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Abstract

The reliable determination of past seawater temperature is fundamental to paleoclimate studies. We test the robustnes
two paleotemperature proxies by combining Mg/Ca and clumped isotopes (D47) on the same specimens of core top planktoni
foraminifera. The strength of this approach is that Mg/Ca andD47 are measured on the same specimens of foraminifera, ther
by providing two independent estimates of temperature. This replication constitutes a rigorous test of individual methods wit
the advantage that the same approach can be applied to fossil specimens. Aliquots for Mg/Ca and clumped analyses are t
ted in the same manner following a modi�ed cleaning procedure of foraminifera for trace element and isotopic analyses. W
analysed eight species of planktonic foraminifera from coretop samples over a wide range of temperatures from 2 to 29� C. We
provide a new clumped isotope temperature calibrations using subaqueous cave carbonates, which is consistent with re
studies. Tandem Mg/Ca–D47 results follow an exponential curve as predicted by temperature calibration equations. Observ
deviations from the predicted Mg/Ca-D47 relationship are attributed to the e�ects of Fe-Mn oxide coatings, contamination, or
dissolution of foraminiferal tests. This coupled approach provides a high degree of con�dence in temperature estimates wh
Mg/Ca and D47 yield concordant results, and can be used to infer the pastd18O of seawater (d18Osw) for paleoclimate studies.
� 2018 Published by Elsevier Ltd.
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1. INTRODUCTION

The temperature of seawater is an important variable
needed for paleoclimate reconstruction and numerical cli
mate model simulations. Various proxies of past ocean tem
perature have been developed including paleo-ecologic
transfer functions, Mg/Ca, and biomarkers (Uk0

37, and
TEX 86). Among the newest advances in paleothermometr
is the application of clumped isotopes (expressed with th
parameterD47), which refers to the ordering or ••clumping”
of 13CA 18O bonds in carbonate minerals (for review, se
Eiler, 2007, 2011). The formation of 13CA 18O bonds in car-
bonate minerals is a function of temperature, and is inde
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pendent of thed18O of the ambient water or thed13C of the
dissolved inorganic carbon (DIC) (Schauble et al., 2006).
Because the measurement of clumped isotopes in carbo
ates also includes the determination ofd18O of the carbon-
ate (d18Occ) it permits temperature to be determined at the
same time asd18O of seawater (d18Osw).

The �rst calibration of the clumped isotope paleother-
mometer using inorganic calcite and corals was reporte
by Ghosh et al. (2006)who found a range of D47-values
between 0.8‰ and 0.5‰ for temperatures between 1� C
and 50� C, with an external uncertainty equivalent to ±2�
C. The uncertainty results mainly from the analytical error
in determining D47 (Fernandez et al., 2017). The calibration
was later con�rmed by two studies that included foramini-
fera and other biogenic calcites (Tripati et al., 2010; Grauel
et al., 2013). However, the transfer of these calibrations to
the Absolute Reference Frame (ARF) of Dennis et al.
(2011), which was introduced to improve interlaboratory
comparability, has relatively large uncertainties because o
the lack of appropriate standards before the referenc
frame was introduced. Following the introduction of the
ARF, a number of calibrations were published with slopes
di�ering signi�cantly from each other, but most recent cal-
ibrations (Kele et al., 2015; Bonifacie et al., 2017; Kelson
et al., 2017) appear to converge on a common temperature
dependence.

