mg/Ca vs. TEX86) and transparent (crosses
reflecting different TEX86 calibrations), since these values are likely affected
by contribution of terrestrially derived GDGTs and therefore should be
interpreted with caution. The two regression lines and corresponding pre-
diction and confidence intervals are plotted for the correlations between
TEX86 and δ18O‐and Mg/Ca‐derived temperatures. SST = sea surface
temperature.
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2016), and hence, the TEX86
H was calculated to estimate seawater temperatures. To assess potential

secondary influences on the TEX86, we calculated the Methane Index, %GDGT‐0, and Ring Index for
these sediments. The highest values we obtained were 0.24, 43, and 0.3 (for ΔRI), respectively, which are
all below the recommended threshold values of 0.3 to 0.5, 67, and 0.3, respectively (Sinninghe Damsté
et al., 2012; Zhang et al., 2011, 2016), suggesting that the potential effects of confounding factors assessed
with these indices are minor.

Between the samples from each depth interval, variability in the TEX86
H temperatures is between 0.5 and

4.9 °C, indicating that short‐term variability is relatively modest (Figure 3) compared to the overall long‐
term trend observed in SST (22.4 to 35.9 °C) as well as the uncertainty related to the SST estimates
(±2.5 °C). Subsurface (0–200 m) temperatures, as calculated using the calibration of Kim, Romero, et al.
(2012), range between 17.8 and 28.6 °C over the long‐term record. Throughout the record, there is a clear
cooling trend over time, with SST estimates decreasing from approximately 36 °C at 91 Ma to 22 °C at
33 Ma (Figure 4). Around 50 Ma there is an interruption in this trend, revealing SSTs of around 33 °C during
the Early Eocene.

4. Discussion
4.1. Temperatures Based on Foraminiferal Calcite

Benthic foraminiferal δ18O‐based temperatures are calculated by assuming a past seawater stable oxygen iso-
tope composition. As mentioned in the methods section, we assumed ice‐free conditions for ages older than
50 Ma, associated with an average global δ18OSMOW of −1‰ (Shackleton & Kennett, 1975), and for the ages
of ~33 and 41 Ma, δ18OSMOW values of −0.25‰ and −0.75‰ were assumed, respectively (Lear et al., 2000).
However, seawater δ18O can vary locally, and therefore, these values may not accurately reflect the seawater
oxygen isotopic composition at Bass River. The reconstructed temperatures based onGavelinella spp. (74 and
91 Ma) were corrected for the δ18O‐temperature difference between Gavelinella and Cibicidoides spp. at
74 Ma (i.e., normalized to Cibicidoides spp. temperatures). The resulting BWT at 91 Ma (Gavelinella spp.)
is 21.9 °C, as compared to the BWT estimate of 19.2 °C based on Epistomina spp. for this time interval, using
the temperature calibration of Marchitto et al. (2014). The oldest time interval (~91 Ma; ~570‐m depth) is
younger than the Cenomanian/Turonian boundary (~94 Ma; ~590‐m depth; Sugarman et al., 1999).
Similar to our study, Sugarman et al. (1999) analyzed stable oxygen isotopes on the Gavelinella spp. and
Epistomina spp. specimens. They obtained δ18O values around −3‰ and −2.5‰ for the two genera, respec-
tively, across the Cenomanian/Turonian sequence, which is very similar to our average values of approxi-
mately −2.4‰ and −2.1‰.

For calculating temperatures based on planktonic foraminiferal δ18O, we assumed the same seawater isoto-
pic composition as we used for the benthics, and we applied the Kim and O'Neil calibration, which we also
used for the benthic foraminiferal δ18O. Planktonic δ18O reflects the foraminiferal habitat within the water
column, either close to the sea surface or somewhat deeper within the water column. We analyzed
Acarininia and Subbotina spp. specimens, with Acarinina spp. being considered a surface dweller and
Subbotina spp. a thermocline dweller, which will therefore reflect somewhat deeper water temperatures
(D'Hondt & Zachos, 1998). A particular caveat of planktonic δ18O is potential impact of
preservation/diagenetic alteration at the seafloor, which can result in biasing temperatures toward colder
values (Pearson et al., 2001; Schrag et al., 1995).

