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Abstract

The Mg/Ca ratio of the infaunal benthic foraminifer Uvigerina peregrina is a commonly used proxy for reconstructing bot-
tom water paleotemperatures because it is hypothesized to be insensitive to changes in bottom water carbonate chemistry.
This study presents core-top U. peregrina samples from the southwest Pacific from 0.6 to 4.4 km water depth, corresponding
to water temperatures of 1–9 �C. Samples from New Zealand’s Bay of Plenty and Chatham Rise were compared to previous
calibrations to assess Mg/Ca temperature sensitivity. Published core-top temperature sensitivies can explain U. peregrina

Mg/Ca at a majority of our study sites, with the exception of sites at intermediate depths of ~2.4–3.3 km, where the
Mg/Ca ratios are substantially higher than expected from these calibrations, possibly reflecting diagenetic or non-thermal
effects. Stable isotope measurements (d18O and d13C), laser ablation analyses, and scanning electron microscope imagery com-
plement trace element measurements to assess variables potentially affecting U. peregrina Mg/Ca at these sites. Morphotype
variability, contamination, dissolution, and recrystallization all failed to provide satisfactory explanations for anomalously
high Mg/Ca observations. We infer that a non-temperature control, perhaps related to carbonate chemistry, may be affecting
the Mg incorporation in some U. peregrina specimens, though no factor has yet been clearly identified. It is unclear whether
the factor affecting these sites is constant through time or could vary. For this reason, we recommend that Mg/Ca of recent
specimens at each core site should be checked against established calibration curves prior to pursuing down-core paleotem-
perature reconstructions using U. peregrina. Where possible, paleotemperature estimates should also be validated using other
independent proxies. Existing core-top calibrations effectively predict U. peregrina Mg/Ca at the majority of our study sites,
but our findings underscore the need for a more thorough understanding of non-temperature factors that can influence
Mg/Ca in U. peregrina.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Ocean temperature is a key parameter in Earth’s ocean-
climate system, past and present. A widely used tool for
estimating past deep ocean temperatures is the magnesium
to calcium ratio (Mg/Ca) of calcite produced by benthic
foraminifera, including species within the genus Uvigerina
https://doi.org/10.1016/j.gca.2021.06.015

0016-7037/� 2021 Elsevier Ltd. All rights reserved.
(Lear et al., 2002; Elderfield et al., 2006; Bryan and
Marchitto, 2008). When combined with the oxygen isotope
composition of foraminiferal calcite (d18Oc), Mg/Ca-based
temperature reconstructions also enable estimation of the
past isotopic composition of seawater (d18Osw), which is
linked to global ice volume (e.g., Elderfield et al., 2010;
Elderfield et al., 2012). Such work is founded on
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calibrations that quantify the relationship between Mg/Ca
in Uvigerina calcite and its growth environment
(Rosenthal et al., 1997a; 1997b; Lear et al., 2002;
Elderfield et al., 2006; Bryan and Marchitto, 2008).

Refining calibrations for deep water masses is important
to the field of paleoceanography because discerning temper-
ature changes in the deep ocean requires a precise proxy.
Bottom water temperatures today are cold, and only small
(~2 �C) differences in temperature are expected between
recent glacial and interglacial periods (Shackleton, 1987;
Waelbroeck et al., 2002), requiring a precise proxy to detect
them. Different Mg/Ca-temperature sensitivities have been
observed in populations of Uvigerina spp. inhabiting differ-
ent ocean regions (Fig. 1; Table S1), suggesting that region-
specific calibrations are necessary due to cryptic species dif-
ferences and/or that apparent differences in sensitivity are
caused by an unidentified, non-temperature variable. The
Uvigerina peregrina species encompasses a variety of mor-
photypes (Schweizer et al., 2005; Williams et al., 1988),
and it has been hypothesized that these morphotypes may
also be characterized by differences in Mg incorporation
(Elderfield et al., 2012). In this study, we build on prior cal-
ibration efforts with Uvigerina (Lear et al., 2002; Elderfield
et al., 2006; Bryan and Marchitto, 2008; Elderfield et al.,
2010; Gussone et al., 2016) with the aim to refine the proxy
with new core-top Mg/Ca measurements from the south-
west Pacific.

Uvigerina peregrina is infaunal, typically living within
the upper centimeters of sediment (e.g., McCorkle et al.,
1990). Its infaunal habitat means that it is immersed in sed-
Fig. 1. Mg/Ca (mmol/mol) of coretop Uvigerina vs bottom water temper
included. A linear regression (black) was generated for all previously pu
shaded area). Mg/Ca data obtained in this study (red circles) a
with ± 0.12 mmol/mol (2SD from replicates). All values and calibration
iment pore waters rather than being bathed by bottom
waters. However, the diffusion of seawater into sediments
establishes a link between U. peregrina specimens and the
overlying water mass. Elderfield et al. (2006) suggested that
Uvigerina’s carbonate-buffered infaunal habit makes it a
particularly good archive for temperature signals because
it can record physical properties of deep water masses while
remaining protected from changes in deep-water carbonate
saturation. It has been observed that D[CO3

2–] (D[CO3
2–] =

[CO3
2–]in situ- [CO3

2–]sat) of pore waters can be lower than
D[CO3

2–] of overlying bottom waters (Weldeab et al.,
2016). In addition, the infaunal habitat of Uvigerina has
the potential to expose it to different redox conditions than
epifaunal foraminifer species, particularly in areas with
high rates of organic matter deposition and remineraliza-
tion (e.g., Jorissen et al., 1995; Koho et al., 2008). The influ-
ences on Mg/Ca in infaunal foraminifera may therefore be
more complex and variable than previously assumed. How-
ever it should be noted that even if D[CO3

2–] is variable, Uvi-

gerina appears to be largely unaffected by this parameter
(Elderfield et al., 2010).