The elemental ratio of Mg and Ca in foraminiferal cal-
cite is also temperature-dependent (Rosenthal et al., 1997;
Lea et al., 1999; Elder�eld and Ganssen, 2000; seeLea,
2014 for review). Many empirical calibration studies and
laboratory culture experiments have shown that Mg/Ca
of foraminiferal calcite increases exponentially with increas
ing temperature (Nürnberg et al., 1996). Elder�eld and
Ganssen (2000)showed that the relationship between Mg/
Ca and temperature is similar for di�erent species of plank-
tonic foraminifera, whereas more recent studies hav
emphasized species-speci�c calibrations (Dekens et al.,
2002; Anand et al., 2003; Weinkauf et al., 2016). In addi-
tion, paired measurements of Mg/Ca andd18Occ from the
same foraminiferal specimens have been used to estima
the d18Osw (e.g., Lear et al., 2000, 2015; Anand et al.,
2003). The temperature dependence of Mg/Ca is often
expressed in the form:

Mg=Ca ðmmol mol� 1Þ ¼b eaT; ð1Þ

where a and b are constants and T is temperature in� C.
Culture, sediment trap and coretop calibrations have shown
that the exponential constant (a) varies from � 0.085 to
0.102, giving a sensitivity of ca. 9% change in Mg/Ca pe
� C (Nürnberg et al., 1996; Lea et al., 1999; Elder�eld and
Ganssen, 2000; Anand et al., 2003), whereas (b) is species-
speci�c (Elder�eld and Ganssen, 2000; Anand et al., 2003
Lea et al., 1999; Barker et al., 2005). Consequently, more
recent studies suggest species-speci�c calibrations of th
Mg/Ca with respect to temperature as this provides more
accurate estimates of temperature in certain region
(Regenberg et al., 2009).

To complicate matters, planktonic foraminiferal Mg/Ca
can be a�ected by dissolution, Fe-Mn oxide coating, salin-
ity, and seawater Mg/Ca variations, thus hampering tem-
perature reconstructions. High-Mg carbonate will dissolve
preferentially resulting in a lower Mg/Ca value (lower
apparent temperature) (Regenberg et al., 2014and refer-
ences therein). Furthermore, Fe-Mn metal oxide coating
on the tests can lead to too high Mg/Ca-based temperature
(Lea et al., 2005), whereas salinity may also in”uence the
Mg/Ca of foraminiferal tests (Ferguson et al., 2008;
Hönisch et al., 2013). Considering the many factors that
can in”uence the Mg/Ca in foraminifera (e.g. Lear et al.,
2000; Sadekov et al., 2008; Fehrenbacher et al., 201
Vázquez Riveiros et al., 2016), it is desirable to con�rm
the estimated temperature with an independent proxy.

Here we combine measurements of Mg/Ca and clumpe
isotopes from the same calcitic planktonic foraminiferal
tests from globally distributed modern coretops to provide
independent estimates of calci�cation temperature. Forami-
niferal samples for Mg/Ca and clumped isotope analyse
are subject to the same cleaning procedure. Whereas di�e
ent paleothermometers have been compared previous
(e.g. Mg/Ca ratios and alkenones, or alkenones and
TEX 86; Schouten et al., 2002; Leduc et al., 2010), we derive
temperatures on the exact same specimens of foraminifer
which should give identical results. We test if the Mg/Ca-
D47 data fall on the line predicted using the known temper-
ature relationship for each proxy. Furthermore, we show
that a clumped isotope regression for planktonic foramini-
fera agrees with inorganic carbonate calibrations, sugges
ing that vital e�ects are not signi�cant for clumped
isotopes. Finally, we discuss the potential application and
the advantages of this method to fossil specimens for recon
structing more accurate estimates of past temperature an
d18Osw values.

2. MATERIALS AND METHODS

2.1. Selection of foraminifera and cleaning procedure for
tandem Mg/Ca and clumped analyses

We used existing coretop samples from several sites fro
the Atlantic, Arctic, Paci�c, and Indian Oceans (Fig. 1 and
Table S1) to test the relationship between Mg/Ca ratios and
D47 values in modern foraminifera. In the North Atlantic
the cores were the same as those used previously
Elder�eld and Ganssen (2000)(Tables S1 and S2). The sam-
ples span a temperature range from 2 to 29� C. Coretops
with the potential to yield large (>5 mg) mono-speci�c sam-
ples of foraminifera were selected from the >300l m size
fraction of the sediment except for Neogloboquadrina
pachyderma (sinistral) where the >150l m size fraction
was chosen to obtain su�cient material. After cleaning
the samples consisted of� 3 mg of foraminiferal calcite
and included 8 di�erent species of surface- and deep
dwelling planktonic foraminifera: Globigerina bulloides,
Globigerinoides sacculifer, Globorotalia hirsuta, Globorotalia
in�ata , Globorotalia menardii, Neogloboquadrina dutertrei,
Neogloboquadrina pachyderma(s), and Orbulina universa.