In theory, the Mg/Ca and δ18O derived BWTs should yield the same temperatures, as both proxies are mea-
sured on the exact same specimens, measuring the oxygen isotope composition after the Mg/Ca was deter-
mined using LA‐ICP‐MS. Differences in reconstructed temperatures may be caused by uncertainties in the
necessary assumptions of isotopic composition and elemental composition of the seawater and/or vital
effects associated with the different proxies. Diagenesis might as well compromise the Mg/Ca‐derived tem-
perature estimate (e.g., Hoogakker et al., 2009; Hover et al., 2001). Since diagenesis is a known source in off-
setting element/Ca ratios in specimens from this age and from these environments, specimens were
carefully selected, and ablation profiles were individually carefully examined for contamination and internal
consistency of the Mg‐signal within the shell walls. Ablation profiles displayed relatively constant Mg/Ca
throughout the shell walls, suggesting that the original signal was well preserved (Figure S3). Similarly as
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for the benthic δ18O, we normalized the Mg/Ca‐derived BWTs for
Gavelinella spp. to that of Cibicidoides spp., correcting for the BWT differ-
ence at 74 Ma where the genera overlap.

Arguably, the most important source for the uncertainty in deriving deep‐
time seawater temperatures from foraminiferal Mg/Ca is the uncertainty
in past seawater Mg/Ca. Sensitivity of Mg/Ca‐derived temperatures to sea-
water Mg/Ca is illustrated in Table 1. Here we apply different modeled or
reconstructed values for seawater Mg/Ca ratios for the age interval of
~50 Ma (1.6–3.6 mol/mol; Evans et al., 2018, Farkas et al., 2007; Stanley
&Hardie, 1998; Wilkinson & Algeo, 1989), as well as the modern day ratio
of 5.2 mol/mol. The calculated BWTs range between approximately 31
and 17 °C. The δ18O‐derived BWT for this time interval is 18.6 +/
− 1.0 °C, and the Δ47‐derived BWT is 15.4 +/− 2.2 °C. Solely three
Mg/Ca‐derived BWTs (19.9, 19.7, and 16.6 °C, highlighted in Table 1)
are similar (when considering calculated uncertainties) to this value,
based on Mg/Casw values of 3.6 and 5.2 mol/mol. This would suggest that
the seawater Mg/Ca was >3.6 mol/mol. Other studies that have tried to
constrain past Mg/Casw values in the same way also suggest relatively
high values (e.g., Billups & Schrag, 2003; Lear et al., 2002). In these stu-
dies, as well as our study, the relation between the incorporation of Mg
into the foraminiferal shell and the Mg/Ca of the seawater is assumed to
be linear. However, several studies show that the incorporation of Mg in

foraminiferal calcite as a function of seawater Mg/Ca is best described as a power function, which implies
that a linear fit overestimates reconstructed seawater temperatures when seawater Mg/Ca is lower (see for
a summary Evans & Muller, 2012, and references therein). Accordingly, when constraining Mg/Casw values
for the Cenozoic based on foraminiferal Mg/Ca and δ18O‐derived temperatures, it is expected that the esti-
matedMg/Casw values will be too high (Evans &Muller, 2012). This therefore potentially explains the obser-
vation that our Mg/Ca‐BWTs are higher than our benthic δ18O‐derived temperatures (Figures 3 and 4).

4.2. Temperatures Based on Organic Proxies

In general, TEX86
H
‐based temperatures are considered to reflect upper water column temperatures, as the

core‐top calibration data sets show a strong correlation with satellite‐derived annual mean SSTs (Kim
et al., 2008, 2010; Schouten et al., 2002; Tierney & Tingley, 2014). However, it has been shown that the
TEX86

H proxy might regionally and temporally be affected by GDGTs derived from the subsurface, and it
also correlates well with 0‐ to 200‐m temperatures (Kim et al., 2015; Kim, Crosta, et al., 2012; Tierney &
Tingley, 2014). Recently, Zhang and Liu (2018) examined the export depth of the TEX86 signal by correlating
the TEX86 core‐top data between 30°N and 30°S with SST and subsurface temperatures (0–200, 0–500, and 0–
1,000 m), and comparing the obtained latitudinal gradient with the present‐day meridional surface and sub-
surface temperature profiles. The authors observed the best correlation between TEX86 and SST concluding
that overall the TEX86 reflects near‐surface to shallow subsurface (<200 m) water temperatures.
Accordingly, we believe it is useful to apply both a surface and subsurface calibration and compare the
reconstructions with the other independent proxy data. The TEX86 subsurface temperatures (as calculated
after Kim, Romero, et al., 2012) are on average ~6 °C lower compared to the TEX86

H
‐SSTs (Figure 4).