Core-top calibrations using Uvigerina spp. have yielded
Mg/Ca sensitivities ranging from 0.044 – 0.096 mmol/mol
per�C (Bryan and Marchitto, 2008; Elderfield et al., 2006;
Yu and Elderfield, 2008; Elderfield et al., 2010). Bryan
and Marchitto (2008) suggested that sensitivity may not
be uniform across the ocean’s full temperature range, with
some observations suggesting higher sensitivity at lower
temperatures. A down-core calibration (Elderfield et al.,
2010) determined a higher Mg/Ca sensitivity to temperature
ature (�C). Previously published data and calibration equations are
blished data, and a 95% prediction interval was determined (gray
re from New Zealand’s Bay of Plenty and Chatham Rise,
s are from core-top measurements, unless otherwise noted.
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(0.1 mmol/mol per �C) than that found using a core-top
approach (0.074 ± 0.04 mmol/mol per �C). The higher sen-
sitivity has been used to generate down-core temperature
reconstructions from the southwest Pacific on the basis of
two arguments: that modern calibrations contain few or
no observations at the low temperatures likely characteriz-
ing the glacial ocean and that application of the 0.1 mmol/-
mol per �C sensitivity yields results consistent with pore-
water-based d18Osw estimates (Elderfield et al., 2010;
Elderfield et al., 2012). Such arguments are reasonable;
however, the core-top vs. down-core discrepancy remains
unexplained, as do differences among core-top studies. It
is possible that an additional variable (such as D[CO3

2–]) is
influencing apparent Mg/Ca sensitivity. The present core-
top study seeks to explore apparent discrepancies in sensi-
tivity and determine if published calibration equations are
appropriate for U. peregrina located in the southwest
Pacific.

Our U. peregrina calibration is based on a suite of sedi-
ment multi-cores stretching from the Bay of Plenty to the
Chatham Rise (Fig. 2). Collectively, these cores span a
depth range of 663 m to 4375 m, corresponding to a mod-
ern temperature range of ~ 9 �C to 1 �C. Most of the sites
are in deep waters at temperatures < 4 �C. This range of site
depths captures multiple water masses originating in both
the Pacific and Southern Oceans. Core names, depths,
and locations are listed in Table S2.

Although modern deep water masses show little temper-
ature variation, they can be distinguished by their chemical
Fig. 2. Locations of New Zealand core-top sites. Sites include locations in
from 663 m to 4375 m. Contour lines are drawn at 1000 m depth interva
using GeoMapApp (www.geomapapp.org) and GMRT bathymetry (Rya
properties (Fig. S1). The concentrations of dissolved oxy-
gen and inorganic carbon can differentiate between the
chemically-aged Pacific Deep Water (PDW) with elevated
dissolved inorganic carbon (DIC) content and the more
recently-ventilated, relatively low DIC water masses from
the Southern Ocean, namely Antarctic Intermediate Water
(AAIW) and Circumpolar Deep Water (CDW) (Talley,
2013). These core sites are ideally positioned for capturing
changes in both northern-sourced and southern-sourced
water masses, making it a valuable location for paleoceano-
graphic reconstructions (e.g., Allen et al., 2015; Sikes et al.,
2016a; 2016b; Sikes et al., 2017; McCave et al., 2008;
Skinner et al., 2014). Uvigerina are abundant in these cores
and can provide data on the physical and chemical proper-
ties of water masses through time, complementing existing
records.

In this study, we present core-top trace element data (in-
cluding Mg/Ca) from multiple morphotypes of U. pere-

grina. Unexpectedly high Mg/Ca measurements at some
sites prompted a more in-depth analysis of the samples.
Specimens were studied for evidence of contamination or
recrystallization, and multiple hypotheses were tested. In
addition, tests of the planktonic foraminifer Globorotalia

inflata from the same samples were analyzed to determine
whether high-Mg secondary overgrowths could account
for the higher-than-expected Mg/Ca ratios in the U. pere-

grina. While it is difficult to positively identify the cause
of the high Mg/Ca ratios in U. peregrina at some of our
core sites, we take steps to rule out several possibilities
the Bay of Plenty and across Chatham Rise, ranging in water depth
ls. Also shown are sites used for hydrographic data. Figure created
n et al., 2009).

http://www.geomapapp.org
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through the use of multiple analytical techniques. We con-
clude with recommendations regarding the future use of U.

peregrina Mg/Ca in paleotemperature reconstructions.

2. METHODS

2.1. Stable isotope analysis

Sediments were washed with deionized water through a
63 mm sieve, and single species foraminiferal specimens
were selected from the >250 mm fraction under a light
microscope. A total of 27 samples of 1 to 3 specimens of
U. peregrina were run for the 15 core-top sites. Samples
were rinsed with distilled water and briefly sonicated (~3
pulses of 1 second each), to remove foreign material with-
out damaging the specimens, and samples dried overnight
at 35 �C prior to analysis. Carbon and oxygen stable iso-
topes were analyzed at the Rutgers University Stable Iso-
tope Laboratory on a Micromass Optima Mass
Spectrometer equipped with an automated Multiprep sys-
tem. Results are presented in standard d notation, relative
to the Vienna PeeDee Belemnite (VPDB) standard, com-
pared to an internal lab standard calibrated with NBS-19.
The internal lab standard is offset from NBS-19 by 0.1 ‰
for d13C and 0.04 ‰ for d18O. The 1-sigma precision of
standards is typically 0.05 ‰ for d13C and 0.09 ‰ for d18O.

2.2. Trace element analysis

Specimens were selected from the >250 mm size fraction.
The U. peregrina samples comprised 8–10 individuals.
Globorotalia inflata samples comprised ~150 individuals
(weighing ~2–3 mg). In total, there were 25 U. peregrina

and 9 G. inflata samples from 15 and 6 core-top sites,
respectively.

Specimens were gently crushed between two glass slides
prior to cleaning to break open the foraminifer tests and
enable thorough cleaning of chamber interiors. Samples
were cleaned following the methods of Boyle and Keigwin
(1985) and Rosenthal et al. (1997a; 1997b) in a procedure
using rinses with ultrapure water and methanol, followed
by reductive and oxidative cleaning steps (see Supplemen-
tary Material Section 1 for details). Samples were analyzed
using a Thermo Scientific Element XR ICP-MS located at
Rutgers University.

Standard gravimetrically prepared solutions (4 mM Ca,
Mg/Ca = 6.03 mmol/mol) were analyzed every five samples
and were used to convert counts-per-second (cps) ratios
into molar ratios following Rosenthal et al., (1999). No
blank corrections were made. The average intensity of
25Mg was ~ 5000 ± 200 (2 SE) cps for blanks
and ~ 890,000 ± 77,000 (2 SE) cps for samples. Multiple
matrix standards were run to account for any effects due
to differing concentrations of calcium (Ca) in sample solu-
tions. The average matrix correction for Mg/Ca was 6 %.
Consistency standards with Mg/Ca of 1.44, 3.49, and
8.71 mmol/mol were analyzed at the beginning and end
of each run. The two sets of consistency standards (from
the beginning and end of the sample run, n = 2) were com-
pared, yielding RSDs of 0.2, 1.2, and 0.9 %, respectively.
Replicate samples of different specimens taken from the
same cores show differences in Mg/Ca ranging from 0.02
to 0.11 mmol/mol (Table S6), with an average standard
deviation of 0.06 mmol/mol. This is greater than the
long-term analytical uncertainty of ~ 0.01–0.02 mmol/mol
(~1–2 %).