We devised a cleaning procedure to ensure that the Mg
Ca ratios and D47 values were measured on the exact sam
specimens of foraminifera. Foraminiferal tests were sub
jected to a modi�ed version of the cleaning procedure used
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Fig. 1. Location map of coretop samples used in this study. Inset images of planktonic foraminifera exemplify the species studied.

S.F.M. Breitenbach et al. / Geochimica et Cosmochimica Acta 236 (2018) 283–296 285
for Mg/Ca ( Barker et al., 2003). The main modi�cations
were: (i) the use of larger vials (2.5 ml acid-cleaned via
instead of 0.5 ml ones) to accommodate greater volume
of reagents for the large sample sizes, (ii) substitution o
the warm, weak (1%), oxidative step by a cold (room tem
perature), stronger one (5% H2O2), (iii) post-cleaning
removal of any silicates remaining after drying, and (iv)
the omission of the dilute acid leaching step. Selected sam
ples were carefully monitored with SEM images of forami-
nifera following the oxidative cleaning step to ensure tha
no dissolution or recrystallization had occurred.

The modi�ed cleaning procedure includes the following
steps: (i) crushing of the shells; (ii) clay removal usin
deionized water and methanol in an ultrasonic bath; (iii)
removal of organics using 5% H2O2 at room temperature,
bu�ered with 0.1 M NaOH; (iv) check for potential con-
tamination (e.g. silica grains) under the microscope and
removal of contaminants if necessary. After drying at room
temperature under vacuum, the samples were powdere
between glass plates and split into 7 or more aliquot
(120–140l g each) for clumped isotope analyses, plus on
aliquot (� 250l g) for Mg/Ca ratio analysis using the
method of de Villiers et al. (2002). To the greatest extent
possible, the method ensures that the Mg/Ca ratios and
D47 values were measured on the same specimens
foraminifera.

2.2. Mg/Ca determination

Cleaned foraminifera were analysed for Mg/Ca ratios by
inductively coupled plasma optical emission spectrometr
(ICP-OES) using an Agilent 5100 instrument. Samples wer
dissolved in 0.1 M HNO3 and centrifuged to remove any
undissolved material. After an initial run to determine Ca
concentration, samples were diluted to constant [Ca] (100
ppm). Mg/Ca ratios were determined by the intensity ratio
method of de Villiers et al. (2002)using calibration stan-
dards prepared according toGreaves et al. (2005). Cleaning
e�ciency and diagenetic e�ects were monitored by measur-
ing Fe/Ca, Mn/Ca, Al/Ca, Si/Ca and Ba/Ca.

Instrumental precision for the Mg/Ca ratios is ±0.51%,
determined by replicate analyses of a standard solutio
containing Mg/Ca ratios of 1.3 mmol mol� 1 and a Ca con-
centration of 100 ppm. Accuracy of Mg/Ca ratios has been
established by interlaboratory calibration (Rosenthal et al.,
2004; Greaves et al., 2008). Sample heterogeneity for Mg/
Ca ratios has been shown to be much greater than instru
mental precision (Barker et al., 2003; Rosenthal et al.
2004). We estimate the reproducibility of planktonic fora-
miniferal Mg/Ca ratios is � 8% from replicate analyses of
G. bulloidespicked from an Atlantic core-top sample.