Although we cannot use the UK′
37 for estimating SST, the absence of alkatrienones in sediments after

~55 Ma is an indication of SSTs exceeding 27 °C (e.g., Prahl & Wakeham, 1987; Volkman et al., 1995).

4.3. Consistency Between Proxy Reconstructions

As discussed above, a possible reason for the higher Mg/Ca‐BWTs compared to the δ18O‐derived BWTs is the
assumed linear relation between the foraminiferal Mg incorporation and the Mg/Ca of the seawater, which
results in overestimation of temperatures when seawater Mg/Ca was lower than today (Evans & Muller,
2012). Additionally, support for the robustness of the δ18O‐derived BWTs comes from the clumped isotope
based BWTs estimates at ~60 and 50 Ma (10.1 +/− 2.2 and 15.4 +/− 2.1 °C), which are close to the δ18O‐
derived BWT estimates of 11.9 +/− 0.9 and 18.6 +/− 1.0 °C, respectively. Since Δ47 is independent of

Table 1
Sensitivity of Mg/Ca‐Derived BWTs to Seawater Mg/Ca and the Propagating
Effect in Applying Different Mg/Ca‐BWT Calibrations

Time (Ma)

Foraminiferal
Mg/Ca

(mmol/mol)

Seawater
Mg/Ca

(mol/mol)
Mg/Ca‐BWT

(°C)a
Mg/Ca‐BWT

(°C)b

50 7.43 1.6c 30.5 27.4
2.2d 27.6 24.4
2.6e 26.0 22.9
3.6f 23.1 19.9
5.2g 19.7 16.6

Note. BWT = bottom water temperature. For all calculated Mg/Ca‐
derived BWTs, the uncertainty is ±0.6 °C. The δ18O‐derived BWT for this
time interval is 18.6 ± 1.0 °C. Clumped isotope estimates yield a BWT of
15.4 °C. Solely three Mg/Ca‐derived BWT estimates in this table are close
to this value (19.9, 19.7, and 16.6 °C; bold values in the table). These
values derive from the combination with the two highest Mg/Casw
values.
aMg/Ca bottomwater temperature calculated based on the calibrations of
Lear et al. (2002). bMg/Ca bottom water temperature calculated based
on the calibrations of Martin et al. (2002). cSeawater Mg/Ca ratio from
Stanley and Hardie (1998). dSeawater Mg/Ca ratio from Evans et al.
(2018). eSeawater Mg/Ca ratio from Farkas et al. (2007). fSeawater
Mg/Ca ratio fromWilkinson and Algeo (1989). g5.2 mol/mol is the pre-
sent‐day seawater Mg/Ca ratio.
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seawater δ18O composition, and thus solely reflects seawater temperature, the observed general agreement
between Δ47 and δ18O‐derived BWTs implies that our assumed δ18Osw (−1‰ SMOW) was realistic.
Remaining offsets could be explained by a slightly different δ18Osw.

The TEX86
H
‐based SST estimates are on average 13 to 17 °C higher than reconstructed BWTs based on

benthic foraminiferal δ18O, probably reflecting the different positions in the water column of the
Thaumarchaeota and benthic foraminifera. This absolute temperature difference between δ18O‐derived
BWTs and TEX86

H
‐based SST reflects the thermal gradient in the water column and is in line with a strong

thermocline during spring and summer in present‐day New Jersey Shelf waters (Castelao et al., 2010), as
well as previous regional reconstructions for the Paleocene Eocene thermal maximum (PETM) interval
(e.g., John et al., 2008; Zachos et al., 2006). The planktonic foraminiferal temperatures for the ages of 41,
50, and 60 Ma are in between the δ18O‐derived BWTs and TEX86

H SSTs. When assuming that TEX86
H

reflects SST, the planktonic foraminiferal temperatures seem reasonable in view of the ecology of the species
used here. Acarinina spp.‐derived temperatures for 41 Ma are ~4–6 °C lower compared to the TEX86

H SSTs.
The temperature difference between TEX86 and Acarinina spp. found by Zachos et al. (2006) for Paleocene‐
Eocene sediments fromWilson Lake showed a similar offset, whereas theMorozovella‐derived temperatures
agreed very well in that study with the TEX86‐derived temperatures, suggesting that Acarinina lived some-
what deeper in the water column on the New Jersey Shelf compared toMorozovella. For the intervals of 41,
50, and 60 Ma we also analyzed the δ18O of Subbotina spp., which suggests considerably lower temperature
compared to the TEX86