2.3. Morphology

It has been observed that hispid Uvigerina spp. morpho-
types may incorporate less Mg relative to costate and hispi-
docostate forms (Elderfield et al., 2012). We evaluated the
role of morphotype differences on variability in the Mg/
Ca ratios in the species by analyzing three separate U. pere-

grina morphotypes, designated Type A, Type B, and Type
C (Fig. S2). Type A was the most common, occurring in
every core, and defined as being primarily costate, but his-
pid on the terminal 1–3 chambers. Type B was more com-
mon in deeper cores, and was defined as being primarily
hispid, with costae only poorly defined. Type C was more
common in shallow cores, and was defined as being solely
costate, and somewhat wider and shorter than the other
morphotypes. The morphotypes were run separately in
both trace element and stable isotope studies so their com-
positions could be compared.

2.4. SEM imaging and EDS compositional analysis

A Cameca SX-100 scanning electron microscope (SEM)
at the University of Maine’s School of Earth and Climate
Sciences was used for imaging foraminifer specimens for
signs of diagenetic alteration (e.g., dissolution, over-
growths, etc.) and assessing the effectiveness of the trace ele-
ment cleaning process. The Energy Dispersive X-Ray
Spectroscopy (EDS) detector was used to identify composi-
tional elements within suspected contaminants and catego-
rize them by general composition.

Following an initial visual observation and designation,
U. peregrina specimens from six cores were selected, lightly
crushed, and then divided into two groups for partial clean-
ing and full cleaning. The partial cleaning consisted of rins-
ing and sonication, to remove foreign carbonates and
aluminosilicate contaminants. The full cleaning followed
the procedure described above in section 2.2, except for
the final dissolution. Cleaned specimens were mounted to
a glass slide for SEM imaging and comparison of cleaning
techniques and their effectiveness at removal of visible
contaminants.
2.5. Laser ablation ICP-MS

Fifteen U. peregrina specimens from three core-top sites
were chosen from wet-sieved samples for laser ablation,
without additional cleaning. Samples were ablated at the
University of Maine MAGIC (MicroAnalytical Geochem-
istry and Isotope Characterization) Lab using an ESI
NWR 193UC system coupled to an Agilent 8900 ICP-MS/
MS. The instrumental operation conditions are summa-
rized in Table S3 (Supplementary Material).
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Foraminifer chamber walls exposed in cross-section
were targeted, and care was taken to avoid contact with
the inner or outer test surfaces, which might be coated with
contaminants (Fig. S3). The intention was to obtain scans
of pure interior foraminiferal calcite, to be compared with
results using solution methods in which an entire test is dis-
solved. Lines were ablated using an 8 mm round beam
within chamber walls at a rate of 2–3 mm/s. The composi-
tion of each line was averaged and considered as a single
‘‘spot”. Additional details are available in the Supplemen-
tary Material.
2.6. Hydrographic data

Hydrographic data were retrieved and visualized in
Ocean Data View 5 (Schlitzer, 2018) using data from GLO-
DAP v2.2019 (Olsen et al., 2019). The nearest station with
the required data at the appropriate depth range was cho-
sen from GLODAP to correspond with the core sites of this
study and previous Mg/Ca calibrations (Lear et al., 2002;
Elderfield et al., 2006; Bryan and Marchitto, 2008). On
average, the hydrographic profiles were located ~400–
450 km from the core-top locations. Carbonate system
parameters were calculated using the nearest appropriate
GLODAP site measurements of alkalinity, DIC, pH, tem-
perature, and pressure, using the constants of Dickson
et al. (2007). Oxygen isotope data were retrieved from
NASA’s Global Seawater Oxygen-18 database (Schmidt
et al., 1999). All stations used are listed in Table S4. Linear
interpolation between sampling depths created continuous
profiles used to assign values to core-top depths. Cross sec-
tions running east–west and north–south were examined to
assess whether water masses were laterally continuous
between the hydrographic profiles and the core-top loca-
tions (Fig. S1).
Fig. 3. Depth profiles showing temperature and d18O-derived
temperature (Tcalc18O), calculated using Equation 1, from
Marchitto et al. (2014). d18O-derived temperature was calculated
using d18OUvi and d18Osw.
2.7. Site selection and age control

The sites chosen are located in the waters off of New
Zealand and are useful for a calibration study for multiple
reasons. New Zealand volcanism provides an additional
dating method for the cores (see below). The Bay of Plenty
and Chatham Rise also offer the opportunity of obtaining
cores at a variety of depths, making it possible to capture
both intermediate and deep water masses. This is particu-
larly important for this calibration study because it allowed
us to capture a wide range of temperatures (9–1 �C).
Finally, confirming a calibration equation for the southwest
Pacific would facilitate paleoceanographic studies in this
area.

Age constraints can be placed on the multi-core samples
studied using complementary New Zealand piston cores
and calculated sedimentation rates. The multi-cores studied
have coordinating longer piston cores, for which many have
both 14C and tephrochronology available (Shane et al.,
2006; Sikes et al., 2016a; 2016b). The following multicores
(MCs) must be Holocene in age based on published, paired
piston core (PC) chronologies: RR0503 86 MC/87 JPC
(663 m), 78 MC/79 JPC (1165 m), 65MC/67JPC
(1887 m), 104MC/107JPC (2472 m), and 122MC/125JPC
(2541 m) (Table S2). For example, core 87 JPC contains
an ash layer at 95 cm depth dated to ~ 7.0 kyr BP (Lowe
et al., 2013), yielding an average sedimentation rate of
13.6 cm/kyr. The first centimeter of sediment from multi-
core 86 is thus expected to contain material from at least
the past ~75 years, certainly younger than 7.0 kyr. It should
be noted that these are maximum ages, because piston cor-
ing often results in the disturbance and/or compaction of
the uppermost, youngest sediments. It is expected that sur-
face multicore sediments are younger than the uppermost
piston core sediments.

The downcore dates from piston cores confirm that for
these 5 multi-cores the material is Holocene in age. An
additional four multi-cores have other tephra marker beds
that can be used to help constrain their ages (Table S2).
Based on average accumulation rates, and taking into
account bioturbation and other mixing effects, it is expected
that the core-top material from 0-1 cm depth should con-
tain foraminifera from the past several hundred years. In
addition, isotopic records in this region (e.g., Sikes et al.,
2016a; 2016b) suggest that intermediate and deep water
conditions have been stable since the mid-Holocene.
Although age control is not available for the other multi-
core sites, U. peregrina d18O measurements are consistent
with foraminifera that calcified under modern or near-
modern conditions (Fig. 3, Table S5).