2.3. Clumped isotope analysis

Clumped isotope measurements were performed at th
Godwin Laboratory for Palaeoclimate Research, Univer-
sity of Cambridge, United Kingdom. The Thermo Scienti�c
MAT253 mass spectrometer is equipped with 7 collectors t
simultaneously measure masses 44 through 49. To monito
instrumental background during analysis, we use a cu
located in a position corresponding to m/z 46.5 with a
1012 X resistor. This setup allows online monitoring of the
impact of secondary electrons generated by the largem/z
44 beam on the smallerm/z beam of interest. Dry, cleaned
CO2 gas was measured against an in-house reference g
(Grauel et al., 2016), which is preferred over commercially
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available reference gases because the in-house gas ha
bulk isotopic composition close to the gas produced by
phosphoric acid digestion of foraminifera under study (ref-
erence gas was produced by acidi�cation of Carrara mar-
ble; the isotope values for the solid phase ared13CVPDB =
2.25‰ and d18OVPDB = � 1.27‰). Between 6 and 15 ali-
quots of calcium carbonate were reacted with orthophos
phoric acid at 70� C using a Thermo Scienti�c Kiel IV
carbonate device. The cryogenic trapping system of the Kie
device was modi�ed by adding a Porapak trap that is
cooled with two Peltier elements to remove organic com
pounds and isobaric contaminants prior to isotopic mea-
surements (Schmid and Bernasconi, 2010; Schmid et al
2012; Petersen and Winkelstern, 2016). This trap is cooled
to ca. � 12� C during each run and baked out for at least
1 h before the next run. For each replicate, the initial beam
intensity of m/z44 was around 20 V and decreased to ca. 1
V over the course of 8 cycles. The mass spectrometer us
standard stainless steel capillaries supplied by Therm
Scienti�c.

Data were reduced using the evaluation scheme deve
oped by Meckler et al. (2014). Pressure sensitive negativ
backgrounds on the rare isotopologue masses were dete
mined before each run by performing peak shape scan
on all masses at di�erent intensities onm/z 44 (25 V, 20
V, 15 V and 10 V). These negative backgrounds originat
from secondary electrons of them/z 44 beam and by deter-
mining the m/z 44 pressure dependence with the back
ground scans we can eliminate the mass spectromet
speci�c non-linearities observed in D47 versus d47 plots
(Bernasconi et al., 2013; Meckler et al., 2014; Mu¨ ller
et al., 2017a) (Fig. S1). In addition, the m/z 46.5 intensity
monitors the negative background signal originating from
the m/z44 beam online during acquisition. Them/z 44 pres-
sure dependent behavior of them/z 46.5 signal should cor-
relate with the pressure dependent backgrounds ofm/z 47
and in case of distinct behavior can be used to track mea
surements with contamination. The background is tracked
using both the slope and intercept ofm/z 46.5 andm/z 47,
whereby an increase in the slope indicates contaminan
in the instrument.

Conversion of the background corrected raw data into
the absolute reference frame (ARF) (Dennis et al., 2011)
allows the clumped isotope results to be corrected for mas
spectrometer speci�c scale-compression and thus enabl
comparison to other laboratories. In order to transfer the
PBL-corrected data to the ARF we follow the same proce-
dure outlined by Meckler et al. (2014). The four ETH car-
bonate standards (ETH-1, ETH-2, ETH-3 and ETH-4)
were measured on a daily basis (5–6 replicates of 3 sta
dards in every run of 46 samples) and the values o
Bernasconi et al. (in review)were used for correction to
the ARF. The D47 values have been corrected by an aci
fractionation factor of +0.062 ‰ for 70� C (De”iese et al.,
2015; Müller et al., 2017a) to project the data to an acid
reaction temperature of 25� C. The standard measurements
and comparison to the standard values from ETH Zürich
are reported in thesupplemental material.

The long-term performance of our system over the
course of 11 months for the four ETH carbonate standards
is 0.034–0.045 1SD (1SE = <0.0025) and is consistent wit
errors reported by other laboratories. The corrections for
the 17O abundance were made following the recommenda
tions of Daëron et al. (2016).