H, that is, between 7 and 12 °C, which is consistent with the fact that Subbotina spp. is
considered a thermocline‐dweller living deeper in the water column (D'Hondt & Zachos, 1998).
Furthermore, the high TEX86

H SST estimates agree with the fact that UK′
37 suggest SST >27 °C for the time

interval of 41 and 50 Ma (intervals 6 and 5). However, this is not the case for the 33‐Ma interval, where
TEX86

H indicates an average SST of 22 °C. Likely, the TEX86
H
‐suggested temperatures are underestimated

due to terrestrial organic carbon addition, as for 9 out of the 10 subsamples the BIT is between 0.24 and
0.34 with TEX86

H SSTs suggesting values between 21.9 and 22.2 °C. For one sediment sample where the
BIT is 0.11, the TEX86

H
‐derived temperature suggests a warmer sea surface (26.7 °C). This strongly suggests

that for this time‐interval (7) the TEX86 is affected by, relatively moderate, amounts of terrestrially derived
isoprenoid GDGTs, resulting in underestimation of SST. We note that the TEX86‐derived subsurface tem-
peratures agree better with the planktonic foraminiferal temperatures calculated for 41, 50, and 60 Ma
(Figure 4), suggesting that the planktonic δ18O likely reflects a shallow subsurface signal. Although all speci-
mens were checked carefully using light microscopy, it is not possible to exclude the possibility that recrys-
tallization affected the planktonic foraminiferal shells at or beneath the seafloor, which would also result in
δ18O‐derived temperatures being underestimated.

4.4. Reconstructed Bottom and Surface Water Temperatures

Overall all proxies measured here over the entire record show an excellent internal consistency (Figures 4
and 5). Although large offsets in absolute temperature are observed based on the calibrations used, the dif-
ferent proxies and calibrations show the same trends and sensitivity. Only the BAYSPAR calibrations show a
somewhat different trend (Figure 5). The trend in reconstructed temperature based on the Mg/Ca of the
Cibicidoides spp. shows good agreement with those of the δ18O and TEX86

H proxies (Figures 4 and 5).
However, reconstructed Mg/Ca‐BWTs for the older part of the record remain relatively constant, whereas
the benthic δ18O and TEX86

H temperature records show a clear cooling trend from 91 to 74 Ma. However,
it should be noted that for these oldest intervals, we applied Cibicidoides‐specific Mg/Ca calibrations,
whereas we analyzed other genera. Therefore, these data should be interpreted with caution. For the overall
trend, the absolute BWTs derived from the two different Mg/Ca‐BWT calibrations (Lear et al., 2002; Martin
et al., 2002) fall between the δ18O‐derived BWT estimates and TEX86

H SSTs. As discussed in the previous
paragraph, Mg/Ca BWTs are potentially overestimated, whereas benthic δ18O‐based temperatures are more
likely to be correct, which is also supported by the close agreement with the temperatures based on clumped
isotopes. However, even though absolute Mg/Ca‐derived temperatures might be compromised in deep‐time
applications due to erroneous assumptions, our Mg/Ca‐BWT record shows that the proxy fundamentals
likely stayed intact on the timescale studied here, since the reconstructed BWT trend agrees well among
the proxies.
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We also observe a good correlation between the trends of TEX86
H and benthic δ18O‐derived temperatures

through time (R2 = 0.86; n = 81; two‐tailed t‐test p value << 0.05). Irrespective of the calibration used,
TEX86 closely mimics the temperature trends based on the other proxies. Since they also align well with glo-
bal benthic stable oxygen isotope compilations (e.g., Friedrich et al., 2012; Zachos et al., 2008) (Figure 4), our
reconstructed trend in temperatures likely reflects a global pattern. As expected the BWTs we reconstruct at
Bass River are higher than the deep sea benthic stacks (Figure 4), which represents the difference between
our relatively warm shelf and the deep sea. We have also plotted the average pre‐PETM (~56.5 Ma) TEX86