Fig. 4. Depth profile of Mg/Ca measured on U. peregrina. Also
included are predicted Mg/Ca profiles, determined using previous
core-top calibration equations (Lear et al., 2002; Elderfield et al.,
2006; Bryan and Marchitto, 2008; Elderfield et al., 2010) and local
temperature profiles. The 95% prediction interval is shaded in gray.
The temperature axis is aligned to the global calibration equation.
Error bars are 0.12 mmol/mol (2SD from replicates).
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3. RESULTS

3.1. Stable Isotopes (d18O and d13C)

Between the shallowest site (663 m) and 2000 m, d18OUvi

increases rapidly from 2.1 to 3.2 ‰ (Fig. S4, Table S5).
Below 2000 m, values fall within a narrower range (3.0–
3.3 ‰). Replicate samples of the same morphotype repro-
duced d18OUvi within ± 0.1 ‰, similar to the 1-r analytical
precision of 0.09 ‰. The largest differences between repli-
cates were �0.25 ‰ and 0.18 ‰, between morphotypes A
and B, and A and C, respectively.

The following equation derived from Marchitto et al.
(2014) was used to derive temperature from measured
d18OUvi, and modern d18Osw:

T ¼ 16:28þ d18OSW � d18OUvi

� �

0:231
ð1Þ

d18OUvi-based temperature estimates mimic the temperature
profiles of nearby hydrographic stations. The reproduced
water temperatures are within ±0.5 �C in 15 of 27 samples,
and within ±1.0 �C in 21 of 27 samples from the in situ tem-
perature profiles (Fig. 3). The largest difference between cal-
culated and measured temperature was �1.66 �C, at a depth
of 663 m (Fig. 3).

d13CUvi decreases with depth from a maximum of 0.67‰
at 663 m to a minimum of approximately �0.83‰ at
3295 m within the Bay of Plenty (Table S5). Below this
depth, d13CUvi increases to a value of �0.26‰ at 4375 m
on Chatham Rise (Fig. S5). The difference between repli-
cates of the same morphotype averaged 0.14 ‰ (maximum
0.33 ‰) and replicates between morphotypes averaged 0.28
‰ (maximum 0.42 ‰). The d13CUvi depth profile is similar
to that of d13Csw (Fig. S5), with a negative offset ranging
from �0.45 to �1.26 ‰.

3.2. Trace elements: whole-shell analysis by solution ICP-MS

3.2.1. Uvigerina

Overall, Mg/Ca of U. peregrina ranges from 0.68 –
1.50 mmol/mol (Table S6). For 13 of 25 samples (60 %),
measured Mg/Ca agrees with previously published calibra-
tion lines, within analytical error and calibration uncer-
tainty (Fig. 4). A notable feature of the New Zealand
Mg/Ca dataset is the anomalously high Mg/Ca between
2.4 and 3.3 km, with an average of ~ 1.26 mmol/mol and
a maximum of 1.50 mmol/mol at bottom water tempera-
tures of ~1.8 �C (Fig. S6). Similarly high Mg/Ca is found
in other datasets, particularly in Lear et al. (2002),
Elderfield et al. (2006), and Gussone et al. (2016) at the
same temperature of ~2 �C (Fig. 1, Fig. S6). Our Mg/Ca
values between 2.4 and 3.3 km exceed those expected for
2 �C conditions based on previously published calibration
curves (Fig. 1; Fig. S6) similar to Mg/Ca measurements
from other sites that also show elevated Mg/Ca at these
temperatures.

The Mg/Ca measurements were screened for Mg-
bearing contaminant phases using Al/Ca, Ti/Ca, Mn/Ca,
and Fe/Ca (Table S6). These ratios showed no clear corre-
lation with Mg/Ca (R2 < 0.2 in all cases; Fig. S7). Potential
contamination was identified using the outlier method of
Tukey (1977) which uses quartiles and inter-quartile range
to determine outliers. These outlier thresholds were 95.2,
3.6, 18.9, and 29.6 mmol/mol for Al/Ca, Ti/Ca, Mn/Ca,
and Fe/Ca, respectively. Based on these values, 3 out of
25 samples were flagged with two contaminants above the
thresholds, and an additional 7 samples were flagged with
one contaminant above the thresholds. However, excluding
samples on the basis of contaminant indicators does not
change or remove the anomalously high Mg/Ca signal at
~2 �C (Fig. S8). For the purposes of this study, no samples
were excluded from discussion because the variation of con-
taminant indicators cannot adequately explain the pattern
of Mg/Ca distribution at the study sites.

Our three broadly defined U. peregrina morphotypes
(hispidocostate, hispid, and costate; as in Fig. S2) were ana-
lyzed separately to assess potential geochemical differences
among them. No consistent offset is observed among the
different morphotypes in either trace elements or stable iso-
topes (Fig. S9; Fig. S10). Lacking a consistent offset among
morphotypes, data derived from all three groups are plot-
ted and discussed as a single population throughout the
remainder of the text.

3.2.2. Globorotalia inflata

G. inflata calcify at ~250–500 m (Anand et al., 2003;
Cléroux et al., 2007; Groeneveld and Chiessi, 2011), which
in this region corresponds to temperatures of approxi-
mately 11–16 �C (Olsen et al., 2019). The species-specific
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equation from Groeneveld and Chiessi (2011) was used to
estimate the expected Mg/Ca value of G. inflata:

Mg=Ca ¼ 0:72e 0:076�Tð Þ ð2Þ
Assuming an average calcification temperature of 13 �C

yields an average expected Mg/Ca of 1.9 mmol/mol, with
expected Mg/Ca for 11–16 �C ranging from 1.6–2.4 mmol/-
mol. The Mg/Ca of analyzed G. inflata ranged from 1.30 to
1.88 mmol/mol. The average Mg/Ca from all six sites was 1.
68 ± 0.17 mmol/mol (±2 SE), which translates to a calcifi-
cation temperature of ~ 11 �C (Table S7). Samples from
2418 m and 3295 m water depths yielded lower Mg/Ca than
the other four sites, averaging 1.35 ± 0.11 mmol/mol (±2
SE) (Fig. S11), corresponding to 8.3 �C. For the four cores
at water depths < 2000 m, Mg/Ca ratio averaged 1.84 ± 0.
05 mmol/mol (±2 SE), corresponding to 12.3 �C.