3. RESULTS

3.1. Temperature calibration ofD47

The Godwin Laboratory clumped isotope calibration
(i.e., the regression betweenD47 and temperature) was
established using natural cave carbonates that precipitate
subaqueously at known temperatures, ranging from 3 to
47� C (Table 1, Fig. 2). These carbonates grew under condi
tions that minimize CO2-degassing and evaporation and
hence kinetic fractionation e�ects are negligible owing to
an unlimited DIC pool in the water ( Kele et al., 2015).
All samples consist of calcite, except NAICA-1 which is
aragonite.

The D47 values for the six calibration samples range
from 0.603‰ to 0.758‰. The standard error ranges from
0.006‰ to 0.009‰. We also report the uncertainties at
the 95% con�dence level (CL), as suggested byMü ller
et al. (2017b) and Fernandez et al. (2017). The 95% CL
uncertainty varies from 0.013‰ to 0.021‰ (Table 1). The
uncertainties of this calibration can be reduced if additional
calibration samples and more replicates per sample ar
measured (Fernandez et al., 2017). The calibration follows
a regression line of the form:

D47 ¼ ð0:0448� 0:007Þ � 106=T2 þ ð0:154� 0:08Þ; ð2Þ

where T is temperature in Kelvin.
Our calibration slope is statistically indistinguishable

from the travertine calibration produced at ETH Zürich
by Kele et al. (2015) using the same methods as thos
employed at Cambridge and recalculated using the param
eters recommended byDaëron et al. (2016) (Fig. 2). The
calibration is also very close (i.e. a ca. 0.013‰ lower inter-
cept) to the recalculated ETH calibration (Kele et al., 2015)
and those reported by two recent more elaborate studie
that suggest there may indeed be a ••universal clumped is
tope calibration” (Bonifacie et al., 2017; Kelson et al.,
2017). The calibration of Kelson et al. (2017) also used
the Brand parameters (Brand et al., 2010; Daëron et al.,
2016; Schauer et al., 2016) while Bonifacie et al. (2017)used
di�erent parameters. Di�erences between ETH and Cam-
bridge intercepts might be caused by the limited numbe
of calibration samples and thus temperature range of the
Cambridge calibration.

It is encouraging that measurements of clumped iso
topes using the same analytical methods and paramete
for data processing and carbonate standards at ETH and
Cambridge give very similar calibration curves. Although
the ETH calibration is largely based on inorganic carbonate
samples, we suggest it is also appropriate for biogenic ca
bonates such as foraminifera (Kele et al., 2015; Grauel
et al., 2016; Rodrš´guez-Sanz et al., 2017, see also
discussion).
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Fig. 2. Cambridge clumped isotope calibration. Comparison of
Cambridge D47-temperature calibration (red line with 95% con�-
dence limits) with the travertine calibration (black line) of Kele
et al. (2015), recalculated using the parameters recommended by
Daëron et al. (2016). The two calibration regression lines are
parallel to each other. The Cambridge calibration is based on
subaqueous cave carbonates and spans the temperature range from
3 to 47� C. Temperature is given in Kelvin. RF AC refers to acid
fractionation corrected D47 values in the ARF of Dennis et al.
(2011). (For interpretation of the references to color in this �gure
legend, the reader is referred to the web version of this article.)
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3.2. Coretop foraminifera samples

We analyzed 24 coretop samples, including eight speci
of planktonic foraminifera, for Mg/Ca ratio and clumped
isotopes (Figs. 1 and 3, Table S2). The foraminiferal sam-
ples span a wide range of water temperature from 2 t
29� C. The Mg/Ca ratios range from about 0.8 to 6 mmol
mol� 1, whereasD47 values vary from 0.654‰ to 0.741‰.
Most paired Mg/Ca- D47 values follow the predicted rela-
tionship (Fig. 3), supporting the sensitivity of both geo-
chemical thermometers when applied to modern sample
Colder samples often show elevated Mg/Ca and/orD47 val-
ues and tend to deviate from the predicted tandem line, sim
ilar to previous observations (Tripati et al., 2010; Grauel
et al., 2013).