H

temperature for the Bass River according to Sluijs et al. (2007) in Figure 4 (red squared symbol), that is,
~29.6 °C. Similarly, the pre‐PETM average BWT based on the Cibicidoides spp. derived δ18O value of
−0.89 of John et al. (2008) for the Bass River was plotted (blue squared symbol). This value was translated
to BWT using the calibration of Kim and O' Neil, J. R. (1997) and a δ18Osw of −1‰, resulting in a BWT of
~14.3 °C. These two temperatures also align well with the overall records. We record an ~6 °C drop in
SST as derived from TEX86

H from 33.3 °C at 50.2 Ma to 26.8 °C at 41.2 Ma. The magnitude of this cooling
is consistent with the concomitant 4 °C cooling at the tropical site 959, although it might be on the high side
considering the relatively limited amplification of cooling toward extratropical areas (Cramwinckel et al.,
2018). Subsequently, TEX86

H records a cooling of more than 4 to 22.4 °C at 33 Ma, which is similar to the
magnitude of tropical cooling during the same time interval (Cramwinckel et al., 2018).

Consistent results of planktonic δ18O and Mg/Ca, benthic δ18O, and TEX86 paleothermometry have also
been obtained from the PETM at Bass River, and several other sites along the New Jersey Shelf (Babila
et al., 2016; Cramer et al., 1999; John et al., 2008; Makarova et al., 2017; Sluijs et al., 2007; Zachos et al.,
2006). The difference between TEX86

H surface (Sluijs et al., 2007) and δ18O BWTs (John et al., 2008) is in
the order of 10 to 15 °C at Bass River and somewhat smaller at the shallower site Wilson Lake (Zachos et al.,
2006), consistent with our results of the vertical temperature gradient based on these proxies. Moreover,
Zachos et al. (2006) reported similar temperature differences between TEX86 SSTs and planktonic foraminif-
eral δ18O temperatures based onAcarinina spp. (assuming δ18Osw =−1‰) forWilson Lake as obtained here,
that is, between ~5 and 10 °C. It should be noted, however, that sea level rise (Harris et al., 2010; Sluijs et al.,
2008) and hydrographic changes (Babila et al., 2016; Makarova et al., 2017; Sluijs & Brinkhuis, 2009; Zachos
et al., 2006) might have affected these results across the PETM.

Overall, the trend in all temperature reconstructions align well, indicating a general cooling over the past
91 Ma. Despite the relatively coarse resolution, our reconstruction clearly reflects the warm interval during
the Early Eocene (early Eocene climatic optimum) (Cramwinckel et al., 2018; Zachos et al., 2008). The
benthic δ18O record agrees well in both trend and magnitude with previously published stable oxygen iso-
tope compilations of benthic foraminifera for the last 115 Ma (Friedrich et al., 2012), also indicating a pro-
gressive increase in δ18O throughout the Cenozoic. Also, the MATmrs temperatures seem to agree with the
benthic oxygen isotope compilation in terms of the global temperature cooling trend, even though they
reflect continental air temperatures rather than seawater temperatures.

5. Conclusions

We have combined benthic foraminifer‐based (δ18O,Δ47, Mg/Ca and Sr/Ca) and organic proxies for sea sur-
face (TEX86

H) or continental (MATmrs) temperature in a multiproxy low‐resolution study, to investigate
interproxy consistency back to ~90 Ma, for the ODP Bass River site (NJ, USA). Relative changes in the tem-
perature proxy data show good mutual agreement and are consistent with existing open ocean records,
implying that global signals are dominating the record. The TEX86

H
‐based SST and shallow subsurface tem-

perature estimates show trends in agreement with other proxies. The benthic δ18O‐derived temperatures are
further supported by clumped isotope BWTs between ~60 and 50 Ma. Deep‐time, Mg/Ca paleothermometry
likely comprises the largest error due to the propagation of multiple uncertainties, such as choice of Mg/Ca‐
BWT calibration, secular variation of seawater Mg/Ca over time, and uncertainties in the relationship
between seawater Mg/Ca and foraminiferal Mg partitioning. This final calibration uncertainty likely
explains the fact that Mg/Ca consistently overestimated temperatures in the more distant past as observed
in this study. Although all proxies suffer from uncertainty propagation when applied deep time, the offsets
between the TEX86

H
‐derived SSTs and δ18O‐derived BWTs remained relatively similar from 33 to 91 Ma. In

addition, BWT reconstructions based on Mg/Ca generally show similar long‐term temperature variations as
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those based on TEX86
H and δ18O. These results indicate that the fundamental mechanisms responsible for

the proxy relations to temperature remained constant over time.
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