3.3. Scanning electron microscopy and energy-dispersive X-

Ray spectroscopy

SEM imaging of uncleaned specimens revealed that only
the deepest U. peregrina sample (4375 m) showed noticeable
dissolution (Fig. S12). Planktonic foraminifera exhibited
partial dissolution beginning at a depth of ~2 km. Imaging
of the interiors revealed coatings on the interior wall of
some chambers (Fig. S12, Fig. S13). The SEM and attached
Energy Dispersive X-Ray Spectroscopy (EDS) revealed
that the coatings on G. inflata are different from those on
U. peregrina, both structurally and compositionally.

Coatings on the interior of a U. peregrina specimen
(Fig. S13) from 3295 m were consistent with an aluminosil-
icate (Fig. S13) containing minor amounts of Mg, K, and
Na (1.3 ± 1.8 wt%, 0.93 ± 0.29 wt%, and 0.47 ± 0.28 wt
% respectively) in addition to Si, Al, and Fe. The Mg/Ca
ratio was 180 ± 75 mmol/mol. The interior coating of a
G. inflata specimen (Fig. S13) from 2418 m indicated almost
pure CaCO3 (97–99 wt%), with only trace amounts of other
cations (e.g. Na, Mg, K, Al, Fe, each < 1 wt%). EDS Mg
content averaged 0.36 ± 0.22 wt%, yielding Mg/Ca of
14 ± 10 mmol/mol. This is higher than foraminiferal cal-
cite, but consistent with inorganic calcite (Oomori et al.,
1987). Further SEM/EDS analyses on partially cleaned
and fully cleaned U. peregrina specimens revealed that fully
cleaned specimens showed greater wear to the tests, with
rounded edges and evidence of partial dissolution whereas
specimens that had only been rinsed and sonicated (partial
cleaning) appeared better-preserved (Fig. S14).

3.4. Laser-ablation ICP-MS

Laser ablation revealed that the distribution of Mg
within U. peregrina calcite is not uniform (Fig. 5). Intra-
specimen range averaged 0.54 ± 0.13 mmol/mol (±2 SE),
with a maximum and minimum of 0.98 and 0.25 mmol/mol,
respectively (Table S8). Most variability occurred between
different chambers. Where multiple ablation lines were
drawn on the same chamber, the average intra-chamber
range of Mg/Ca is 0.19 mmol/mol ± 0.06 mmol/mol (±2
SE). Differences between chambers range from 0.3-
0.9 mmol/mol, largely dependent on distance between the
chambers, with neighboring chambers exhibiting a more
similar composition. Analytical uncertainty for each abla-
tion line averaged ±0.07 mmol/mol.

An initial approximation of the average test composi-
tion of an individual was obtained using the mean of all
ablation lines on a single specimen. The results are summa-
rized in Table 1. The average Mg/Ca for sites 78D (1163 m),
114F (3295 m), and 38C (4375 m) were 1.49 ± 0.29,
1.28 ± 0.28, and 0.81 ± 0.21 mmol/mol (±2 SE),
respectively.

3.5. Temperature estimation

Several previously published calibration equations, both
linear and exponential, were used to assess how well
U. peregrina Mg/Ca or Mg/Li could reproduce bottom
water temperatures at our study sites (Lear et al., 2002;
Elderfield et al., 2006; Bryan and Marchitto, 2008;
Elderfield et al., 2010).

4. DISCUSSION

4.1. Temperature Control

The utility of benthic foraminiferal Mg/Ca as a pale-
otemperature proxy relies upon our ability to accurately
translate the Mg/Ca of foraminiferal calcite to the organ-
ism’s calcification temperature. Previous calibrations (e.g.,
Rosenthal et al., 1997a, 1997b; Lear et al. 2002; Elderfield
et al., 2006; Bryan and Marchitto 2008) have demonstrated
correlations between bottom water temperature and Mg/Ca
of Uvigerina calcite from different ocean regions. The pre-
sent study adds a new dataset from the southwest Pacific,
including several sites located in deep and cold water
masses.

A linear regression through previously published data
yields the following relationship: Mg/Ca = 0.075 (±0.011)
*BWT + 0.89 (±0.10) (R2 = 0.70), which is indistinguish-
able from the core-top equation reported in Elderfield
et al. (2010): Mg/Ca = 0.074 (±0.004)*BWT + 0.81
(±0.05) (R2 = 0.96). Prediction intervals (Fig. 1) represent
the region within which a new observation of the same pop-
ulation (Uvigerina Mg/Ca) will fall at a 95 % confidence
level given a single predictor value (BWT). This range is lar-
ger than that for fitting coefficients alone because it takes
into account expected random error associated with making
a new observation. All of our new data fall within the 95 %
prediction interval for the linear fit to previously published
data (Fig. 1), demonstrating that the Mg/Ca-BWT relation-
ship in Uvigerina from the southwest Pacific may be effec-
tively represented by a global calibration; in other words,
these foraminifera are not behaving as a distinct regional
population with respect to Mg incorporation (see Supple-
mentary Material Section 4).

A linear regression through the Mg/Ca data from only
this study yields a low slope (0.02 mmol/mmol per �C)
and low R2 value (R2 = 0.03). The low slope is due to the
combination of high Mg/Ca values at ~ 2 �C, and the low
Mg/Ca value at ~ 9 �C (Fig. S15). For these reasons, this
regression should not be used for paleotemperature recon-



Table 1
Comparison of laser ablation (LA) ICP-MS and solution ICP-MS results. LA ICP-MS specimen averages are the mean Mg/Ca value across
all ablation lines on a given individual U. peregrina test. Solution ICP-MS sample averages are the result of the dissolution of multiple
individuals together. Site averages are the average of all measured Mg/Ca ratios for the site with the given method. In parentheses are
given ± 2SE for each measurement and average.