A signi�cant divergence from the theoretical Mg/Ca-D47

relationship indicates a problem with Mg/Ca, D47, or both.
Several samples fall well o� the expected line, with twoN.
dutertrei samples exhibiting too lowD47 or Mg/Ca values
and two samples (1N. pachyderma(s) and 1 O. universa)
exhibiting too high values. These samples are clearly in”u
enced by factors other than temperature.

3.3. Tandem Mg/Ca-D47 calibration

The measuredD47 values versus Mg/Ca ratios are com
pared to the expected relationship between the Cambridg
clumped isotope calibration and the Mg/Ca-based temper
atures calculated with the calibration of Elder�eld and
Ganssen (2000) (Fig. 3). This combined equation is
expressed as:

Mg
Ca

¼ a exp b
����������������

c
D47 � d

r
� 273:15

� �
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Fig. 3. Comparison of observed and predicted relationship between Mg/Ca andD47. Black line shows the predicted relationship using the
Cambridge calibration: D47 = (0.0448 * 106/T 2) + 0.154 and the Mg/Ca-T equation of Elder�eld and Ganssen (2000): Mg/Ca = 0.52 exp0.10T

(� C). Mg/Ca and D47 were measured on identical tests comprising 8 foraminiferal species. The yellow shading represents the 95% con�dence
interval of all samples measured that were not a�ected by contamination or dissolution, based on 5000 Monte-Carlo simulations. Diamonds
identify samples a�ected by metal oxide coating or �lling, squares indicate samples in”uenced by dissolution.
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Fig. 4. Schematic diagram of the theoretical relationship of
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where a is the pre-exponential constant,b is the sensitivity
factor of Mg/Ca per � C, c is the slope of the clumped iso-
tope regression,d is the intercept of the clumped isotope
regression.

4. DISCUSSION

4.1. Relationship between Mg/Ca ratios andD47 values

Although a large number of proxies exist for estimating
past temperature of the ocean in marine sediments (Mü ller
et al., 1998; Elder�eld and Ganssen, 2000; Bijl et al., 2009
Hasenfratz et al., 2017), only a few studies have attempted
replication of paleotemperatures with di�erent proxies
using the exact same material. Paleotemperature proxies
measured on di�erent substances from the same sample
in a core can disagree for a variety of reasons (e.g.,Bijl
et al., 2009; MARGO project members, 2009; Graue
et al., 2012). For example, alkenones or TEX86 may record
temperatures at a di�erent depth or season than that of for-
aminiferal calcite.

The major advantage of our approach is that Mg/Ca
ratios and D47 values represent two completely independen
temperature proxies that can be measured on the sam
homogenized samples of foraminiferal calcite; thus, the
should yield the same calci�cation temperature if secondary
factors have not altered the shell chemistry. Indeed, ou
results show that careful selection and cleaning of foramini
fera from spatially diverse coretops follow the predicted
Mg/Ca-D47 relationship (Fig. 3), providing support for
the tandem Mg/Ca-clumped isotope approach.

Several processes can result in a divergence from t
expected relationship (Fig. 4). Iron-manganese oxide or
manganese carbonate coatings contain excess Mg conce
trations that result in anomalously high Mg/Ca ratios
(Barker et al., 2003, 2005; Pena et al., 2008; Hasenfra
et al., 2017). Reductive cleaning may yield more reliable
results for these samples, but we have not tested the e�e
of reductive cleaning on clumped isotopes. Heating of the
sample during cleaning is ill advised; thus, di�erent cleaning
procedures need to be applied to aliquots for clumped and
Mg/Ca analyses if reductive cleaning is necessary. Dissolu
tion can preferentially remove high-Mg calcite in foramini-
fera tests, resulting in too low Mg/Ca ratios and
temperatures (Brown and Elder�eld, 1996; Fehrenbacher
and Martin, 2014). If dissolution selectively removes
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