Site, Depth Laser Ablation ICP-MS Solution ICP-MS

Specimen Averages Site Average Sample Averages Site Average

78 D, 1163 m 1.34 (±0.18) 1.49 (±0.29) 1.19 (±0.02) 1.19 (±0.02)
1.76 (±0.09)
1.39 (±0.20)
1.58 (±0.13)

114F, 3295 m 1.51 (±0.18) 1.28 (±0.28) 1.24 (±0.02) 1.25 (±0.15)
1.36 (±0.13) 1.50 (±0.03)
1.43 (±0.23) 1.19 (±0.02)
1.23 (±0.21) 1.28 (±0.03)
0.86 (±0.22) 1.02 (±0.02)

38C, 4375 m 1.00 (±0.11) 0.81 (±0.22) 0.70 (±0.01) 0.74 (±0.10)
0.86 (±0.08) 0.68 (±0.01)
0.66 (±0.06) 0.83 (±0.02)

Fig. 5. Mg/Ca measured from U. peregrina laser ablation lines. Red markers indicate individual ablation line measurements. Each box
represents a population of ablation lines from the same individual. Blue rhombuses indicate the mean Mg/Ca value for each individual U.

peregrina specimen. Numbers above each box indicate the specimen’s length. Black vertical lines separate specimens from different sites. Open
symbols represent outliers and far outliers, defined using the interquartile range, as in Tukey (1977).
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struction. However, the addition of the New Zealand data
does not significantly affect the global calibration. If all
data points are included in a linear regression, it yields
the following equation: Mg/Ca = 0.073 (±0.037)*BWT +
0.90 (±0.04) (R2 = 0.68). This further supports the conclu-
sion that the New Zealand sites can be treated as part of a
global dataset, despite the unexpectedly high Mg/Ca at the
deeper sites.

Above a depth of 2000 m and temperature of ~2 �C, a
global linear calibration may be applied to New Zealand
core-top Mg/Ca to effectively predict BWT within ± 2 �C
(Fig. 1; Fig. 4). The exception is a single sample from
663 m depth, which has low Mg/Ca resulting in a BWT esti-
mate that is ~5 �C lower than observed. Calibration equa-
tions from Lear et al. (2002), Elderfield et al. (2006),
Bryan and Marchitto (2008), and Elderfield et al. (2010)
perform similarly well when comparing core-top U. pere-

grina Mg/Ca-based temperature estimates with modern
temperature profiles from intermediate (1–2 km) New Zeal-
and waters (see Supplementary Material Section 5). The
Mg/Li-temperature equation of Bryan and Marchitto
(2008) yielded an R2 of 0.31, a lower Tcalc:BWT ratio than
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the Mg/Ca equations, and a higher y-intercept of 3.4 �C.
All Mg/Li-calculated temperatures are overestimates at
our sites, and offsets between measured and calculated tem-
peratures are larger at greater depths (Fig. S16). For this U.

peregrina dataset, Mg/Ca shows a stronger relationship to
temperature (R2 = 0.44) than Mg/Li (R2 = 0.31). The high-
est R2 for Mg/Ca predicted vs. observed temperatures is
0.44, implying that no matter which calibration is used
(see Supplementary Material Section 5) a large proportion
of the Mg/Ca variance in our New Zealand intermediate
water (1–2 km) dataset is still not explained by temperature.

Below 2000 m, deviation of Mg/Ca-reconstructed tem-
perature values from observed values is an average of
2.5 �C greater than it is for sites shallower than 2000 m.
The sites between 2400 and 3300 m depth have Mg/Ca
ratios higher than predicted from modern temperature pro-
files. Based on current calibrations and on Mg/Ca measure-
ments from shallower New Zealand sites, temperature
could only explain these high Mg/Ca values if the foramini-
fera originally calcified at temperatures greater than ~5 �C
and depths shallower than ~1000 m, and then underwent
transport to these deeper core sites. However, there is no
evidence for downslope transport, with no sign of mechan-
ical weathering or rounding. In addition, down-core
records indicate no age reversals (Sikes et al., 2016a;
2016b). Significantly, isotope data are consistent with
in situ formation (Fig. 3; Fig. S4; Fig. S5). We conclude that
temperature alone cannot explain the high Mg/Ca ratios at
the sites located between 2400 and 3300 m water depth.

Anomalously high-Mg Uvigerina samples are not unique
to New Zealand (Fig. 1; Fig. S6). Similarly high Mg/Ca
values were observed at ~2 �C in the northern Indian Ocean
(Elderfield et al., 2006), the Sea of Okhotsk (Lear et al.,
2002), and in the Cape Basin of the southeast Atlantic
Ocean (Gussone et al., 2016). This persistent feature of
Uvigerina Mg/Ca datasets, from multiple ocean basins,
suggests that there is a non-temperature control that has
yet to be identified.

4.2. Diagenetic effects

Diagenetic effects are unlikely to be the cause of the high
Mg/Ca found at depth in this study. Partial dissolution,
recrystallization, and contamination all fail to adequately
explain the pattern observed.

Dissolution may explain lower-than-expected plank-
tonic foraminifer Mg/Ca at these New Zealand sites, but
there is little evidence that dissolution is exerting influence
on U. peregrina Mg/Ca, except at the deepest site
(4375 m). SEM analyses show no visual evidence of disso-
lution in U. peregrina above this depth. This is consistent
with the comparison by Elderfield et al. (2006) of Rose-
Bengal-stained (recently alive) and un-stained (older)
core-top benthic foraminifera from high-carbonate-
saturation and low-carbonate-saturation sites: there was
no consistent Mg/Ca difference detected, indicating that
U. peregrina is relatively resistant to dissolution and/or that
Mg/Ca in shells of this species does not shift with dissolu-
tion. Dissolution is also unlikely to cause high Mg/Ca;
prior studies have determined that partial dissolution pref-
erentially decreases the Mg content of foraminiferal calcite
(Berger, 1970; Brown and Elderfield, 1996; Johnstone et al.,
2016; Regenberg et al., 2014; Sadekov et al., 2010). Calcite
with a higher concentration of impurities is more soluble
(e.g., Chave et al., 1962), and dissolves preferentially
(Brown and Elderfield, 1996; Branson et al., 2015). Partial
dissolution is therefore an unlikely explanation for the high
Mg/Ca ratios seen in the core-top sites.

Recrystallization in marine sediments can occur at
sites with simultaneous dissolution and reprecipitation.
Recrystallization should increase Mg/Ca because inor-
ganic calcite typically contains more Mg than foraminif-
eral calcite (Oomori et al., 1987). As foraminiferal
calcite or other carbonate material dissolves, the compo-
nents of calcite are released into sediment pore waters
where they can reprecipitate as inorganic calcite. With a
biogenic precursor, the new precipitate is likely to contain
less Mg than if it had precipitated under other conditions
(Raymo et al., 2018). However, it will still likely have a
higher Mg/Ca value than the biologically formed forami-
niferal calcite. The tests of the planktonic foraminifer
G. inflata were deposited into the same sediment condi-
tions, but they show no evidence of elevated Mg/Ca as
would be expected in recrystallized specimens. Inorganic
calcite was observed on a G. inflata specimen
(Fig. S14), but the Mg/Ca values are not higher than pre-
dicted based on temperature control (Fig. S9). Crucially,
at the depths where the U. peregrina show elevated
Mg/Ca, G. inflata show lower Mg/Ca. This suggests that
different processes are acting on the plankonic and
benthic foraminifer specimens. No evidence of inorganic
calcite precipitation such as blocky surface texture or
crevice-filling was found on or inside U. peregrina tests
under the SEM. It is possible for dissolution-
reprecipitation reactions to occur without overt physical
alteration (Chanda et al., 2019), but without conclusive
evidence for recrystallization, we explore alternative
answers to help explain the pattern of Mg/Ca observed.

Aluminosilicate contamination is another possible
explanation for high Mg/Ca at the New Zealand sites, par-
ticularly given the quantity of ash present in the local sed-
iments. Even with a rigorous cleaning procedure, it is not
always possible to remove all silicate material from the sam-
ples (e.g., Lea et al., 2005). In this study, aluminosilicate
contaminants were found in both cleaned and uncleaned
U. peregrina specimens, and SEM/EDS analysis revealed
that these contained Mg, Na, K, and other metals. How-
ever, none of the usual contaminant indicators (Al, Fe,
Mn, Ti) are consistently or significantly (95% confidence
level) correlated with high Mg/Ca in foraminifer tests
(Fig. S7) as we would expect if aluminosilicate minerals
were responsible. The pattern of elevated Mg/Ca also
requires a mechanism that would cause contamination to
affect some sites and not others. There is the possibility that
different depositional environments or grain sizes may play
a role (i.e. fine-grained particles may be harder to remove),
but this still fails to address why indicators like Al/Ca do
not correlate with Mg/Ca.

Finally, the LA-ICP-MS results introduce evidence
against the contamination hypothesis: The average



Fig. 6. Comparison of laser ablation (LA) ICP-MS results with solution methods. For LA ICP-MS, each red dot represents the average Mg/
Ca of a single U. peregrina specimen. For solution ICP-MS, each red dot represents the average Mg/Ca of several (~10) U. peregrina specimens
crushed and dissolved together. Blue rhombuses indicate the mean of the population.
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Mg/Ca value agrees within 2SE between the two methods
used in this study (Fig. 6; Table 1). The laser ablation lines
were specifically drawn along the center line of chamber
walls so they should not include any contaminant coatings
on the inner or outer surface, where contaminants are most
likely concentrated. Solution and LA-ICP-MS methods
have previously been shown to achieve comparable results
(e.g., Marr et al., 2013; Fehrenbacher et al., 2020). It should
be noted that the LA-ICP-MS analyses in this study were
performed on uncleaned specimens, while the solution
ICP-MS analyses were performed on specimens cleaned
using both oxidative and reductive methods. Because of
this, there could be an offset between the two methods.
To determine whether this alters our interpretation of the
results, LA-ICP-MS Mg/Ca ratios were adjusted down-
ward by 10 % to simulate the effect of reductive cleaning
(Barker et al., 2003). With this adjustment, the agreement
between the two methods remains (Fig. S17) and the
conclusion remains unchanged: The similarity between
LA-ICP-MS and solution methods suggests that the high-
Mg signature observed is located within the biogenic calcite
itself rather than in a contaminant phase, pointing to a
foraminifer biomineralization mechanism.

4.3. Non-thermal Controls on Mg/Ca: Morphotype and

Ontogenetic effects

Biologic effects (also called ‘‘vital effects”) can influence
foraminiferal calcite’s Mg content and often vary among
taxa, making cross-species generalizations difficult (e.g.,
Barrientos et al., 2018; Elderfield et al., 2006; de Nooijer
et al., 2014; Evans et al., 2018; Geerken et al., 2019;
Hintz et al., 2006; Wit et al., 2012). The term ‘‘vital effects”
encompasses the multitude of physiological factors that
affect the growth and composition of foraminiferal calcite
throughout the lifespan of the organism. Generally, vital
effects are poorly understood and difficult to research, par-
ticularly in deep-dwelling benthic foraminifera which are
challenging to raise in culture.

Observations of bilamellar calcification show that fora-
minifera are capable of varying their biomineralization
mechanisms: primary calcite builds new test chambers and
contains a higher amount of Mg than secondary calcite,
which is used to thicken older chambers (Geerken et al.,
2019). This versatility suggests that foraminifera may
manipulate how they calcify and influence the amount of
impurities that are incorporated into the calcite. Biological
control means that calcification can vary between taxa,
between individuals of the same species, or even within a
single individual (e.g., de Nooijer et al., 2014).

Elderfield et al. (2012) hypothesized that Uvigerina mor-
phology might account for some of the variability observed,
suggesting that hispid and costate morphotypes incorpo-
rated Mg differently causing different average Mg/Ca
ratios. This hypothesis was put forward to explain some
unusually high Mg/Ca values observed downcore. The pre-
sent study analyzed three different morphotypes separately
(Fig. S2; Fig. S9; Fig. S10). All three morphotypes dis-
played elevated Mg from 2.4-3.3 km (~2 �C), contrary to
expectations based on the morphology hypothesis.

Differences in life stages could also have an influence on
foraminiferal calcite composition. The influence of onto-
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geny on foraminifer calcification has largely focused on
planktonic species, because they migrate through the water
column and thus change their ambient calcification condi-
tions. However, there is some evidence that benthic forami-
nifera may experience changes in calcification throughout
their lifespan that are unrelated to environmental condi-
tions (Hintz et al., 2006).

The present study observed evidence for possible onto-
genetic changes in U. peregrina calcification throughout
its lifespan. While the small sample size precludes any
strong conclusions, older, smaller chambers generally had
higher Mg/Ca ratios than the larger, later chambers
(Fig. S18). This trend was apparent in specimens from the
two shallower sites (located at 1163 m and 3295 m) while
the deeper site (4375 m) showed no evidence of this trend.
It is possible that the corrosive conditions in deep water
masses partially dissolved the more Mg-rich portions of
the test preventing the preservation of ontogenetic varia-
tions in the sediment record (e.g. Hintz et al., 2006). It is
beyond the scope of the present study to fully investigate
potential ontogenetic variations given the small number
of individuals studied using LA-ICP-MS. However,
restricting sample selection to a certain size fraction in
future studies may help reduce variability introduced by
ontogenetic processes.

4.4. Environmental factors: pore water chemistry

Pore water chemistry may also play a role in affecting
the Mg/Ca at these sites. U. peregrina are infaunal, which
means they grow surrounded by pore water rather than
bottom water. Conservative properties like temperature
and salinity of adjacent pore and bottom waters are more
likely to be the same than properties such as seawater pH
or d13C, which can be rapidly altered by biological or dia-
genetic processes within the sediments. This makes diagnos-
ing the non-temperature influence on Mg/Ca more difficult
because pore water data for calibration sites are often
unavailable. Pore water properties depend on the initial
bottom water chemistry, on local biological activity, sedi-
ment composition, and geologic setting (McCorkle et al.,
1990; Lea et al., 2005; Nähr and Bohrmann, 1999; Koho
et al., 2008). We discuss these below, starting with bottom
water chemistry.

Salinity can raise Mg/Ca in some shallow benthic fora-
minifera (e.g., Dissard et al., 2010). Whereas sensitivity
studies have not been performed with U. peregrina, culture
experiments have assessed the sensitivity of Mg/Ca to salin-
ity in the benthic foraminifer Ammonia tepida (Dissard
et al., 2010; Wit et al., 2013; Geerken et al., 2018). The
New Zealand core-top sites have salinities ranging from
34.5 to 34.7 psu. Over this range, salinity’s influence on
Mg/Ca in Ammonia tepida would be <0.02 mmol/mol
(Dissard et al., 2010; Wit et al., 2013; Geerken et al.,
2018). If U. peregrina’s sensitivity is similar to that of other
low-Mg foraminifera, and pore water salinity equals bot-
tom water salinity, the expected magnitude of salinity influ-
ence in our core-top samples is at a level similar to the
analytical uncertainty. Therefore in the deep ocean around
New Zealand, the salinity gradient is not likely great
enough to produce the high Mg/Ca values observed at
our core-top sites.

The Mg/Ca of seawater also influences Mg incorpora-
tion in foraminiferal calcite (e.g. de Nooijer et al., 2017).
The average Mg/Ca ratio of seawater changes only on long
(e.g., >1 Ma) timescales and is conservative in open ocean
waters. It can vary in coastal waters or in areas affected
by hydrothermal activity (Lebrato et al., 2020). Hydrother-
mal activity primarily occurs in areas < 500 m water depth
in the Bay of Plenty (Pantin and Wright, 1994); the calibra-
tion sites in our study are all located >500 m and at least
50 km offshore. It is therefore possible, but unlikely, that
local factors are strongly influencing seawater Mg/Ca at
our sites.

Calibration sites in the northwest Indian Ocean, Sea of
Okhotsk, Cape Basin, and Bay of Plenty are all located at
or near the base of continental slopes. It is possible that
the sedimentation regime and/or hydrological conditions
at the base of slopes are influencing the environment in
which U. peregrina calcifies. For example, these sites may
accumulate fine organic material that failed to settle further
upslope (e.g. Koho et al., 2008). The observed offset of up
to 1‰ between d13CUvi and overlying bottom water
between 2.4 – 3.3 km depth (Fig. S5) does strongly suggest
that respiration of organic material likely exerts an influ-
ence on the chemistry of pore waters in the Bay of Plenty.
It is also possible that methane- or CO2-rich fluids migrat-
ing upward from below the seafloor could affect local pore
waters. Subducted limestones have been hypothesized to be
responsible for gas and fluid release resulting in pockmarks
on Chatham Rise (Stott et al., 2019). Therefore, although
we note that unexpectedly high Uvigerina Mg/Ca at our
mid-depth sites as well as others in the northwest Indian
Ocean, the Sea of Okhotsk, and the Cape Basin (Lear
et al., 2002; Elderfield et al., 2006; Gussone et al., 2016)
are all similarly bathed by carbon-rich, oxygen-poor deep
water masses, we refrain from quantitative analysis of these
parameters based on available bottom water data since
d13C data as well as dissolution of planktic tests
(Fig. S11) suggest the existence of pore-bottom water offsets
for parameters like DIC, alkalinity, and/or oxygen.

Based on the available data, it seems unlikely that salin-
ity or seawater Mg/Ca can account for the unexpectedly
high values observed between 2.4 – 3.3 km water depth.
In the absence of culture studies on Uvigerina species or
data on pore water chemistry at calibration sites, it is diffi-
cult to conclude how additional environmental conditions
such as DIC or alkalinity may be affecting Mg incorpora-
tion during calcification.

5. CONCLUSIONS

The Mg/Ca-temperature relationship in U. peregrina

derived from surface sediments of the southwest Pacific is
consistent with previously published results from other
ocean regions. Application of previous calibration equa-
tions reproduces modern temperatures within ± 2 �C for
sites located between 1 km and 2 km water depth. This
result suggests that U. peregrina Mg/Ca can be useful for
reconstructing intermediate water paleotemperatures in this
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location, particularly at shallower sites which are more
likely to experience temperature changes > 2 �C. In addi-
tion, our results indicate that the New Zealand samples
act as part of a global population, allowing the application
of global calibration equations to sites in this area.

Observations from 2.4 � 3.3 km depth cannot be fully
explained by temperature, and we suggest that future core-
top studies with Uvigerina must also include data on pore-
water chemistry ([Mg], [Ca], oxygen, and carbonate system
parameters). Further research into the biomineralization
of U. peregrina under different pore water conditions could
clarify whether a non-temperature influence is affecting Mg
incorporation at deep sites. It is important to resolve this
issue; the occurrence of anomalously high Mg/Ca at low
temperatures (<2 �C) in Uvigerina skews the global
core-top regression and could help explain why a modern
core-top regression (DMg/Ca (mmol/mol) / DT(�C) = 0.07)
yielded unreasonable glacial bottom water temperatures
compared to a d18Osw-constrained estimate corresponding
to a higher sensitivity (DMg/Ca (mmol/mol) / DT(�C) = 0.1)
(Elderfield et al., 2010).

Until the non-temperature control on U. peregrina

observed here can be better diagnosed, we recommend
screening core sites to assess whether the Uvigerina Mg/
Ca-temperature proxy is suitable for that site. Core-top
Mg/Ca should be used to determine whether measured
and predicted temperatures agree. Where possible, analyz-
ing specimens from a restricted size range or combining
Uvigerina measurements with those of epifaunal species or
other infaunal species could also help assess variable pore
water influences. If the high-Mg signature is biological in
origin, it is likely that different taxa will exhibit different
responses. The verification of Uvigerina-based paleotemper-
ature records with other, independent proxies is recom-
mended to confirm whether Uvigerina Mg/Ca remains a
reliable indicator of temperature through time.
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